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Preface 

Cancer is the leading cause of death in most countries and continues to increase 
mainly because of the aging and growth of the world population as well as habitation 
of cancer-causing behaviors such as smoking and alcohol. Based on statistics of the 
GLOBOCAN 2008, about 12.7 million cancer cases and 7.6 million cancer deaths are 
estimated to have occurred in 2008 (Siegel et al. Ca Cancer J Clin 61:212-236, 2011). 
Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer 
death among females, accounting for 23% of the total cancer cases and 14% of the 
cancer deaths. Thus cancer researches, especially breast cancer, are important to 
overcome both economical and physiological burden. The current book on breast 
cancer aims at providing information about recent clinical and basic researches in the 
field. The book includes chapters written by the well-known authors, who are 
worldwide experts in their research areas. The book basically covers topics related to 
carcinogenetic mechanisms, such as roles of estrogen receptors, tumor suppressors, 
signaling pathways including EGFR family and Wnt in breast cancer. We hope that the 
book will serve as a good guide for the scientists, researchers and educators in the 
field. 

Prof. Dr. Mehmet Gunduz 
Assoc. Prof. Dr. Esra Gunduz 

Fatih University Medical School 
Turkey 
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EGFR-Ligand Signaling in Breast Cancer 
Metastasis: Recurring Developmental Themes 

Nicole K. Nickerson1, Jennifer L. Gilmore1, Kah Tan Allen1,  
David J. Riese II2, Kenneth P. Nephew1,3 and John Foley1,3,4 

1Medical Sciences Program, Indiana University School of Medicine, Bloomington, IN 
2Harrison School of Pharmacy, Auburn University, Auburn, AL 

3Indiana University Cancer Center Indiana University School of Medicine,  
Indianapolis, IN 

4Department of Dermatology, Indiana University School of Medicine, Indianapolis, IN 
United States of America 

1. Introduction 
1.1 ErbB receptors, ligands and signaling 
Breast cancer affects nearly 1 out of 9 women worldwide. The quality of treatment for breast 
cancer has improved to the point that close to 80% of patients in countries with advanced 
healthcare delivery systems survive the disease (1). Yet over 20% of breast cancer patients 
succumb to the disease, and the majority of these have metastatic breast cancer cells that 
occupy and compromise the function of distal organs (1). There has been an intensive effort 
to improve treatments for metastatic breast cancer. Novel treatment strategies have arisen 
from the study of the molecular and cellular biology of breast cancer cell lines. These studies 
have produced a group of agents called targeted therapeutics because they are often 
directed at a single molecule rather than a general process such as DNA replication or 
cytoskeletal function. The ErbB family represents a target that is present in breast cancer. 
Therapeutics to ErbB2 have been used to treat aggressive breast cancer for over a decade 
with considerable success (2). However, therapeutics that primarily target the EGFR have 
not been used extensively in breast cancer, and there are some improved agents for the 
receptor that are just entering the clinic. Recent conclusions from studies of metastatic breast 
cancer suggest new possibilities for the use of EGFR therapeutics. This review will describe 
the members of the EGFR signaling family, discuss the cellular context in which they 
function in development, and correlate this with the biological role of these molecules in 
breast cancer metastasis.  

1.2 ErbB family members 
The ErbB family consists of 4 receptors: ErbB1 or more commonly called EGFR, ErbB2/ 
Her2, ErbB3 and ErbB4 (3). Signaling is generated when EGFR and ErbB4 bind to their 
ligands. In contrast, the ErbB2 extracellular binding domain fails to bind any of the 15 
agonists, and in ErbB3 the kinase domain is not functional. Upon ligand stimulation, EGFR 
and ErbB4 receptors can transduce their signals as homodimers or heterodimers; however, 
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the signal generation from ErbB2 or ErbB3 require heterodimerization with another ErbB 
family member (3).  
The ErbB receptors are stimulated by 15 ligands but the situation is complicated because 
several of these agonists can bind more than one receptor. The EGFR exclusive agonists are 
epidermal growth factor (EGF), transforming growth factor alpha (TGF-), amphiregulin 
(AREG) and Epigen (Epi) (3, 4). ErbB4 is specifically bound and activated by Neuregulins 
(NRG) 3, 4, 5 (3, 4). Heparin-binding EGF-like growth factor (HB-EGF), epiregulin (EREG), 
and -cellulin (BTC) bind and activate both the EGFR and ErbB4 (3, 4). NRG 1 and 2 binds 
both ErbB3 and ErbB4 and NRG 1 can bind the EGFR with low affinity (3, 4).  
All of the ErbB agonists are synthesized as plasma membrane bound integral membrane 
proteins (5). In some cases, the transmembrane ligands stimulate ErbB signaling on adjacent 
cells through a juxtracrine mechanism which may mediate the stromal-epithelial 
interactions (6) (7). Most ErbB signaling requires proteolytic cleavage termed ectodomain 
shedding for the ligand to be released and available to bind receptors that may be on the 
same cell (autocrine signaling), or on neighboring cells (paracrine signaling) (5). The 
proteases that mediate the process are from the “a disintegrin and metalloproteinase “ or 
(ADAM) family (8, 9). There are 40 members of the ADAM protein family that function in 
cell adhesion and ectodomain shedding. These ADAMs are integral membrane proteins in 
which the extracellular region contains a protease as well as a disintegrin domain that 
modulates integrin binding (9). ADAMs can be activated by a wide range of stimuli that 
signal through G-protein-coupled receptors and these signals are often transduced by Src 
(10). The shedding of AREG, EREG, HB-EGF, Epigen, TGF and NRG 1&2 is typically 
catalyzed by the single family member ADAM 17, whereas BTC and EGF are cleaved by 
ADAM 10 (8). In addition, ADAM 17 cleaves many other cytokines, growth factors, 
receptors, adhesion molecules and extracellular matrix proteins, suggesting its activity may 
be a key determinate of cellular behavior (9). Nevertheless, emerging data suggest that 
EGFR ligands can be shed by other proteases such as the ADAM thrombospondin 
(ADAMTS) family that is structurally related to the ADAM family, but is secreted and the 
disintgrin domain is replaced by a thrombospondin domain that binds to matrix (11, 12). 
Also, it is likely that other metalloproteinases secreted from cells in a paracrine relationship 
are capable of releasing ligands (13). 
Over the past two decades the expression of ErbB receptors, ligands, and their activating 
proteases in normal breast and breast cancers have been intensively studied. Various mRNA 
detection methods and immunohistochemistry studies have concluded that the entire ErbB 
family is expressed in various breast cancers. In fact, it appears the vast majority of the 
family is expressed in the mammary epithelia (14-16). Since newer therapeutics that target 
the EGFR are being considered for use in cases of advanced breast cancer, in the rest of this 
review we will focus on how this receptor is activated and describe its role in development 
and cancer progression. 

1.3 EGFR homodimer signaling 
EGF was the first ligand identified and due its abundance in the mouse salivary gland and 
relative ease of purification from this source (17). EGF has historically been used for receptor 
binding, signaling, trafficking, and cell fate studies resulting in a model of receptor signaling 
that is in many ways considered to be the prototype for receptor tyrosine kinases (18-20). 
The binding of EGF to the EGFR exposes the dimerization arm in the extracellular domain 
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that permits interaction with another EGFR receptor or hetrodimerization with other ErbBs. 
Ligand binding also induces a conformational change in the receptor that activates the 
intracellular kinase domain, which in turn can phosphorylate tyrosine residues on the 
adjacent C-terminal tail of the dimerized ErbB receptor. The 10 phosphorylated tyrosine 
residues serve as docking sites for adapter proteins or other signal transduction 
components, resulting in activation of Ras, MAPK, src, STAT 3/5 and PLC/PKC and the 
PI3 kinase-AKT-pro survival pathway. Activation of these signaling pathways by ErbB 
dimers has profound impact on proliferation, resistance to apoptosis, differentiation, as well 
as motility/migration associated behaviors. Not all tyrosine phosphorylation of EGFR C-
terminal tail results in stimulation of downstream signaling pathways. For example, 
phosphorylation of the 974 residue triggers enodcytosis of the receptor, and phospho 1045 
binds to Cbl, mediating ubquitination of the receptor and subsequent proteosomal 
degradation (4, 21). Trafficking studies suggest that ~50% of EGF stimulated EGFR is 
degraded, whereas the remainder is recycled back to the plasma membrane (22). Thus, 
activation of the EGFR by EGF directly stimulates a broad group of cellular signaling 
pathways, many of which converge on elements of the ERK/MAPK pathway (3), but this 
signaling is dampened by receptor turnover. The rapid turnover of the EGF stimulated 
EGFR is believed to limit stimulation of cellular proliferation, permitting a balance with 
various differentiation-inducing stimuli present in a normal tissue (3, 22, 23). In cancers, 
autocrine EGFR homodimer signaling is substantially attenuated, shifting the cell fate 
balance towards proliferation and survival rather than differentiation, apoptosis and 
senescence.  

1.4 Attenuating EGFR signaling with heterodimerization 
Probably the most well understood attenuation of EGFR signaling occurs when the receptor 
heterodimerizes with the ErbB 2 receptor (24, 25). It is believed that EGFR heterodimerization 
with ErbB2 frequently occurs in a number of breast cancers (26, 27). Despite being unable to 
bind ligand, the ErbB2 dimerization arm is constitutively exposed, which allows this receptor 
to more efficiently dimerize with other liganded ErbB family members (4). The resulting 
ErbB2 containing heterodimers attenuate EGFR signal transduction in several ways (28-32). 
First, the affinity of this ErbB2 complex for ligands is enhanced. Second, the ErbB2 
phosphotyrosine domains bind most adapter proteins with higher affinity than those of the 
ErbB homodimers, resulting in more efficient signal transduction. Third, ErbB2/EGFR 
heterodimers are slowly endocytosed, and are more frequently recycled to the plasma 
membrane than the EGF stimulated homodimers. By virtue of its strong interactions with 
adapter proteins and altered trafficking downstream of endocytosis, an EGFR/ErbB2 
heterodimer can amplify and extend the duration of EGFR ligand signaling, leading to 
proliferation and survival at the expense of other cell fates (28-31).  
In contrast to the fairly well established understanding of ErbB2 containing heterodimers, 
there have been few studies on the EGFR heterodimerized with ErbB4 or ErbB3. Co-immuno 
precipitation experiments have confirmed the presence of the ErbB4/EGFR in a lung 
epithelial cells and type II pneumocytes; however, the specific function of this complex was 
not determined (33, 34). Co-expression of ErbB4 and EGFR plasmids in model NIH 3T3 
fibroblasts or CHO lines, provided evidence of dimerization of these receptors, and 
suggested that this complex could induce cellular transformation in the presence of EGF or 
NRG1. Further analysis of the CHO system found that the ErbB4/EGFR heterodimer 
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the signal generation from ErbB2 or ErbB3 require heterodimerization with another ErbB 
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specifically induced B-Raf kinase activity, which was speculated to induce transformation 
by increasing the activity of the ERK/MAPK pathway (35). Recently, ErbB3/EGFR 
heterodimers have been identified in pancreatic cancer cell lines (36, 37). It appeared that the 
ErbB3/EGFR complex may be a more effective stimulus of proliferation in pancreatic cancer 
cell lines than EGFR homodimers (36). Additionally, these studies suggest the ligand AREG 
is able to stimulate activity of the ErbB3/EGFR heterodimer (36, 37). Unfortunately, the 
comprehensive binding, signal transduction and trafficking studies completed for ErbB2 
containing receptor complexes have not been completed for EGFR/ErbB4 or ErbB3 
heterodimers. This information, coupled with the identification of the specific cell types and 
tumors that express heterodimers and the function of these complexes will be important 
considerations for expanded use of ErbB targeted therapeutics.  

1.5 Other EGFR ligands 
As studies of receptor binding, conformation, phosphorylation, and trafficking are 
completed for each ligand, it is becoming clear that each agonist induces signaling that can 
be viewed as a variation of the basic EGF-EGFR homodimer scenario. This attenuated 
signaling produced by each ligand has the potential to induce subtle differences in 
downstream signaling, which would be expected to result in altered gene expression and 
cellular behavior. In the preceding section, the emerging differences in signaling are detailed 
for each of the ligands that bind the EGFR.  

1.5.1 TGF 
Next to EGF, the most intensively studied ligand has been TGF. Similar to EGF, TGF 
exclusively binds to and activates the EGFR. Binding studies suggest that TGF binds to 
the receptor with similar affinity as EGF (32). However, conclusions from structural studies 
involving ligand-receptor complex data indicates there are subtle differences in the 
conformation of the extracellular ligand-binding domain (sub domain II) induced by TGF 
as compared to EGF (4). It is unclear whether this conformational change induced by TGF 
could generate alterations in EGFR kinase activity or accessibility of C-terminal tyrosines. 
Although not comprehensively studied at this point, some of our early studies with breast 
cancer cell lines suggest that TGF does not induce the extensive receptor phosphorylation 
observed with mouse salivary gland derived EGF (Fig 1). Additionally, it has been long 
recognized that TGF induces different trafficking of the receptor than EGF (38). Close to 
100% of receptors internalized after TGF treatment are recycled to the plasma membrane 
(22). At physiological pH of 7.4 in the extracellular environment, TGF and EGF have 
similar binding affinities for the EGFR (22, 38). However, at pH close to 5 such as in the 
endosome, TGF has decreased affinity for the EGFR (22, 38). It appears that dissociation 
of the ligand from the EGFR in the endosome permits the receptor to be recycled back to 
the plasma membrane where it can be reengaged by ligand. It is thought that the three 
additional histidines found in the receptor binding domain of TGF provide a greater 
sensitivity to pH for agonist-receptor interactions (38). In fact, mutations that add 
histidines to this region of EGF decreased ligand-receptor binding at low pH (39, 40). 
Together, the altered ligand induced receptor conformation, phosphorylation and 
trafficking appear to result in TGF being a more potent stimulator of proliferation of 
EGFR expressing cell lines than EGF. 
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Fig. 1. EGFR phosphorylation after ligand stimulation. 
The human breast cancer cell line MCF7 was engineered to overexpress high levels of the 
EGFR after retroviral transduction. Cells were grown to 80% confluence and placed on ice 
for 30 minutes. Ligands (R&D, Minneapolis) were applied for 10 minutes to the media and 
then the media was removed, cells washed and proteins extracted. The EGFR was 
concentrated with Concanavalin A beads and extracted with Laemmli sample and applied 
to gels and western blotted with specific antibodies to phosphorylated tyrosines listed on 
the left. The various ligands used are listed on the top of the figure (C) represents vehicle 
treated cells.  

1.5.2 AREG  
The differential impact on breast cancer cell behavior that AREG exhibits compared to EGF 
has drawn considerable attention to the concept that various EGFR ligands have discrete 
functions (41-43). Among the ErbB receptors, AREG appears to exclusively bind and activate 
the EGFR. In addition, the ligand contains a heparin-binding domain N-terminal to the 
receptor binding region (44, 45). It appears that interaction with heparin-sulfated 
proteoglycans on the plasma membrane enhances the ability of exogenous AREG to activate 
the EGFR (46). What has been a matter of controversy has been the relative strength of 
AREG binding to the EGFR as compared to other ligands. The initial identification of human 
AREG by Shoyab and colleagues, reported the fully processed ligand isolated from breast 
cancer cells had reduced affinity for the human EGFR, as compared to salivary gland 
derived mouse EGF (44). In contrast, subsequent studies with human recombinant ligands 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

6 

specifically induced B-Raf kinase activity, which was speculated to induce transformation 
by increasing the activity of the ERK/MAPK pathway (35). Recently, ErbB3/EGFR 
heterodimers have been identified in pancreatic cancer cell lines (36, 37). It appeared that the 
ErbB3/EGFR complex may be a more effective stimulus of proliferation in pancreatic cancer 
cell lines than EGFR homodimers (36). Additionally, these studies suggest the ligand AREG 
is able to stimulate activity of the ErbB3/EGFR heterodimer (36, 37). Unfortunately, the 
comprehensive binding, signal transduction and trafficking studies completed for ErbB2 
containing receptor complexes have not been completed for EGFR/ErbB4 or ErbB3 
heterodimers. This information, coupled with the identification of the specific cell types and 
tumors that express heterodimers and the function of these complexes will be important 
considerations for expanded use of ErbB targeted therapeutics.  

1.5 Other EGFR ligands 
As studies of receptor binding, conformation, phosphorylation, and trafficking are 
completed for each ligand, it is becoming clear that each agonist induces signaling that can 
be viewed as a variation of the basic EGF-EGFR homodimer scenario. This attenuated 
signaling produced by each ligand has the potential to induce subtle differences in 
downstream signaling, which would be expected to result in altered gene expression and 
cellular behavior. In the preceding section, the emerging differences in signaling are detailed 
for each of the ligands that bind the EGFR.  

1.5.1 TGF 
Next to EGF, the most intensively studied ligand has been TGF. Similar to EGF, TGF 
exclusively binds to and activates the EGFR. Binding studies suggest that TGF binds to 
the receptor with similar affinity as EGF (32). However, conclusions from structural studies 
involving ligand-receptor complex data indicates there are subtle differences in the 
conformation of the extracellular ligand-binding domain (sub domain II) induced by TGF 
as compared to EGF (4). It is unclear whether this conformational change induced by TGF 
could generate alterations in EGFR kinase activity or accessibility of C-terminal tyrosines. 
Although not comprehensively studied at this point, some of our early studies with breast 
cancer cell lines suggest that TGF does not induce the extensive receptor phosphorylation 
observed with mouse salivary gland derived EGF (Fig 1). Additionally, it has been long 
recognized that TGF induces different trafficking of the receptor than EGF (38). Close to 
100% of receptors internalized after TGF treatment are recycled to the plasma membrane 
(22). At physiological pH of 7.4 in the extracellular environment, TGF and EGF have 
similar binding affinities for the EGFR (22, 38). However, at pH close to 5 such as in the 
endosome, TGF has decreased affinity for the EGFR (22, 38). It appears that dissociation 
of the ligand from the EGFR in the endosome permits the receptor to be recycled back to 
the plasma membrane where it can be reengaged by ligand. It is thought that the three 
additional histidines found in the receptor binding domain of TGF provide a greater 
sensitivity to pH for agonist-receptor interactions (38). In fact, mutations that add 
histidines to this region of EGF decreased ligand-receptor binding at low pH (39, 40). 
Together, the altered ligand induced receptor conformation, phosphorylation and 
trafficking appear to result in TGF being a more potent stimulator of proliferation of 
EGFR expressing cell lines than EGF. 

 
EGFR-Ligand Signaling in Breast Cancer Metastasis: Recurring Developmental Themes 

 

7 

 
Fig. 1. EGFR phosphorylation after ligand stimulation. 
The human breast cancer cell line MCF7 was engineered to overexpress high levels of the 
EGFR after retroviral transduction. Cells were grown to 80% confluence and placed on ice 
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The differential impact on breast cancer cell behavior that AREG exhibits compared to EGF 
has drawn considerable attention to the concept that various EGFR ligands have discrete 
functions (41-43). Among the ErbB receptors, AREG appears to exclusively bind and activate 
the EGFR. In addition, the ligand contains a heparin-binding domain N-terminal to the 
receptor binding region (44, 45). It appears that interaction with heparin-sulfated 
proteoglycans on the plasma membrane enhances the ability of exogenous AREG to activate 
the EGFR (46). What has been a matter of controversy has been the relative strength of 
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AREG by Shoyab and colleagues, reported the fully processed ligand isolated from breast 
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found that AREG has similar affinity for the EGFR as EGF and TGF (47, 48). Inducing 
further complexity, additional analyses of ligand receptor interactions have suggested that 
recombinant AREG does not induce efficient dimerization of the EGFR, as compared to 
recombinant EGF and TGF (49). Interestingly, proteolytic processing of AREG in 
mammalian cells may eliminate the C-terminal portion of the ligand binding domain that is 
required for high affinity for the receptor (50). In addition, the terminal portion of the 
receptor binding domain in all other EGFR ligands contains a leucine, whereas a methionine 
is found in AREG, and this is speculated to reduce affinity for the receptor (50).  
More recent studies have focused on the distinct downstream signaling and cellular 
behavior induced by AREG. Unlike exogenous EGF treatment, AREG stimulation of model 
cell lines and breast cancer cell lines is unable to induce efficient phosphorylation of many of 
the tyrosine residues in the C-terminal tail of the EGFR (22, 43, 51, 52) and (Fig. 1). Notably, 
the Cbl binding 1045 tyrosine residue is not efficiently phosphorylated by AREG and this 
ligand fails to induce rapid turnover of the EGFR. Trafficking studies indicate that AREG 
liganded EGFR is rapidly internalized, but then is recycled back to the plasma membrane. In 
addition, AREG binding to the EGFR is very resistant to acidic pH suggesting that the 
ligand does not disengage in the endosome as does TGF (22). It appears that AREG may be 
unique among the ligands in that it induces EGFR trafficking through Rab 4 and Rab 11 
containing endosomes (22, 43). AREG induces prolonged phosphorylation of ERK relative to 
EGF (41, 52). This altered signaling appears to be the basis of AREG stimulating the loss of 
cell-cell adhesion and increase motility/migration associated behaviors in breast and other 
epithelial cells (41, 53). AREG overexpression has also been found to selectively activate 
interleuken-1 induced NF signaling in breast epithelial cells (41-43).  

1.5.3 Epigen 
This was the last ErbB family member identified in 2000, and it has not been as intensively 
studied as other ligands. The ligand activates the EGFR and does not activate ErbB3 or 
ErbB4 when these receptors are expressed in isolation (54, 55). However, epigen can activate 
ErbB4 and ErbB3 when these receptors are co-expressed with ErbB2 (54, 55). Epigen appears 
to have ~100 fold less affinity for the EGFR relative to recombinant human EGF. Not 
surprisingly, we found that epigen induced modest phosphorylation of breast cancer cells 
(Fig. 1). The binding of epigen to the EGFR appears to be sensitive to pH similar to TGF. 
Modeling suggests that additional histidines in the receptor binding domain are responsible 
for the dissociation of the ligand from the EGFR at low pH (54, 55). In comparison with EGF, 
epigen induced significantly weaker ubiquitylation and degradation of EGFR, and once 
internalized, it appears that the receptor is efficiently recycled to the plasma membrane. As 
expected for lower affinity ligands, epigen is a more potent mitogen than EGF and displays 
prolonged MAPK signaling (54, 55). 

1.5.4 HB-EGF 
Exogenous HB-EGF is a high affinity ligand for the EGFR but it also binds and activates 
ErbB4 (32). Exogenous HB-EGF does not as robustly stimulate phosphorylation of ErbB4 as 
it does the EGFR (56). In addition, pro-HB-EGF serves as the diptheria toxin receptor in 
human cells (6). Similar to EGF, exogenous HB-EGF induces extensive EGFR tyrosine 
phosphorylation in most cell types studied (22, 56), and we found this to be the case for 
breast cancer cells (Fig. 1). Upon binding to and activation by HB-EGF, the EGFR is rapidly 
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endocytosed and the majority of ligand engaged receptors are trafficked to lysosomes and 
degraded (22). The binding of HB-EGF to the EGFR was resistant to low pH. HB-EGF shows 
similar effects on cell proliferation and migration to those exhibited by EGF (57).  
As its name implies, HB-EGF has a heparin-binding region N-terminal to the EGF domain. 
This domain has been shown to interact with heparin sulfated plasma membrane proteins 
such as the tetraspanin, CD9 and the extracellular matrix binding/cell differentiation 
marker protein CD44 (6, 57). In particular the heparin-mediated interaction between HB-
EGF and CD9 appear to be crucial to juxtacrine signaling by the proligand (58). Finally, the 
associations between the heparin binding domain and cell membrane associated heparin 
sulfated proteoglycans appear to be crucial to localizing HB-EGF to regions of cell-cell 
contact. Furthermore, the interaction with these heparin-sulfated proteoglycans prevented 
proteolytic cleavage of the pro-ligand, whereas exogenous heparin increased shedding of 
HB-EGF (7, 58). In contrast to the impact of shed ligand, juxtacrine signaling by the pro HB-
EGF appears to be antiproliferative (58). 

1.5.5 -cellulin 
Exogenous -cellulin is a high affinity ligand for the EGFR and ErbB4 (32). In general, 
exogenous -cellulin phosphorylates the EGFR to a similar extent as EGF in model cell 
types, and this is what we observed with breast cancer cells (Fig. 1) (22, 59). This exogenous 
ligand also stimulates total ErbB4 phosphorylation to an extent similar to NRG1, but there 
may be differences in phosphorylation of specific tyrosine residues (60). Upon binding to 
and activation by -cellulin, the EGFR is rapidly endocytosed and trafficked to lysosomes 
where the majority of it is degraded (22). The binding of -cellulin to the EGFR was resistant 
to low pH. Exogenous -cellulin was slightly less efficient than EGF at inducing 
proliferation in some specific cell types (60). There have been some reports that -cellulin 
binds to heparin and may participate in juxtacrine signaling (61). 

1.5.6 EREG 
Unlike the other dual receptor ligands HB-EGF and BTC, EREG is a low affinity ligand for 
the EGFR (32). EREG typically induces much less phosphorylation of the EGFR than EGF in 
model cell lines (62-65). In breast cancer cells, we found that the epiregulin induced 
phosphorylation of the various tyrosines on the EGFR to an extent similar to AREG and the 
low affinity ligand epigen (Fig. 1). EREG is not as effective as NRG or BTC in stimulating 
ErbB4 phosphorylation (62-65). The ligand appears to preferentially activate heterodimers 
and efficiently induces EGFR heterodimers with all three other receptors (65). Upon binding 
to and activation by EREG, the EGFR is rapidly endocytosed, but then is recycled back to the 
plasma membrane, and its binding to the receptor was resistant to low pH (22). Exogenous 
EREG was more efficient than EGF at inducing proliferation in some cell types (63, 65). Also 
EREG does not induce as great of activation of the MAPK pathway as EGF, but the duration 
of MAPK phosphorylation was increased relative to the prototype ligand (63, 65). 
Thus, the expression of specific EGFR ligands could influence the progression of breast 
cancer in several ways. First, three of the ligands (HB-EGF, BTC and EREG) could induce 
ErbB4 signaling on breast cancer cells themselves or their microenvironment, whereas the 
other 4 ligands EGF, TGF, AREG and epigen would only induce EGFR signaling. Second, if 
juxtacrine EGFR signaling between breast cancer cells may require interaction with heparin 
sulfate proteoglycans, only HB-EGF and AREG would be likely mediators of this signaling. 
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Juxacrine EGFR signaling might be antiproliferative and also only occur in breast cancer that 
lacked active sheddases that released HB-EGF and AREG. Third, EGFR signaling induced 
by soluble ligands appears to be dependent on the relative ratio of receptor degradation 
versus recycling to the plasma membrane. For example, those ligands whose binding leads 
to rapid receptor degradation (EGF, HB-EGF and BTC) would activate high levels of 
downstream signal transduction, but this would likely be of short duration. In contrast, the 
ligands that induce recycling of the internalized receptor to the plasma membrane would 
produce longer duration EGFR signaling. In the context of autocrine signaling in breast 
cancer cells, the longer duration EGFR signaling is likely to more efficiently induce 
mitogenesis. What remains to be determined is whether the duration of EGFR signaling 
differentially impacts other cellular behaviors relevant to breast cancer progression such as 
resistance to apoptosis, and the stimulation of invasive/motile behaviors. Finally, in the 
context of paracrine signaling it is not clear how EGFR turnover influences the supportive 
functions of stromal and immune cells of the tumor microenvironment.  

2. EGFR/ErbB signaling in development 
2.1 ErbB signaling and mammary gland development  
The majority of research on mammary gland development is performed in the mouse model 
due to its biologically and histologically similarity with humans, and the power of 
transgenic knockout murine models (66). Embryonic mammary gland development in the 
mouse begins around embryonic day 10.5 (E 10.5), where bilateral milk lines are formed 
from front to hind paws. Between E11.5 and E12.5, five placodes on each milk line develop 
with eventual epithelial bud formation at each placode. These epithelial buds remain 
quiescent until E15.5, where minor branching permits the migration of mammary epithelia 
into the fat pad, and mesenchymal differentiation forms the overlying nipple epidermis. 
This rudimentary mammary gland will remain quiescent until after birth (67). The majority 
of mammary gland growth and development occurs in postnatal life during puberty and 
pregnancy, and ErbB signaling impacts this phase.  
The primary hormone that drives post-natal mammary gland development is the nuclear 
steroid hormone, estrogen. Estrogen stimulates proliferation of luminal cells within the 
mammary ducts, causing ductal elongation and branching (68). Progesterone also increases 
cellular proliferation of the mammary ducts, and acts synergistically with estrogen during 
periods of high hormone levels such as pregnancy (68). Prolactin, a non-steroid hormone 
released from the pituitary gland, is active in mammary gland development, late in 
pregnancy, stimulating alveolar development and triggering milk production during 
lactation (69). 
The mouse mammary gland begins pubertal outgrowth between 3-4 weeks of age, and is 
complete at 8-12 weeks of age. The gland requires both longitudinal ductal growth, as well 
as ductal branching to fully infiltrate the mammary fat pad. Pubertal growth is directed by 
the cells within structures called terminal end buds (TEBs), which are a bulbous expansion 
of the epithelia. The TEBS are found at the distal end of each growing duct, and consist of 3 
to 4 cell layers, including cap cells that make up the ‘basal’ layer and multiple layers of 
interior luminal-like body cells that line the duct. Signaling within the cells of the TEBs and 
the surrounding stroma will determine the extent of continued ductal branching (70) (71). 
From this point, the mammary gland will show minimal growth with each estrous cycle. 
Upon pregnancy, estrogen and progesterone drive another large spurt of growth resulting 
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in extensive ductal branching. Progesterone also works with prolactin to signal 
differentiation of the secretory or alveolar cells throughout the duct system, which produces 
the large volumes of milk post parturition (72, 73). Termination of lactation will eventually 
lead to involution, where large-scale apoptosis will eliminate the secretory alveoli and 
remodel the remaining ducts of the mammary gland, returning the structure to a state 
similar to that of the virgin gland.  

2.1.1 Role of EGFR in mammary gland growth 
In virgin mice, EGFR, ErbB2, and ErbB3 are present in the developing ductal structure 
while there is minimal ErbB4. During pregnancy, this pattern changes to greatly increase 
expression of ErbB4 in the mammary epithelium, while ErbB4 levels will again regress 
during lactation and involution (74). Even though three of the receptors are present 
during growth, there is minimal ErbB phosphorylation observed until ductal 
morphogenesis begins. During pubertal growth, phosphorylated EGFR and ErbB2 are 
detected, which suggested that these receptors may mediate the impact of estradiol (E2) 
on the gland (75).  
The EGFR-/- mice die within 8-days after birth and show a wide range of dysfunctional 
epithelia, but their mammary glands were similar to their wild-type littermates. 
Transplantation of pre-pubertal glands from EGFR-/- mice into cleared fat pads of wild-type 
littermates failed to infiltrate the structure, but glands from wild-type mice produced 
normal ductal systems (76). In contrast, when a purified mammary epithelium from the 
EGFR-/- mouse was implanted into cleared fat pads with mammary stroma from wild-type 
mice it produced a normal ductal tree, whereas the opposite combination of wild-type 
epithelium and EGFR-/- stroma failed to penetrate the fat pad. Thus, postnatal mammary 
ductal growth is dependent on the presence of the EGFR in mammary stromal fibroblasts. It 
appears that signaling by the receptor triggers the production of stromal growth factors 
important to TEBs in ductal elongation (76).  
The EGFR ligands EGF, TGF, and AREG, are found in different locations within the TEB 
during ductal growth. Using immunohistochemical techniques, TGF is found exclusively 
in the basal cap cell layer while the luminal cells express only EGF (70). AREG has been 
found in both the basal cap cells and the luminal cell layers of TEBs (77). Luekette and 
colleagues produced knockout mice for each of these ligands separately or as double and 
triple knockouts. While all three mice null for the individual ligands and their various 
crosses were fertile, not all had distinct mammary phenotypes. Double-knockout mice for 
EGF and TGF, but which contained AREG, displayed normal ductal growth and TEB 
formation. Mice that were single-knockout for AREG or a triple-knockout for all ligands 
displayed almost a complete lack of ductal growth into the fat pad at 8-12 weeks (78). In the 
AREG-/- mice, mammary epithelial failed to fill the fat pad even after multiple pregnancies, 
strongly suggesting that AREG-EGFR signaling mediated the impact of estrogen on 
mammary ductal growth. This suggests that EGF and TGF are dispensable for mammary 
gland growth, while AREG plays a vital role in glandular development. Recombination 
grafts indicated that estrogen stimulated pubertal mammary gland growth will not occur 
without AREG signaling to the stroma (79). The AREG gene is regulated by estrogen 
receptor alpha (ER), which apparently accounts for its requirement in postnatal mammary 
gland development (80, 81). Whether there are any ligand specific effects of the AREG 
ligand in mammary development have not been explored. 
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Studies performed with mice deficient for ADAM-17 have shown cardiac insufficiencies, a 
constellation of epithelial defects and die soon after birth similar to the phenotype of EGFR -
/- mice. The ADAM17-/- mice have small, immature mammary glands with minimal 
branching or ductal growth (82). To verify the requirement of ADAM-17, the defective 
growth of ADAM-17-null mammary epithelia can be rescued in the presence of exogenous 
AREG, EGF, or TGF (82). In conclusion, estrogen induced growth of the mammary pad 
requires mammary epithelial cell ADAM-17 to shed AREG which then, is necessary to 
stimulate EGFR signaling in the stromal fibroblasts.  

2.1.2 Breast epithelial stem cell and ErbB signaling  
Potential mammary gland stem and progenitor cells have been identified using a series of 
methodologies used to identify the hierarchy of cells that produces that mature 
hematopoetic system. A single human mammary gland stem cell has been shown to 
regenerate all the cellular components of the human mammary gland, as well as produce 
milk proteins in immunocompromised mice (83-86). This work, coupled with mouse work 
has given rise to an epithelial hierarchy illustrated in figure 2. In this hierarchy, the 
mammary stem cells give rise to “ the common or bipotent” progenitor; the bipotent 
progenitor gives rise to a luminal progenitor, as well as a cell type that gives rise to mature 
myoepthelial cells; and the luminal progenitor produces derivatives that ultimately 
differentiate into mature duct and alveolar cells (83-86). 
The reproducible isolation of stem and progenitor cells from mammary epithelia has 
permitted profiling the various cell types for the expression of the receptors involved in 
post-natal mammary gland growth and breast cancer progression (85). The subpopulation 
containing putative mammary multipotent stem cells appear to lack expression of estrogen 
and progesterone receptors, whereas the EGFR is expressed in ~12% of this fraction. Nearly 
50% of the luminal progenitor inclusive population expressed high levels of EGFR. The 
relatively small subset of the differentiated luminal cell segment (ductal and alveolar cells) 
express the EGFR (83-86). Of possible significance is that both the mammary stem cell and 
luminal progenitor population are routinely propagated in a media supplement containing 
EGF. Whether this implies that propagation of these stem and progenitor cells are 
dependent on EGFR signaling or simply that there is a requirement for generalized receptor 
tyrosine kinase activity remains to be determined. 
Taken together, the post-natal development of the mammary gland is regulated in large part 
by the EGFR. EGFR signaling in stromal fibroblasts is required for the estrogen-stimulated 
invasion mammary epithelium into the stromal fat pad that establishes the adult virgin 
mammary gland. It appears that the stromal EGFR signaling is mediated primarily by the 
estrogen-controlled ligand, AREG. Interestingly, the EGFR and its ligands are expressed 
in the mammary epithelia, but the recombination experiments suggest that autocrine 
receptor activity in this compartment is dispensable for the establishment of the adult 
mammary gland. At this time, it is not clear if autocrine EGFR signaling in a mammary 
epithelial stem or progenitor cells might be required for maintenance of the organ 
throughout adult life.  

2.2 EGFR signaling and cardiac development 
Careful reexamination of the EGFR-/- mice along with observations from the Waved-2 mice 
(these express a mutant form of the receptor with only 10% kinase activity) found defective  
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Fig. 2. Hierarchy of mammary epithelial cells. 
The various cells of the mammary epithelium and their relationships are represented.  To 
the right, is the expression pattern of the various cell surface markers.  Below this is the ErbB 
and ER expression along with breast cancer cell types the various cells are related to.  

cardiac valve morphogenesis and maturation (94, 96). HB-EGF KO mice also exhibit 
defective maturation of cardiac valves, suggesting that this may be the relevant ligand that 
induces EGFR signaling in this process. Also, the HB-EGF-/- cardiac defect was 
phenocopied in the ADAM-17, suggesting that this protease released the ligand during 
cardiac development (97).  
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In the context of cellular behaviors, it appears that the EGFR signaling system plays a role in 
differentiation. In the EGFR, HB-EGF and ADAM-17 KO mice which have hyperplastic 
valves it appears that the impact of this signaling is distinct from a proliferation and 
migration defect observed with the other ErbB knockouts. It is thought that HB-EGF-EGFR 
signaling decreases BMP expression, the factor which drives cardiac valve maturation, and 
hence is a differentiation factor (97).  

2.3 EGFR signaling and nervous system 
In the mouse, EGFR is highly expressed during brain development (E-7 to E-17) and is 
present on multipotent precursors of both neurons and glia, as well as developing astrocytes 
and some neurons (98, 99). The initial reports of the EGFR knockout did not identify a 
nervous system defect. However, reexamination of the KOs with extended post natal 
survival due to breeding of the knockout allele onto other mouse strains was able to identify 
brain defects (98). Among the defects identified were smaller or thinner forebrain regions, 
including the cerebral cortex, olfactory bulb and neocortex (98). Both HB-EGF and TGF are 
expressed in portion of the fore brain during late embryonic and early postnatal life (98, 
100). Modest histological defects were observed in the prefrontal cortex of mice with a 
conditional KO of HB-EGF in the forebrain, and these mice displayed behavior and defects 
in dopamine metabolism that have been observed in schizophrenia (98). 
The defects observed in the forebrain of the EGFR-KO mice appear to result from disruption of 
the cellular interactions required to support neurons. There was substantial neuronal 
apoptosis in the early postnatal forebrain regions affected (98). However, this occurred in 
EGFR-expressing and non-receptor bearing neurons. In addition, there was a delay in the 
appearance of glial fibrulary acidic protein (GFAP) positive astrocytes in the glial limitans and 
white matter tracks of the fore brain. Although EGFR ligands can stimulate both the 
proliferation of astrocytes and recruitment of these cells from multipotent precursor cells, the 
major defect of the knockout mice appears to have a defect in the migration these glial cells 
from germinal centers. It is speculated that the delay in formation of contacts between 
neurons and astrocytes results in a deficiency of trophic support, resulting in neuronal cell 
death in the forebrain (98, 99).  
EGFR expression is high in developing astrocytes, but the receptor is not present in mature 
astrocytes of the healthy adult brain. Upon injury or disease, EGFR expression is up 
regulated in reactive astrocytes (101). Reactive astrocytes lengthen processes produce 
plasma membrane pseudopodia and increase expression GFAP in response to all forms of 
CNS injury or disease (102). Stimulation of the EGFR on reactive astrocytes results in the 
upregulation of motility chemokines and extracellular matrix remodeling genes that are 
likely to contribute to glial scarring (101). Intriguingly, the use of EGFR tyrosine kinase 
inhibitors reduced nerve loss and lead to greater nerve fiber regeneration in optic nerve 
crush a model of a glial scarring (101). Thus, EGFR signaling in astrocytes facilitates 
neuronal survival during development, but receptor activity in reactive astrocytes actually 
contributes to neuron loss in pathologies.  

2.4 EGFR signaling and bone 
Bone phenotypes had not been reported in the original characterization ErbB receptor KO 
mice. However, work on the problem of malignancy-associated hypercalcemia had long 
established that TGF increased the formation of bone resorbing osteoclasts in bone marrow 
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cultures and whole animals (103, 104). The EGFR is expressed on both chondrocytes and cells 
of the osteoblast lineage in animals and humans (105). However, the function of the receptor 
was not established until a human EGFR gene-knockin mouse was created (106). This human 
EGFR transgene had a limited expression in mouse tissues that normally express the receptor, 
probably due to the presence of the Neo gene in the first intron of the construct. The human 
EGFR was expressed in the heart and nervous system and provided a rescue of the murine 
EGFR KO, but the receptor was not expressed in epithelia and bone. The human EGFR 
knockin mice were growth retarded and the skeletal phenotype appeared to be largely due to 
premature hypertrophy of the growth plate cartilages. Although routine histology did not 
reveal defects in the bones, growth of the knockin osteoblasts in vitro resulted in the increased 
formation of calcified nodules, which represent the end point of differentiation for these cells. 
Thus, in both cartilage and bone, EGFR signaling inhibits differentiation and helps maintain 
chondrocytes and osteoblasts in a proliferative state. At this point, it is unknown if any other 
ErbB receptors play a functional role in bone development or physiology.  
Further insight into the role of EGFR in bone resulted from a study of global changes in 
osteoblast gene expression induced by the main serum calcium regulator, PTH. Activation 
of the PTH receptor on osteoblasts rapidly upregulates AREG mRNA expression 10 to 20-
fold, as well as increasing the TGF and HB-EGF ligands (107, 108). In addition, PTH 
signaling induces shedding of ADAM-17 controlled ligands in the kidney (109). Further 
experiments indicated that addition of exogenous AREG to osteoblasts stimulated their 
proliferation. However ligand-EGFR signaling also inhibited osteoblast differentiation and 
dramatically decreased mineralization of osteoblast cell lines. Consistent with the role for 
AREG in stimulating the proliferation of osteoblasts, 4-week-old AREG-knockout mice 
exhibited less trabecular bone in the tibia than wild type littermates (107). These 
experiments suggested that EGFR signaling may mediate the impact of PTH on the 
recruitment and expansion of cells committed to the osteoblast lineage, but excessive 
signaling by this system could prevent these cells from undergoing terminal differentiation 
and forming mineralized bone. The inhibition of osteoblast differentiation and subsequent 
mineralized bone matrix deposition by-EGFR signaling may contribute to the uncoupling of 
bone formation from the accelerated bone resorbtion  

3. EGFR and breast cancer 
3.1 ErbB and EGFR expression in primary tumors  
The development of platforms capable of simultaneously evaluating gene expression from a 
large portion of the genome have lead to identification of gene expression profiles that 
correlate with various established and some novel classes of breast cancer. These profiles 
have produced further insights into the impact of ErbB family members in breast cancer 
progression. Based on these studies, breast cancers are now divided into the following 
subclasses: ErbB2 amplified, luminal A, luminal B, normal breast-like, and basal (110-112). 
The ErbB2 amplified, basal and luminal B subtypes had substantially worse prognosis than 
the normal breast-like and luminal A.  

3.1.1 ErbB2 amplified tumors 
Among the molecular subclasses of breast cancer, the ErbB2 amplified, has the most well 
established functional role for an ErbB member in disease development and progression. 
The ErbB2 amplified tumors typically express ErbB3 and cell line experiments suggest the 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

14

In the context of cellular behaviors, it appears that the EGFR signaling system plays a role in 
differentiation. In the EGFR, HB-EGF and ADAM-17 KO mice which have hyperplastic 
valves it appears that the impact of this signaling is distinct from a proliferation and 
migration defect observed with the other ErbB knockouts. It is thought that HB-EGF-EGFR 
signaling decreases BMP expression, the factor which drives cardiac valve maturation, and 
hence is a differentiation factor (97).  

2.3 EGFR signaling and nervous system 
In the mouse, EGFR is highly expressed during brain development (E-7 to E-17) and is 
present on multipotent precursors of both neurons and glia, as well as developing astrocytes 
and some neurons (98, 99). The initial reports of the EGFR knockout did not identify a 
nervous system defect. However, reexamination of the KOs with extended post natal 
survival due to breeding of the knockout allele onto other mouse strains was able to identify 
brain defects (98). Among the defects identified were smaller or thinner forebrain regions, 
including the cerebral cortex, olfactory bulb and neocortex (98). Both HB-EGF and TGF are 
expressed in portion of the fore brain during late embryonic and early postnatal life (98, 
100). Modest histological defects were observed in the prefrontal cortex of mice with a 
conditional KO of HB-EGF in the forebrain, and these mice displayed behavior and defects 
in dopamine metabolism that have been observed in schizophrenia (98). 
The defects observed in the forebrain of the EGFR-KO mice appear to result from disruption of 
the cellular interactions required to support neurons. There was substantial neuronal 
apoptosis in the early postnatal forebrain regions affected (98). However, this occurred in 
EGFR-expressing and non-receptor bearing neurons. In addition, there was a delay in the 
appearance of glial fibrulary acidic protein (GFAP) positive astrocytes in the glial limitans and 
white matter tracks of the fore brain. Although EGFR ligands can stimulate both the 
proliferation of astrocytes and recruitment of these cells from multipotent precursor cells, the 
major defect of the knockout mice appears to have a defect in the migration these glial cells 
from germinal centers. It is speculated that the delay in formation of contacts between 
neurons and astrocytes results in a deficiency of trophic support, resulting in neuronal cell 
death in the forebrain (98, 99).  
EGFR expression is high in developing astrocytes, but the receptor is not present in mature 
astrocytes of the healthy adult brain. Upon injury or disease, EGFR expression is up 
regulated in reactive astrocytes (101). Reactive astrocytes lengthen processes produce 
plasma membrane pseudopodia and increase expression GFAP in response to all forms of 
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cultures and whole animals (103, 104). The EGFR is expressed on both chondrocytes and cells 
of the osteoblast lineage in animals and humans (105). However, the function of the receptor 
was not established until a human EGFR gene-knockin mouse was created (106). This human 
EGFR transgene had a limited expression in mouse tissues that normally express the receptor, 
probably due to the presence of the Neo gene in the first intron of the construct. The human 
EGFR was expressed in the heart and nervous system and provided a rescue of the murine 
EGFR KO, but the receptor was not expressed in epithelia and bone. The human EGFR 
knockin mice were growth retarded and the skeletal phenotype appeared to be largely due to 
premature hypertrophy of the growth plate cartilages. Although routine histology did not 
reveal defects in the bones, growth of the knockin osteoblasts in vitro resulted in the increased 
formation of calcified nodules, which represent the end point of differentiation for these cells. 
Thus, in both cartilage and bone, EGFR signaling inhibits differentiation and helps maintain 
chondrocytes and osteoblasts in a proliferative state. At this point, it is unknown if any other 
ErbB receptors play a functional role in bone development or physiology.  
Further insight into the role of EGFR in bone resulted from a study of global changes in 
osteoblast gene expression induced by the main serum calcium regulator, PTH. Activation 
of the PTH receptor on osteoblasts rapidly upregulates AREG mRNA expression 10 to 20-
fold, as well as increasing the TGF and HB-EGF ligands (107, 108). In addition, PTH 
signaling induces shedding of ADAM-17 controlled ligands in the kidney (109). Further 
experiments indicated that addition of exogenous AREG to osteoblasts stimulated their 
proliferation. However ligand-EGFR signaling also inhibited osteoblast differentiation and 
dramatically decreased mineralization of osteoblast cell lines. Consistent with the role for 
AREG in stimulating the proliferation of osteoblasts, 4-week-old AREG-knockout mice 
exhibited less trabecular bone in the tibia than wild type littermates (107). These 
experiments suggested that EGFR signaling may mediate the impact of PTH on the 
recruitment and expansion of cells committed to the osteoblast lineage, but excessive 
signaling by this system could prevent these cells from undergoing terminal differentiation 
and forming mineralized bone. The inhibition of osteoblast differentiation and subsequent 
mineralized bone matrix deposition by-EGFR signaling may contribute to the uncoupling of 
bone formation from the accelerated bone resorbtion  

3. EGFR and breast cancer 
3.1 ErbB and EGFR expression in primary tumors  
The development of platforms capable of simultaneously evaluating gene expression from a 
large portion of the genome have lead to identification of gene expression profiles that 
correlate with various established and some novel classes of breast cancer. These profiles 
have produced further insights into the impact of ErbB family members in breast cancer 
progression. Based on these studies, breast cancers are now divided into the following 
subclasses: ErbB2 amplified, luminal A, luminal B, normal breast-like, and basal (110-112). 
The ErbB2 amplified, basal and luminal B subtypes had substantially worse prognosis than 
the normal breast-like and luminal A.  

3.1.1 ErbB2 amplified tumors 
Among the molecular subclasses of breast cancer, the ErbB2 amplified, has the most well 
established functional role for an ErbB member in disease development and progression. 
The ErbB2 amplified tumors typically express ErbB3 and cell line experiments suggest the 
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ErbB2/ErbB3 heterodimers stimulate proliferation of these cells through the PI3 kinase-AKT 
pathway (113). Despite the identification of the ErbB2 co-receptor, the precise ligand 
activating the ErbB3 has not been established. In addition, the correlation between high 
ErbB2 expression and poor prognosis suggests that ErbB2 contributes to metastasis and how 
the receptor contributes to these processes, is still under investigation (110-112). 

3.1.2 ER+ tumors: luminal A&B 
Luminal A tumors express ER along with GATA binding protein 3, X-box binding 
protein 1, trefoil factor 3, and other estrogen-regulated genes and high levels of the 
luminal keratins K8 and 18 (110-112). Luminal B tumors tend to express the above 
markers at slightly reduced levels, but have an upregulated cassette of genes, including 
proliferation related genes such as Myb and components involved in DNA replication. 
There is no specific ErbB family member included in luminal A or B signature. Further 
evaluations of ER+ tumors have indicated that the majority of these tumors lack ErbB2 
and EGFR expression, but close examination of data from microarray and PCR studies 
suggest there are occasional luminal type tumors that express these receptors (16, 110-
112). A large fraction of ER+ tumors also contain ErbB4 (110-112), and there is some 
indication this receptor may be involved in a reciprocal regulatory loop with ER 
signaling (114). Surprisingly, AREG was not in the original gene set that defined ER+ 
luminal tumors. A follow up interrogation of data that was used to relate disease outcome 
to cancer subclasses identified a correlation between higher levels of AREG expression, 
ER, and the luminal A subclass (115). Also, this analysis indicated that ADAM-17 levels 
were low in the luminal A class relative to other tumor subtypes. These observations 
suggest that although most ER+ luminal A breast cancers express AREG, they lack the 
EGFR; therefore, autocrine signaling by this ligand receptor system should not be present 
in most of these tumors. Because the tumor cells express low levels of ADAM-17 it is 
unclear whether AREG could even participate in paracrine signaling between luminal A 
breast cancer cells and the tumor stroma. There is a possibility that other proteases 
produced by the tumor cell or microenvironment lead to shedding of AREG by luminal A 
breast cancers but whether this signaling impacts progression is unclear. 

3.1.3 Normal-like breast cancers 
The gene expression signature of these tumors clustered with the normal breast samples. 
These tumors had a signature that was not associated with epithelial cell types. They instead 
express high levels of collagen receptors, lipoprotein lipase and glycerol-3-phosphate 
dehydrogenase normally found in stromal cells or adipocytes. High levels of AREG and 
moderate levels of ADAM-17 were observed in occasional samples from this group of 
tumors, but the EGFR was absent. At this time there is no evidence that ErbB signaling plays 
any role in the biology of these tumors (110-112). 

3.1.4 Basal tumors 
These tumors lack the expression of the estrogen, progesterone and ErbB2 receptor-for this 
reason they are often called triple receptor negative tumors-and these cancers express some 
markers consistent with the myoepithelial cells that are in contact with the basement 
membrane. These tumors express high levels of the epithelial markers kertatin 5 and 14 
(basal keratins), P cadherin as well as troponin (110-112). Basal breast cancers are correlated 
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with poor survival, high rates of distant metastasis and are generally high grade, large 
tumors. Once the category became established, antibody labeling studies indicated that 50 to 
70% of the basal cancers expressed high levels of EGFR immunoreactivity (116). Low levels 
of EGFR expression is correlated with reduced numbers of distant metastasis (117). These 
tumors also frequently express elevated levels of TGF and ADAM-17 (115).  
Within basal breast cancers there could be a fraction that exhibits autocrine TGF-EGFR 
signaling. The correlation of ADAM-17, TGF and EGFR with poor prognosis implicates 
some role for this signaling system in metastasis. At this time, functional testing of TGF in 
basal breast cancer models has not been completed. One major question that remains is: 
does TGF participate in autocrine tumor cell signaling or paracrine tumor-stroma 
interactions. Future studies will identify which prometastatic cellular behaviors are 
activated by TGF-EGFR signaling, providing insight into whether receptor-targeted 
therapeutics might provide benefit in a metastasis prevention paradigm. 
 

 
Fig. 3. Summary of EGFR-ligand signaling in models of basal breast cancer metastases. 
The specific ligand involved in primary tumors and metastatic site are indicated by the 
colored hexagons. The cell type that responds to the signal is also indicated. Paracrine 
signaling interactions appear to be important to metastases, whereas the relative role of 
autocrine versus paracrine signaling has not been explored in primary basal breast cancer. 

3.2 ErbB signaling in breast cancer metastasis  
Metastasis requires a set of cellular behaviors that are distinct from primary tumor 
formation. To spread from the site of the primary tumor to distant organs cancer cells must: 
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Metastasis requires a set of cellular behaviors that are distinct from primary tumor 
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1) move out of the primary tumor and invade through local connective tissue; 2) enter 
capillaries (intravasation); 3) survive in the blood stream; 4) exit the blood stream 
(extravasation) and invade into a new organ; 5) survive in the new organ possibly as a micro 
metastasis; 6) adapt to the new organ and grow as a macrometastasis (virulence) (118, 119). 
These steps can be viewed as two generalized processes: 1) invasion, which is movement of 
cancer cells through normal tissue and entry into the blood stream, and 2) colonization, 
which is escape from the blood stream and growth in a distant organ. Substantial progress is 
being made in identifying metastasis genes that mediate these generalized steps of the 
process. Metastasis genes are thought dispensable for primary tumor initiation and growth, 
but are crucial to the novel processes involved in the spread of cancer (119). In general, 
genes that facilitate invasion for carcinomas such as breast cancer are associated with EMT. 
Some of the genes involved in invasion are expressed in primary tumors. Colonization is 
considered to be the most inefficient part of the metastatic process and the growth of a 
cancer cells in a novel organ is likely to require novel changes in gene expression. Thus, the 
expression of colonization/virulence-associated metastasis genes are thought to be limited 
tumors within the specific target organ, rather than being present in most primary tumors 
(118, 119). Due to less availability, comprehensive gene expression studies of metastases 
have lagged behind the studies of primary tumors. As a result, alternative strategies for 
identifying gene signatures that are functionally involved with metastasis have been 
developed. For breast cancer metastases, Massague and colleagues selected in vitro various 
subclones of the aggressive breast cancer cell line MDA-MB-231. They found that many of 
the subclones had differing capacities to colonize various organs after intracardiac injection 
into mice (12, 119-123). Gene expression profiles were generated from the subclones that 
colonized specific organs, and these were compared to signatures from subclones that 
colonized the other organs. These signatures were then compared to larger data bases 
generated from human primary tumors that had ultimately metastasized to the organ of 
interest producing a refined signature. Subsequent functional analysis of these gene 
signatures has resulted in the identification of specific EGFR ligands as breast cancer 
metastasis genes.  

3.2.1 EREG and lung metastases 
The identification of a lung metastatic signature was derived from subclones of the MDA-
MB-231 (LM) breast cancer cells that produced lesions in the lung after intracardiac 
injection. Among the genes that emerged from this analysis was the ErbB ligand, EREG (121, 
123). Knockdown of EREG alone failed to slow the growth of LM as primary tumors in the 
mammary fat pad or in lung. However, knockdown of EREG in conjunction with 
cyclooxigenase 2 (COX2), MMP1 and MMP2 (these genes had also been identified as 
upregulated in the LM signature) had a dramatic impact on both primary tumor growth and 
subsequent metastasis to lungs. The decreased primary tumor growth in the cells with 
reduced levels of EREG, COX2, MMP1 and MMP2 appeared to result from reduced 
angiogenesis. The LM cells recruited abundant dilated tortuous and leaky blood vessels, and 
the repression of these 4-genes resulted in reduced capillary branching, length and dye 
effusion. However, VEGF levels were not reduced in the quadruple knockdown tumors 
relative to controls. Also, no differences were observed in pericyte recruitment to the 
capillaries between the LM cells and the quadruple knockdowns, suggesting that capillary 
defects were the result of altered endothelial cell behavior. Also, these multiple knockdowns 
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exhibited reduced ability to colonize lungs after intravenous injection as compared to the 
parental LM cells. Close evaluation of the lungs of animals injected with the quadruple 
knockdown cells found abundant cells trapped in the vasculature, suggesting a failure in 
extravasation. The deficiencies in quadruple knockdown extravasation were also observed 
with an in vitro assay. Consistent with the knockdown studies, single therapeutic agents that 
targeted EGFR (such as cetuximab, an EGFR blocking antibody), COX2 (celecoxib) or MMPs 
(GM6001) also had modest impact on behavior of the LM cells grown as primary tumor and 
their spontaneous metastases to the lung. However, combinations of two agents slowed the 
growth of primary tumors and reduced subsequent lung colonization. The efficacy of 
cetuximab suggests that EREG is stimulating this the EGFR and not ErbB4. The fact that LM 
cells lacked upregulation of VEGF production, (an EGFR regulatory target in most cancer 
cells) was interpreted as evidence that EREG functioned in paracrine signaling with 
endothelial cells rather than being engaged in autocrine signaling. 
Although microvasculature defects do not appear to be a major component of the various 
EGFR-/- or other ErbB-knockout mice, studies of normal and tumor capillaries in vitro 
suggest signaling by family members has an influence on angiogenesis. Intriguingly, ErbB 
receptor expression is altered in tumor capillary endothelial cells as compared to those in 
normal vessels. ErbB 2, 3, 4 but minimal EGFR is found in most normal endothelial cells in 
culture (124). In contrast, tumor endothelial cells acquire the EGFR and down regulate 
ErbB3 expression both in vitro and in vivo. Endothelial cells in culture also express EGFR and 
ErbB4 ligands HB-EGF and NRG-1 (124-126). It is thought that HB-EGF signaling through 
both the EGFR and Erbb4 helps recruit pericytes to capillaries to stabilize the structures 
(125). The addition of exogenous EGF to tumor endothelial cells in vitro increases their 
proliferation (124). Shedding of HB-EGF and activation of the EGFR leads to down 
regulation of tight junction proteins and migration of normal endothelial cells (127). Also, 
NRG-1-ErbB4 signaling stimulates endothelial cell proliferation, migration and angiogenesis 
in animals; however, NRG-1 inhibits proliferation of tumor derived endothelial cells (124, 
126). In light of the impact of EGFR signaling on tumor endothelial cells, breast cancer cell 
upregulation of EREG would contribute to the recruitment of a leaky vasculature that is 
common to aggressive tumors. In addition, EREG-EGFR/ErbB4 signaling might contribute 
to intrasavation and extrasavation by down regulation adhesion molecules between 
endothelial cells within capillaries. The question that remains is whether the low affinity 
ligand EREG might be more efficient at stimulating proliferation, migration and 
downregulation of junctional complexes than the high affinity ligand, HB-EGF normally 
present in endothelial cells. 

3.2.2 HB-EGF and brain metastasis 
A brain metastasis signature was derived using methods similar to those described for lung 
metastasis (120, 128). Among the genes that emerged as upregulated in brain metastatic cells 
was the ErbB ligand, HB-EGF (120). Treating mice cardiac-injected with brain seeking 
sublines MDA-MB-231 and CN34-BrM2C with cetuximab resulted in reduced numbers of 
brain metastases. Knockdown of both EREG and HB-EGF, or cetuximab treatment, reduced 
migration of MDA-MB-231 and CN34-BrM2C through consecutive monolayers of 
endothelial cells and astrocytes in a model of blood brain barrier extravasation. Brain 
endothelial cells and astrocytes both express the EGFR (100, 127). Activation of the EGFR 
has been shown to down regulate components of tight junctions in brain endothelial cells 
(127). This coupled with EGFR signaling induced upregulation of motility, chemokines and 
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extracellular matrix remodeling genes in astrocytes would likely aid in extrasavation of 
breast cancer cells through the blood brain barrier into the parenchyma. Beyond this EGFR 
signaling produces reactive astrocytes that are components of the microenvironment of 
brain metastases. This raises the question of whether breast cancer generated EGFR ligands 
could play a role in breast cancer cell virulence in the brain by generating increased 
numbers of reactive astrocytes (129). HB-EGF is the EGFR ligand most abundantly 
expressed in the brain and endothelial cells, suggesting it may be the most well suited 
agonist to mediate in paracrine interactions among cancer cells, capillaries and the brain 
parenchyma. 

3.2.3 AREG and bone metastasis 
Tumor cell colonization of bone may be a less complex process than that of lung and brain 
because the capillaries in bone called sinusoids, have large openings in them to facilitate 
entrance of bone marrow derivatives into the circulation (119). It is thought that cancer cells 
may be able to exit through these openings dispensing with the intricacies of extravasation 
from continuous capillaries.  
The growth of breast cancer macrometastases is described as a vicious cycle (130, 131). In 
this cycle, breast cancer cells exploit the natural renewal process based on the paracrine 
interactions between the bone forming osteoblast and the bone resorbing osteoclast. In 
normal bone, osteoblasts regulate osteoclast numbers and activity by releasing chemokines 
that recruit osteoclast precursors and then differentiate and activate them with a cell surface 
ligand for the receptor for activation of NFκβ (RANKL). Osteoblasts also produce a soluble 
decoy receptor osteoprotegrin (OPG) that prevents RANKL from engaging its receptor; 
therefore, the level of the ratio of OPG to RANKL controls osteoclastogenesis. Once 
activated, osteoclasts adhere to the bone surface and secrete proteases and acid that 
degrades mineralized matrix. Growth factors including TGFβ and IGF-1 are released from 
the bone matrix, and this in turn stimulates new bone matrix formation by osteoblasts. This 
is a regenerating system that is in balance within the local environment; however, the rate of 
turnover and formation can be modulated by a series of endocrine hormones including PTH 
and calcitonin. Within the bone marrow, breast cancer cells produce a series of cytokines 
and growth factors including IL-11 and PTH-related protein (PTHrP) that increase the levels 
of RANKL relative to OPG leading to increased osteoclastogenesis. The increased bone 
resorption and resulting high level of growth factors enhance the survival of breast cancer 
cells, and also TGFβ increases gene expression of IL-11 and PTHrP, which begets more 
osteoclasts.  
Profiling bone metastasis subclones of MDA-MB-231 cells resulted in an 11-gene signature 
(122). Several of the genes identified were factors like IL-11 that directly altered the 
RANKL/OPG ratio or connective tissue factor that enhanced osteoblast proliferation. 
Ectopic expression of a single gene from the profile had very little impact on the ability of 
modestly osteolytic 231 subclones to grow within in the bone of immunocompromised mice. 
However, the combination of 3 of the genes from the signature induced destructive growth 
in bone after intracardiac injection. Among the genes identified in the signature that 
produced increased osteolysis when overexpressed as part of a 3 gene cassette were the 
proteases, MMP1 and ADAMTS-1 (12). It was unclear what the role of these molecules 
would play in bone metastasis. Eventually, a careful evaluation of aggressively osteolytic 
MDA-MB-231 lines that were engineered to overexpress ADAMTS-1 and MMP1 were found 
to shed dramatically increased levels of AREG. Conditioned media from the ADAMTS-1 
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and MMP1 engineered MDA-MB-231 lines caused an increased RANKL/OPG ratio in 
primary murine bone cell cultures (12, 132). The conditioned media from the MDA-MB-231-
ADAMTS-1 and MMP1 cells activated osteoclastogenesis in the primary bone cell cultures, 
and this could be inhibited by the EGFR inhibitors gefitinib or cetuximab. Remarkably, these 
agents (Gefitinib 100mg/kg daily or Cetuximab 100 mg/kg weekly) completely prevented 
the formation of osteolytic lesions by the MDA-MB-231 ADAMTS-1+MMP1 line delivered 
by either the intracardiac or intratibial injection method (12). These findings clearly support 
the notion that EGFR signaling on cells of the osteoblast is a major regulator of the 
RANKL/OPG ratio, but point out the requirement for appropriate protease expression to 
make EGFR ligands accessible to the bone microenvironment. These experiments provide an 
explanation of how bone resorbtion could be uncoupled from bone formation by breast 
cancer cells because stimulation of the EGFR should block osteoblast differentiation and 
matrix production.  
To some extent, the identification of a role for AREG in bone metastasis is confounding 
given that its expression is associated with ER+ breast cancers that generally have good 
prognosis (115). The MDA-MB-231 cells are ER- and have a phenotype that is similar to 
basal cancers. So we interrogated the breast cancer transcriptome datasets GSE2034(133), 
GSE2603 (123), and GSE12276 (120) from the NCBI Gene Expression Omnibus to evaluate 
AREG expression in ER- tumors. We found that AREG expression was lower in the ER-
negative tumors that ultimately metastasized to bone as compared to those that did not 
(134). A similar pattern of expression has been reported for the classical bone metastasis 
virulence factor PTHrP. Low expression of the peptide is observed in the primary tumors 
that ultimately metastasize to bone (135-137). PTHrP gene expression is thought to be 
activated by TGF when breast cancer cells enter the bone microenvironment (138). In 
contrast to PTHrP, the enhanced activity or expression of the proteases that cleave AREG 
would be sufficient to increase its expression in the bone microenvironment without 
activating gene expression. Consistent with this concept, high expression ADAMTS-1 and 
MMP1 protein have been observed in primary breast cancer tumors that ultimately 
metastasized to bone (12). Thus, the complex post-genomic regulation of EGFR ligand 
processing and receptor interactions provides mechanism beyond transcription where the 
amplitude of signaling of this system can be increased to contribute to colonization. Given 
that AREG appears to be the physiological mediator of EGFR signaling in the bone, it may 
be ideally suited to uncouple bone formation from bone resorbtion, which is a component of 
osteolytic predominant bone metastases that arise from breast cancers.  

3.3 Conclusions: EGFR ligand function in breast cancer 
EGFR ligands and receptors are frequently expressed together on epithelial cells and the 
cancers that are derived from these tissues, including the breast. Addition of exogenous 
EGFR ligands to breast epithelial or cancer cells typically has a profound impact on 
proliferation or migratory behavior, leading to the concept that autocrine receptor signaling 
would contribute to tumor progression. Despite this perspective, the unraveling of the 
developmental breast, heart and brain phenotypes of the various family member KOs 
suggest that EGFR, ligand and ADAM-17 function as part of a complex paracrine-signaling 
network. In addition, in vitro and in vivo models based on MDA-MB-231 cells where EGFR 
ligands have been found to function as metastasis genes, suggest they signal in a paracrine 
fashion to key elements of the microenvironment. On the basis of these conclusions, we 
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signaling produces reactive astrocytes that are components of the microenvironment of 
brain metastases. This raises the question of whether breast cancer generated EGFR ligands 
could play a role in breast cancer cell virulence in the brain by generating increased 
numbers of reactive astrocytes (129). HB-EGF is the EGFR ligand most abundantly 
expressed in the brain and endothelial cells, suggesting it may be the most well suited 
agonist to mediate in paracrine interactions among cancer cells, capillaries and the brain 
parenchyma. 
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decoy receptor osteoprotegrin (OPG) that prevents RANKL from engaging its receptor; 
therefore, the level of the ratio of OPG to RANKL controls osteoclastogenesis. Once 
activated, osteoclasts adhere to the bone surface and secrete proteases and acid that 
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the bone matrix, and this in turn stimulates new bone matrix formation by osteoblasts. This 
is a regenerating system that is in balance within the local environment; however, the rate of 
turnover and formation can be modulated by a series of endocrine hormones including PTH 
and calcitonin. Within the bone marrow, breast cancer cells produce a series of cytokines 
and growth factors including IL-11 and PTH-related protein (PTHrP) that increase the levels 
of RANKL relative to OPG leading to increased osteoclastogenesis. The increased bone 
resorption and resulting high level of growth factors enhance the survival of breast cancer 
cells, and also TGFβ increases gene expression of IL-11 and PTHrP, which begets more 
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Profiling bone metastasis subclones of MDA-MB-231 cells resulted in an 11-gene signature 
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However, the combination of 3 of the genes from the signature induced destructive growth 
in bone after intracardiac injection. Among the genes identified in the signature that 
produced increased osteolysis when overexpressed as part of a 3 gene cassette were the 
proteases, MMP1 and ADAMTS-1 (12). It was unclear what the role of these molecules 
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MDA-MB-231 lines that were engineered to overexpress ADAMTS-1 and MMP1 were found 
to shed dramatically increased levels of AREG. Conditioned media from the ADAMTS-1 

 
EGFR-Ligand Signaling in Breast Cancer Metastasis: Recurring Developmental Themes 

 

21 

and MMP1 engineered MDA-MB-231 lines caused an increased RANKL/OPG ratio in 
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ADAMTS-1 and MMP1 cells activated osteoclastogenesis in the primary bone cell cultures, 
and this could be inhibited by the EGFR inhibitors gefitinib or cetuximab. Remarkably, these 
agents (Gefitinib 100mg/kg daily or Cetuximab 100 mg/kg weekly) completely prevented 
the formation of osteolytic lesions by the MDA-MB-231 ADAMTS-1+MMP1 line delivered 
by either the intracardiac or intratibial injection method (12). These findings clearly support 
the notion that EGFR signaling on cells of the osteoblast is a major regulator of the 
RANKL/OPG ratio, but point out the requirement for appropriate protease expression to 
make EGFR ligands accessible to the bone microenvironment. These experiments provide an 
explanation of how bone resorbtion could be uncoupled from bone formation by breast 
cancer cells because stimulation of the EGFR should block osteoblast differentiation and 
matrix production.  
To some extent, the identification of a role for AREG in bone metastasis is confounding 
given that its expression is associated with ER+ breast cancers that generally have good 
prognosis (115). The MDA-MB-231 cells are ER- and have a phenotype that is similar to 
basal cancers. So we interrogated the breast cancer transcriptome datasets GSE2034(133), 
GSE2603 (123), and GSE12276 (120) from the NCBI Gene Expression Omnibus to evaluate 
AREG expression in ER- tumors. We found that AREG expression was lower in the ER-
negative tumors that ultimately metastasized to bone as compared to those that did not 
(134). A similar pattern of expression has been reported for the classical bone metastasis 
virulence factor PTHrP. Low expression of the peptide is observed in the primary tumors 
that ultimately metastasize to bone (135-137). PTHrP gene expression is thought to be 
activated by TGF when breast cancer cells enter the bone microenvironment (138). In 
contrast to PTHrP, the enhanced activity or expression of the proteases that cleave AREG 
would be sufficient to increase its expression in the bone microenvironment without 
activating gene expression. Consistent with this concept, high expression ADAMTS-1 and 
MMP1 protein have been observed in primary breast cancer tumors that ultimately 
metastasized to bone (12). Thus, the complex post-genomic regulation of EGFR ligand 
processing and receptor interactions provides mechanism beyond transcription where the 
amplitude of signaling of this system can be increased to contribute to colonization. Given 
that AREG appears to be the physiological mediator of EGFR signaling in the bone, it may 
be ideally suited to uncouple bone formation from bone resorbtion, which is a component of 
osteolytic predominant bone metastases that arise from breast cancers.  

3.3 Conclusions: EGFR ligand function in breast cancer 
EGFR ligands and receptors are frequently expressed together on epithelial cells and the 
cancers that are derived from these tissues, including the breast. Addition of exogenous 
EGFR ligands to breast epithelial or cancer cells typically has a profound impact on 
proliferation or migratory behavior, leading to the concept that autocrine receptor signaling 
would contribute to tumor progression. Despite this perspective, the unraveling of the 
developmental breast, heart and brain phenotypes of the various family member KOs 
suggest that EGFR, ligand and ADAM-17 function as part of a complex paracrine-signaling 
network. In addition, in vitro and in vivo models based on MDA-MB-231 cells where EGFR 
ligands have been found to function as metastasis genes, suggest they signal in a paracrine 
fashion to key elements of the microenvironment. On the basis of these conclusions, we 
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speculate that TGF expression in primary basal breast cancers may also be engaged in 
paracrine signaling with cells in the microenvironment. This conclusion suggests that the 
efficacy of EGFR targeted therapeutics will depend upon their uses in combination with 
other compounds that target the tumor microenvironment in primary basal tumors, as well 
as those that have metastasized to the lung, brain and bone. 
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1. Introduction 
The breast cancer cell genome is remarkably unstable, most likely due to early dysfunction 
of DNA replication, repair or recombination (Roskelley and Bissel, 2002). Accumulation of 
genetic alterations in the cells and/or stroma lead to development of a genetically diverse 
cell population characterized by uncontrolled cell proliferation (Witz, 2002; Gupta et al., 
2006). Therefore, identification of genes that may be responsible for pre-disposition or 
facilitate progression of the disease may contribute to improvement of currently available 
therapeutic approaches in treatment of breast cancer. 
We previously reported the identification, cloning and functional characterization of 
HRPAP20, which encodes for protein designated Hormone Regulated Proliferation-
Associated Protein 20 (accession number: NM_ 014165; Karp et al., 2004). Our observations 
indicated that HRPAP20 is a regulator of proliferation, survival, and invasion in hormone-
responsive breast cancer cells. Moreover, highly invasive, hormone unresponsive breast cell 
lines, such as MDA-MB-231 and tumor specimens of invasive breast adenocarcinomas from 
patients exhibited constitutively elevated levels of HRPAP20 (Karp et al., 2007). Results from 
an independent study conducted by another group suggested that HRPAP20 is a promising 
marker of tamoxifen resistance in women with ER alpha-positive breast tumors (Tozlu-Kara 
et al., 2007). Together, these observations suggested that elevated HRPAP20 may facilitate 
breast cancer progression toward a more malignant phenotype.  
Other studies from our group suggested that an interaction between HRPAP20 and 
calmodulin (CaM) may contribute to HRPAP20-mediated biological effects in tumor cells. 
Furthermore, a basic amino acid residue (K73) within the putative CaM-binding domain of 
HRPAP20 appeared to be important for CaM-binding to the protein. CaM has been shown 
to influence cell cycle control and proliferation in human breast cancer cells by activating 
CaM-kinase II (CaMK II) and MAPK-mediated signaling pathways (Cheung , 1980; Wang et 
al., 1983; Rodriguez-Mora et al., 2005). The recent identification of the ErbB2/HER2/Neu, 
ER-α, and androgen receptor (AR) as CaM-binding proteins, has opened new areas of 
investigation in the regulation of signaling by CaM, particularly in hormone-responsive 
cancer (Cifuentes et al., 2004; Li et al., 2006; Maximciuc et al., 2006).  
Overexpression or constitutive activation of the epidermal growth factor receptor (EGFR) is 
frequently associated with the development and progression of a number of human cancers, 
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including breast cancer (Garcia et al., 2006). HER-2, a member of this receptor tyrosine 
kinase family is overexpressed in 20% -30% of aggressive breast cancers, making it an 
appealing target for prognosis and therapy of the disease (Meric-Bernstam et al., 2006). 
These and other observations have shed light on the fact that the complex role of EGF 
signaling in development and progression of breast cancer is incompletely understood, and 
suggests that gaps exist in our knowledge of its signaling mechanisms. Therefore, 
experiments were conducted to evaluate a potential role of HRPAP20 in EGF-mediated 
signaling in hormone-dependent breast cancer cells.  
Protein kinase C (PKC) is a signaling intermediate that has been linked to EGF stimulation 
in cancer cells. The PKC family of at least 12 serine/threonine protein kinase isoforms, has 
been extensively studied in the regulation of intracellular signaling in response to stimuli 
such as growth factors and hormones (Dekker et al., 1994; Nishizuka et al., 1995; Newton 
1995, and 1997; Mellor et al., 1998). The classical and novel isoforms of PKC are targets for 
phorbol ester compounds, such as TPA, which are a widely studied tumor promoters that 
mimic the actions of diacylglycerol on PKC activation (Barry et al., 2001). Altered expression 
and activity of several PKC isoenzymes has been observed in numerous cancers including 
those affecting the lung, colon, and breast (Gordge et al., 1996; McCracken et al., 2003; 
Gokmen-Polar et al., 2001). It has been reported that PKC-α, -δ and -ε activate several 
substrates that promote breast tumor cell migration and invasion (Pan et al., 2005; Tan et al., 
2006; Ways et al., 1995). Therefore, it appears that PKC isoforms have distinct roles, which 
relate to their unique localization and/or access to substrates upon activation (Nakagawa et 
al., 2005). Here we show results from experiments conducted to evaluate whether HRPAP20 
is a substrate for PKC. We also demonstrate whether specific PKC isoforms activated by 
EGF stimulation are possibly involved in HRPAP20 phosphorylation and invasion. The 
observations presented in this chapter support the hypothesis that HRPAP20 is an 
important regulator of tumor cell signaling, which may direct malignant progression in 
breast cancer. 

2. Experimental procedures 
2.1 Cell culture and treatments 
The human mammary adenocarcinoma cell line MCF-7 was maintained in DMEM 
supplemented with 10% FBS and penicillin/streptomycin. MCF-7 cells were serum starved 
for 24 hrs in DMEM supplemented with 1% ITS+ (BD Biosciences, Bedford, MA) or 0.1% 
BSA. Quiescent MCF-7 cells were treated with EGF (100 ng/ml) or TPA (20 nM). Treatment 
of MCF-7 cells with Gö6976 (1μM) or Rottlerin (10μM) was carried out 60 min prior to 
stimulation with EGF (100 ng/ml for 30 min). All cells were harvested by washing with ice-
cold PBS and centrifugation.  

2.2 HRPAP20 plasmid construction and site-directed mutagenesis 
The full length HRPAP20 cDNA was ligated into the mammalian expression vector 
pcDNA3.1 using the restriction sites Hind III (5’ end) and Eco-RI (3’ end). The construct was 
sequenced and used for transfection of MCF-7 cells. For bacterial expression of recombinant 
HRPAP20-GST fusion protein, the restriction sites Bam-H1 and Eco-RI were engineered on 
the 5’ and 3’ terminals of the protein frame of HRPAP20 respectively. This oligonucleotide 
was generated by PCR and ligated into the bacterial expression vector PGEX-4T1 
(Amersham Biosciences, Piscataway, NJ). The vectors pcDNA 3.1 and PGEX-4T1 encoding 
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HRPAP20 were used as templates for site-directed mutagenesis. Alanine substitutions were 
performed using the Quick-Change point-mutation kit (Stratagene, La Jolla, CA.). The 
following primers were synthesized to generate the variant HRPAP20 oligonucleotides. 
K73A: 5’-GAGATGTATATGTCAATTCCGCAGATCCGGTGCCTTCCT-3’. R66A: 5’-
ACAAGCTGTTGTCCTTACTAGCAGATGTATATGTCAATTCC-3’. Reverse primers were 
synthesized complementary to the forward primers. The HRPAP20 sequence harboring both 
K73A and R66A site-mutations was generated by using HRPAP20/K73A as a template 
using primers encoding for the R66A mutation. A PCR reaction using cycling conditions 
recommended by the manufacturer was performed. Digestion of the parental plasmid 
template was accomplished using Dpn I. The site mutants were transformed into E-coli, and 
colonies selected on ampicillin-containing soft agar. The individual colonies were grown 
and the plasmid constructs isolated using Qiagen plasmid Mini-prep kit protocol. All 
constructs were sequenced at the University of Cincinnati DNA core facility to confirm the 
amino acid substitutions. The appropriate plasmids were then used for stable transfection of 
cells, or for bacterial expression of variant HRPAP20-GST fusion proteins. 

2.3 Recombinant HRPAP20-GST protein expression and purification 
Recombinant HRPAP20-GST fusion protein was produced by transformation of the 
Escherichia coli strain BL21-Star/p-RARE with the plasmid vector PGEX-4T1 encoding for 
wild-type or variant HRPAP20. The construct was sequenced at the University of 
Cincinnati’s DNA Core Facility prior to transformation. Bacteria transformed with the 
empty vector alone were used to express recombinant GST alone, which was used as an 
assay control. The transformants were grown in complete LB broth, and IPTG (5mM) was 
used to induce protein expression at 27C. Following 4 hrs of induction, the cells were lyzed 
by freeze-thawing (3X) and sonication (60V, 5 cycles). Sonicates were centrifuged and GST 
or HRPAP20-GST fusion proteins in the supernatants were purified using glutathione-
agarose (Amersham). Bound GST or HRPAP20-GST protein was eluted by reduced 
glutathione (20mM) and quantitated using Bradford reagent (Biorad, Hercules, CA). The 
purity and molecular weights of the proteins were confirmed by SDS-PAGE followed by 
Coomassie blue staining.  

2.4 CaM-Sepharose binding analysis 
The assay was performed as described previously (Boehning et. al, 2004; Karp et al., 2007). 
Briefly, 20 μl of CaM-Sepharose-4B beads (1.3 mg/ml, Amersham) were equilibriated with 
Buffer A. The equilibriated beads were then blocked for 1 h at room temperature with 1% 
BSA, followed by washing 1X with 500 μl of buffer A. Binding of HRPAP20-GST to CaM 
was evaluated by incubating 5 μg of HRPAP20-GST (wild-type or variant) or GST-only with 
CaM-Sepharose for 1 h at 4°C in buffer A ± CaCl2 (5 mM). Bound protein was eluted using 
SDS sample buffer, followed by SDS-PAGE analysis. Immunoblotting with α-GST or α-
HRPAP20 was used to identify HRPAP20 binding to CaM.  

2.5 In vitro PKC kinase assay employing HRPAP20 as a substrate 
The assay was performed as described in (Li and McNulty et al., 2005). Briefly, 5 μg of the 
fusion protein HRPAP20-GST or GST in 100 μl of PKC buffer containing 20 mM HEPES (pH: 
7.4), 1.67 mM CaCl2,10 mM MgCl2, 1 mM DTT, 1mM ATP and 10 μCi of [γ-32P] ATP was 
used for the kinase reaction. Myristoylated peptide PKC inhibitor (Promega, Madison, WI) 
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HRPAP20 were used as templates for site-directed mutagenesis. Alanine substitutions were 
performed using the Quick-Change point-mutation kit (Stratagene, La Jolla, CA.). The 
following primers were synthesized to generate the variant HRPAP20 oligonucleotides. 
K73A: 5’-GAGATGTATATGTCAATTCCGCAGATCCGGTGCCTTCCT-3’. R66A: 5’-
ACAAGCTGTTGTCCTTACTAGCAGATGTATATGTCAATTCC-3’. Reverse primers were 
synthesized complementary to the forward primers. The HRPAP20 sequence harboring both 
K73A and R66A site-mutations was generated by using HRPAP20/K73A as a template 
using primers encoding for the R66A mutation. A PCR reaction using cycling conditions 
recommended by the manufacturer was performed. Digestion of the parental plasmid 
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constructs were sequenced at the University of Cincinnati DNA core facility to confirm the 
amino acid substitutions. The appropriate plasmids were then used for stable transfection of 
cells, or for bacterial expression of variant HRPAP20-GST fusion proteins. 

2.3 Recombinant HRPAP20-GST protein expression and purification 
Recombinant HRPAP20-GST fusion protein was produced by transformation of the 
Escherichia coli strain BL21-Star/p-RARE with the plasmid vector PGEX-4T1 encoding for 
wild-type or variant HRPAP20. The construct was sequenced at the University of 
Cincinnati’s DNA Core Facility prior to transformation. Bacteria transformed with the 
empty vector alone were used to express recombinant GST alone, which was used as an 
assay control. The transformants were grown in complete LB broth, and IPTG (5mM) was 
used to induce protein expression at 27C. Following 4 hrs of induction, the cells were lyzed 
by freeze-thawing (3X) and sonication (60V, 5 cycles). Sonicates were centrifuged and GST 
or HRPAP20-GST fusion proteins in the supernatants were purified using glutathione-
agarose (Amersham). Bound GST or HRPAP20-GST protein was eluted by reduced 
glutathione (20mM) and quantitated using Bradford reagent (Biorad, Hercules, CA). The 
purity and molecular weights of the proteins were confirmed by SDS-PAGE followed by 
Coomassie blue staining.  

2.4 CaM-Sepharose binding analysis 
The assay was performed as described previously (Boehning et. al, 2004; Karp et al., 2007). 
Briefly, 20 μl of CaM-Sepharose-4B beads (1.3 mg/ml, Amersham) were equilibriated with 
Buffer A. The equilibriated beads were then blocked for 1 h at room temperature with 1% 
BSA, followed by washing 1X with 500 μl of buffer A. Binding of HRPAP20-GST to CaM 
was evaluated by incubating 5 μg of HRPAP20-GST (wild-type or variant) or GST-only with 
CaM-Sepharose for 1 h at 4°C in buffer A ± CaCl2 (5 mM). Bound protein was eluted using 
SDS sample buffer, followed by SDS-PAGE analysis. Immunoblotting with α-GST or α-
HRPAP20 was used to identify HRPAP20 binding to CaM.  

2.5 In vitro PKC kinase assay employing HRPAP20 as a substrate 
The assay was performed as described in (Li and McNulty et al., 2005). Briefly, 5 μg of the 
fusion protein HRPAP20-GST or GST in 100 μl of PKC buffer containing 20 mM HEPES (pH: 
7.4), 1.67 mM CaCl2,10 mM MgCl2, 1 mM DTT, 1mM ATP and 10 μCi of [γ-32P] ATP was 
used for the kinase reaction. Myristoylated peptide PKC inhibitor (Promega, Madison, WI) 
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was used at a concentration of 100 mM. The kinase reaction was initiated by adding 1 μl of 
PKC (Promega), followed by incubation at 30 ºC for 30 min. A duplicate set of the above 
reactions with the substitution of [γ-32P] ATP with non-radioactive ATP was performed in 
parallel for immunoblotting analysis. The reactions were stopped by placing on ice. The 
fusion proteins were isolated using glutathione agarose, followed by washing, elution and 
SDS-PAGE. The resolved proteins were transfered to PVDF membranes and subjected to 
autoradiography, or immunoblotting with α-GST. The immunoblotted membranes were 
subsequently stripped and reprobed with α-HRPAP20.  

2.6 Immune-complex kinase assay 
Cells were harvested and lyzed using phosphorylation lysis buffer containing 50 mM 
HEPES (pH: 7.5), 150 mM NaCl, 200 µM sodium orthovanadate, 10 mM sodium 
pyrophosphate, 100 mM sodium fluoride, 1 mM EDTA, 1.5 mM MgCl2, 10% glycerol, 1% 
Triton X-100, and protease inhibitors (Rahman et al., 2001). Lysates were 
immunoprecipitated using α-PKC-A3 (Santa Cruz Biotechnology, Santa Cruz, CA) and 
protein-G agarose. Immune-complexes were washed with kinase wash buffer: Tris HCl (50 
mM , pH 7.4), NaF (10 mM), sodium orthovanadate (1 mM), EDTA (0.5 mM), EGTA (0.5 
mM), magnesium chloride (2 mM), leupeptin (10 μg/ml), PMSF (1mM) as previously 
described (Arya et al., 2004). 5 μg of recombinant HRPAP20-GST or GST protein, in a kinase 
reaction buffer containing 20 mM Tris-HCl (pH: 7.4), 10 mM MgCl2 and 1 mM DTT was 
incubated with ATP (1 µM), γ-32P-ATP (10 µCi) for 30 min at 30ºC. The reactions were 
terminated by placing on ice, followed by SDS-PAGE and autoradiography as described in 
previous section.  

2.7 Cell transfection 
MCF-7 cells were transfected with wild-type HRPAP20, R66A, K73A+R66A, or empty vector 
(pcDNA 3.1) alone, according to manufacturer’s protocol using Lipofectamine® (Invitrogen, 
Carlsbad, CA). Following transfection, all cells were subjected to G418 selection (250 µg/ml) 
to generate stably transfected cell lines. Cells were transiently transfected with wild-type 
and dominant-negative PKC-δ constructs or empty vector pcDNA3.1, and used in 
experiments 72 hrs after transfection (previously described in Kruger et al., 2003).  

2.8 Co-immunoprecipitation/immunoblotting (co-IP/IB) 
Following treatments, cells were harvested using ice-cold PBS and centrifugation; then lysed 
in a buffer containing 10 mM Tris (pH 7.4), 0.15 M NaCl, 5 mM EDTA and 1% Triton X-100. 
The lysates were pre-cleared with normal rabbit serum and protein G (Upstate, Lake Placid, 
NY), then immunoprecipitated using α-HRPAP20 antiserum (Karp et. al, 2004) and protein 
G. The immunoprecipitates, together with lysates, were resolved using 12% SDS-PAGE gels, 
then immunoblotted with α-CaM (Upstate, Charlottesville, VA.). The membranes were 
subsequently stripped using a buffer containing 62.5 mM Tris (pH 6.8) and 2% SDS, then 
reprobed with α-HRPAP20. 

2.9 Cell invasion analysis 
The invasive capacity of the breast tumor cell lines was measured utilizing an in vitro 
transwell assay (Repesh et al., 1989, Karp et al., 2007). Briefly, 2.5 x 105 cells, in DMEM 
containing 0.1% BSA, were added to the upper well of transwell chambers (Corning Inc., 
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Corning, NY) containing an 8 m porous membrane, previously coated with type I collagen, 
fibronectin, and Matrigel ® (Becton Dickinson Biosciences, San Diego, CA). Lower chambers 
contained DMEM containing 0.1% BSA and 10% FBS as a chemoattractant. Following 24 hrs, 
invading cells were fixed with 4% paraformaldehyde, stained with crystal violet, and 
counted microscopically (20X magnification) in five random fields/membrane.  

3. Results 
3.1 EGF regulates the interaction between HRPAP20 and CaM in MCF-7 cells 
We previously showed that HRPAP20 interacts with Ca2+/CaM in purified preparations 
and in MCF-7 cells (Karp et al., 2007). To determine whether this interaction was influenced 
by mitogenic stimulation such by EGF, co-immunoprecipitation/ immunoblotting (co-
IP/IB) experiments were conducted using MCF-7 cells. As shown in Fig. 1, CaM co-
immunoprecipitated with HRPAP20 in lysates from control cell suggesting that the two 
proteins existed as a complex in unstimulated cells (time 0) consistent with our previous 
observations. Stimulation with EGF (100 ng/ml) rapidly disrupted the HRPAP20:CaM 
(p<0.05). Thus, mitogenic stimulation appeared to cause dissociation of the protein complex 
that was observed in unstimulated cells. These observations suggest that HRPAP20 may 
function as a signaling intermediate coupled to activation of the EGFreceptor.  
 

 
Fig. 1. EGF stimulation disrupts HRPAP20:CaM in MCF-7 cells. MCF-7 cells, previously 
cultured for 24 hr in serum-free medium, were treated with h-EGF (100 ng/ml). The cells 
were harvested at the indicated times following EGF stimulation. Cell lysates were immuno 
precipitated with α-CaM (upper panel). Membranes were stripped and reprobed with α-
HRPAP20 (middle panel). 10% of total protein used for immunoprecipitation was resolved 
in parallel as an input control and Immunoblotted with α-CaM (lower panel). Densitometric 
analysis of three separate experiments is presented. *p<0.05 vs CTL. 

HRPAP20:CaM interaction requires basic residues K73 and R66 in MCF-7 cells. 
Experiements were conducted to determine which amino acid residues within HRPAP20 
were required for its interaction with CaM. Studies by others (Bagchi et al., 1992) showed 
that certain basic residues within the CaM-binding domains of several interacting proteins 
were required for their interaction. K73, R66, and V70 (hydrophobic) were identified as 
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(pcDNA 3.1) alone, according to manufacturer’s protocol using Lipofectamine® (Invitrogen, 
Carlsbad, CA). Following transfection, all cells were subjected to G418 selection (250 µg/ml) 
to generate stably transfected cell lines. Cells were transiently transfected with wild-type 
and dominant-negative PKC-δ constructs or empty vector pcDNA3.1, and used in 
experiments 72 hrs after transfection (previously described in Kruger et al., 2003).  
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Following treatments, cells were harvested using ice-cold PBS and centrifugation; then lysed 
in a buffer containing 10 mM Tris (pH 7.4), 0.15 M NaCl, 5 mM EDTA and 1% Triton X-100. 
The lysates were pre-cleared with normal rabbit serum and protein G (Upstate, Lake Placid, 
NY), then immunoprecipitated using α-HRPAP20 antiserum (Karp et. al, 2004) and protein 
G. The immunoprecipitates, together with lysates, were resolved using 12% SDS-PAGE gels, 
then immunoblotted with α-CaM (Upstate, Charlottesville, VA.). The membranes were 
subsequently stripped using a buffer containing 62.5 mM Tris (pH 6.8) and 2% SDS, then 
reprobed with α-HRPAP20. 

2.9 Cell invasion analysis 
The invasive capacity of the breast tumor cell lines was measured utilizing an in vitro 
transwell assay (Repesh et al., 1989, Karp et al., 2007). Briefly, 2.5 x 105 cells, in DMEM 
containing 0.1% BSA, were added to the upper well of transwell chambers (Corning Inc., 
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Corning, NY) containing an 8 m porous membrane, previously coated with type I collagen, 
fibronectin, and Matrigel ® (Becton Dickinson Biosciences, San Diego, CA). Lower chambers 
contained DMEM containing 0.1% BSA and 10% FBS as a chemoattractant. Following 24 hrs, 
invading cells were fixed with 4% paraformaldehyde, stained with crystal violet, and 
counted microscopically (20X magnification) in five random fields/membrane.  

3. Results 
3.1 EGF regulates the interaction between HRPAP20 and CaM in MCF-7 cells 
We previously showed that HRPAP20 interacts with Ca2+/CaM in purified preparations 
and in MCF-7 cells (Karp et al., 2007). To determine whether this interaction was influenced 
by mitogenic stimulation such by EGF, co-immunoprecipitation/ immunoblotting (co-
IP/IB) experiments were conducted using MCF-7 cells. As shown in Fig. 1, CaM co-
immunoprecipitated with HRPAP20 in lysates from control cell suggesting that the two 
proteins existed as a complex in unstimulated cells (time 0) consistent with our previous 
observations. Stimulation with EGF (100 ng/ml) rapidly disrupted the HRPAP20:CaM 
(p<0.05). Thus, mitogenic stimulation appeared to cause dissociation of the protein complex 
that was observed in unstimulated cells. These observations suggest that HRPAP20 may 
function as a signaling intermediate coupled to activation of the EGFreceptor.  
 

 
Fig. 1. EGF stimulation disrupts HRPAP20:CaM in MCF-7 cells. MCF-7 cells, previously 
cultured for 24 hr in serum-free medium, were treated with h-EGF (100 ng/ml). The cells 
were harvested at the indicated times following EGF stimulation. Cell lysates were immuno 
precipitated with α-CaM (upper panel). Membranes were stripped and reprobed with α-
HRPAP20 (middle panel). 10% of total protein used for immunoprecipitation was resolved 
in parallel as an input control and Immunoblotted with α-CaM (lower panel). Densitometric 
analysis of three separate experiments is presented. *p<0.05 vs CTL. 

HRPAP20:CaM interaction requires basic residues K73 and R66 in MCF-7 cells. 
Experiements were conducted to determine which amino acid residues within HRPAP20 
were required for its interaction with CaM. Studies by others (Bagchi et al., 1992) showed 
that certain basic residues within the CaM-binding domains of several interacting proteins 
were required for their interaction. K73, R66, and V70 (hydrophobic) were identified as 
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potential critical residues within HRPAP20 for its interaction with CaM based upon 
comparison with other binding proteins (Fig. 2). 
 

 
Fig. 2. Sequence of the HRPAP20 CaM-binding domain. (A) The amino acid sequence of 
HRPAP20 (residues 54-74) consisting of the predicted CaM-binding motif, was aligned with 
those of other well-characterized CaM-binding proteins. While there is no sequence 
conservation observed in most of the CaM-binding domain, they are characterized by a 
typical positioning of a C-terminal basic residue, preceded by 2-3 hydrophobic residues. (B) 
Sequence alignment of the CaM-binding motif of HRPAP20 with that present in smMLCK 
indicating positions of basic and hydrophobic residues on smMLCK that are critical for 
CaM-binding (Bagchi et al., 1992). Analogous residues within HRPAP20 are boxed and the 
positions numbered. 

Previously, we showed that alanine (ala) substitution of K73 resulted in diminished CaM-
binding of HRPAP20 in MCF-7 cells (Karp et al., 2007). Using site-directed mutagenesis, we 
generated a series of HRPAP20 variants harboring ala substitutions at these residues 
(HRPAP20-K73A, HRPAP20/R66A or HRPAP20/K73A+R66A, and HRPAP20/V70A). The 
proteins were expressed as GST-fusion proteins, then the purified recombinant proteins 
were evaluated by CaM-Sepharose pull-down analysis to assess their capacity to bind to 
CaM. The results indicated that HRPAP20-K73A exhibited ~50% reduction in CaM-binding 
compared to the wild-type protein (Fig. 3). Moreover, ala substitutions at K73 and R66 in 
combination inhibited the HRPAP20:CaM interaction to the same extent as R66A, indicating 
that each of these residues may contribute to CaM-binding (Fig. 3). Alanine substitution of 
the hydrophobic residue V70 did not significantly affect CaM-binding of HRPAP20, 
suggesting that this residue may not be required for in HRPAP20:CaM complex formation 
(results not shown).  
To determine whether the HRPAP20/R66A or HRPAP20/K73A+R66A exhibited a 
diminished interaction with CaM in MCF-7 cells, we conducted co-IP/IB experiments using 
cells stably transfected with HRPAP20, R66A, K73A+R66A, or the empty vector as a control. 
The results demonstrated that CaM co-immunoprecipitated using α-HRPAP20, in MCF-
7/HRPAP20 cells, consistent with our previous observations. In contrast, significantly 
reduced CaM binding was observed in cells transfected with HRPAP20/R66A or 
HRPAP20/K73A+R66A compared to the level observed in wildtype HRPAP20 (Fig. 4A and 
D). The membranes from Fig. 4A were subsequently stripped and reprobed with  
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Fig. 3. K73 and R66 regulate HRPAP20:CaM interact1on in vitro. (A) 5 μg of recombinant 
HRPAP20-GST [wildtype-WT, or HRPAP20 harboring the substitutions K73A, R66A, or 
K73A+R66A] or GST alone were incubated with CaM-Sepharose in the presence of Ca2+ (5 
mM). Eluted proteins were resolved bySDS-PAGE, then immunoblotted with α-GST. 10% of 
each protein used in pull-down assays was evaluated in parallel as an input control. (B) 
Cumulative results of densitometric analysis of three separate experiments is presented. 
*p<0.05 vs. WT. 

α-HRPAP20 to confirm HRPAP20 immunoprecipitation in each of the samples (Fig. 4B). 
Equal concentrations of lysate protein from each of the transfectants were immunoblotted 
using α-CaM as an additional control (Fig. 4C). Together, these results suggested that the 
basic residues K73 and R66 in the CaM-binding motif of HRPAP20 may regulate its 
interaction with CaM in MCF-7 breast cancer cells. 
Shown in Fig. 4E are results from in vitro invasion analysis of cells transfected with 
HRPAP20 and and its variants. Here wildtype HRPAP20 significantly (p<0. 01) increased 
invasion through Matrigel® coated filters in transwell chambers. In contrast, invasion 
observed by the cells expressing the HRPAP20 variants R66A or K73A+R66A did not differ 
from empty vector-transfected controls. These observations indicated that even a partial 
disruption of the HRPAP20:CaM interaction by mutation of the basic residues K73 and R66 
blocked HRPAP20-mediated increase in invasion. Therefore, it is suggested that K73 and 
R66 are likely required to maintain integrity of the HRPAP20:CaM complex, which appears 
to be a requisite for MCF-7 invasion. 

3.2 HRPAP20 is a substrate for PKC 
We previously showed that HRPAP20 is a phosphoprotein and that pharmacological 
inhibition of PKC reduced its phosphorylation in Nb2-11 cells (Karp et al., 2004). 
Experiments to evaluate whether HRPAP20 is phosphorylated by PKC were conducted 
utilizing recombinant HRPAP20-GST fusion protein and catalytically active rat brain PKC, 
in the presence of cofactors and 32P-ATP. As shown in Fig. 5A, HRPAP20 was 
phosphorylated in the presence of PKC (lane 1), but not in its absence (lane 2). Addition of a 
myristoylated peptide substrate, serving as a competitive inhibitor of PKC, inhibited PKC-
mediated phosphorylation of HRPAP20 (lane 3). An equal amount of recombinant GST  
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(results not shown).  
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cells stably transfected with HRPAP20, R66A, K73A+R66A, or the empty vector as a control. 
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7/HRPAP20 cells, consistent with our previous observations. In contrast, significantly 
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α-HRPAP20 to confirm HRPAP20 immunoprecipitation in each of the samples (Fig. 4B). 
Equal concentrations of lysate protein from each of the transfectants were immunoblotted 
using α-CaM as an additional control (Fig. 4C). Together, these results suggested that the 
basic residues K73 and R66 in the CaM-binding motif of HRPAP20 may regulate its 
interaction with CaM in MCF-7 breast cancer cells. 
Shown in Fig. 4E are results from in vitro invasion analysis of cells transfected with 
HRPAP20 and and its variants. Here wildtype HRPAP20 significantly (p<0. 01) increased 
invasion through Matrigel® coated filters in transwell chambers. In contrast, invasion 
observed by the cells expressing the HRPAP20 variants R66A or K73A+R66A did not differ 
from empty vector-transfected controls. These observations indicated that even a partial 
disruption of the HRPAP20:CaM interaction by mutation of the basic residues K73 and R66 
blocked HRPAP20-mediated increase in invasion. Therefore, it is suggested that K73 and 
R66 are likely required to maintain integrity of the HRPAP20:CaM complex, which appears 
to be a requisite for MCF-7 invasion. 

3.2 HRPAP20 is a substrate for PKC 
We previously showed that HRPAP20 is a phosphoprotein and that pharmacological 
inhibition of PKC reduced its phosphorylation in Nb2-11 cells (Karp et al., 2004). 
Experiments to evaluate whether HRPAP20 is phosphorylated by PKC were conducted 
utilizing recombinant HRPAP20-GST fusion protein and catalytically active rat brain PKC, 
in the presence of cofactors and 32P-ATP. As shown in Fig. 5A, HRPAP20 was 
phosphorylated in the presence of PKC (lane 1), but not in its absence (lane 2). Addition of a 
myristoylated peptide substrate, serving as a competitive inhibitor of PKC, inhibited PKC-
mediated phosphorylation of HRPAP20 (lane 3). An equal amount of recombinant GST  
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Fig. 4. Effect of HRPAP20 amino acid substitution (R66A, K73A+R66A) on HRPAP20:CaM 
association and invasion in MCF-7 cells. (A) MCF-7 cells, transfected with empty vector 
(Vector), wildtype HRPAP20 (WT), HRPAP20/R66A (R66A) or HRPAP20/K73A+R66A 
(K73A + R66A) were immunoprecipitated with α-HRPAP20 and immunoblotted with α-
CaM. (B) Membranes were stripped and reprobed with α-HRPAP20. (C) 10% of total protein 
used for immunoprecipitation was resolved in parallel as an input control and 
immunoblotted with α-CaM. (D) Densitometric analysis of three separate experiments is 
presented. *p<0.01 WT vs Vector; p<0.05 WT vs K73A. (E) Cumulative results obtained from 
three separate in vitro invasion experiments. *p<0.01 WT vs Vector. 

incubated with PKC represents a control reaction demonstrating the inability of PKC to 
phosphorylate GST (lane 4). To ensure equal loading of samples, duplicates of the above 
reactions with the substitution of 32P-ATP with non radioactive ATP were resolved in 
parallel and subjected to immunoblotting with α-HRPAP20 (Fig. 5B) or α-GST (Fig. 5C). 
Together, these results suggest that HRPAP20 is a substrate for PKC in vitro. 

3.3 HRPAP20 is phosphorylated by EGF-activated PKC 
There is abundant evidence indicating an important role for EGFR and its ligands in the 
development and progression of human neoplasia (Johnston et al., 2006; Ji et al., 2006; 
Speake et al., 2005; D'Alessio et al., 2010). To evaluate whether PKC-mediated HRPAP20 
phosphorylation is an event that occurrs downstream of EGF stimulation, immune-complex 
kinase assays were performed utilizing PKC immunoprecipitated from lysates of EGF-
treated MCF-7 cells and HRPAP20-GSTas a substrate. The reactions were performed in the 
presence of 32P-ATP, but in the absence of cofactors. As illustrated in Fig. 6A and B, 
HRPAP20 phosphorylation was significantly elevated upon its incubation with PKC 
immunoprecipitated from EGF-treated cells, compared to the level observed in control 
samples from untreated cells. These results suggest that PKC, activated by EGF stimulation 
catalyzed HRPAP20 phosphorylation.  
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Fig. 5. Phosphorylation of HRPAP20 by PKC. (A) Recombinant HRPAP20-GST (lanes 1-3) or 
GST alone (lane 4) were incubated at 30°C in the presence (+) or absence (-) of purified rat 
brain PKC or a PKC inhibitor (myristoylated PKC peptide inhibitor, 100 μM) in the presence 
of [γ-32P] ATP. Samples were resolved by SDS-Page followed by autoradiography. (B) 
Duplicates of reactions in (A), but without [γ-32P] ATP, were immunoblotted with α-
HRPAP20. (C) Membranes from (B) were stripped, then reprobed with α-GST. 
 

 
Fig. 6. HRPAP20 is phosphorylated by PKC activated subsequent to EGF stimulation in 
MCF-7 cells. (A) PKC from quiescent or EGF-treated MCF-7 cells was immunoprecipitated, 
then incubated with recombinant HRPAP20-GST or GST in the presence of γ-32P-ATP, 
followed by SDS-PAGE and autoradiography. A representative autoradiograph indicating 
the level of HRPAP20 phosphorylation is shown. (B) Cumulative results from three 
independent experiments analyzed by densitometry are presented. *p<0.01 vs CTL. 

3.4 PKC-δ phosphorylates HRPAP20 subsequent to EGF stimulation and is required 
for invasion in MCF-7 cells 
The role of various PKC isoforms in the process of tumor progression in the mammary 
epithelium is only partially understood. However, several studies support a role for PKC-δ 
in breast tumor progression (McCracken et al., 2003; Nabha et al., 2005). Moreover, PKC-δ 
has been shown to regulate the activation of MMP-9 in breast tumor cells; an effect also 
observed in MCF-7 cells stably expressing elevated levels of HRPAP20 (Karp et al., 2007). 
Therefore, experiments were conducted to determine whether PKC-δ phosphorylated of 
HRPAP20 following EGF stimulation in this cell line. Quiescent MCF-7 cells were subjected 
to treatment with Gö6976, a pharmacological inhibitor of classic PKC isozymes, or Rottlerin, 
with specificity directed toward the PKC-δ isoform. The results from immunecomplex 
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kinase analysis indicated that while Gö6976 did not affect EGF-stimulated HRPAP20 
phosphorylation, Rottlerin nearly completely blocked this effect (Fig. 7A). These results 
suggested that PKC-δ, activated by EGF stimulation, may be responsible for the 
downstream phosphorylation of HRPAP20.  
To further investigate whether PKC-δ catalyzed HRPAP20 phosphorylation, MCF-7 cells 
were transiently transfected with constructs encoding a constitutively active wild-type (WT) 
PKC-δ, a kinase inactive/dominant negative PKC-δ (DN), or with the empty vector. 
Transfectants were treated with EGF and evaluated using immune-complex kinase analysis. 
The results indicated that EGF stimulated substantial HRPAP20 phosphorylation in cells 
expressing WT-PKC-δ (Fig. 7B). However, expression of DN- PKC-δ almost completely 
abolished this effect. Together, these results support the hypothesis that PKC-δ mediates 
phosphorylation of HRPAP20 and that this effect may underlie EGF stimulated actions. 
To determine whether HRPAP20 phosphorylation affected cell invasion in vitro, invasion 
analysis was conducted using MCF-7 cells co-transfected with HRPAP20 and dominant 
negative PKC-δ. As shownin Fig. 7C, co-expression of dominant negative PKC-δ with 
HRPAP20, caused a significant reduction of MCF-7 cell invasion, compared to the level 
observed in cells transfected with HRPAP20 alone. These results suggested that activated 
PKC-δ is required to regulate HRPAP20, ultimately resulting in stimulating increased 
invasiveness in breast cancer cells.  
 

 
Fig. 7. PKC-δ catalyzes EGF-stimulated HRPAP20 phosphorylation and contributes to 
invasion. (A) Quiescent MCF-7 cells were pre-treated with PKC inhibitors Gö6976 (1 μM) or 
Rottlerin (10 μM), followed by the addition of EGF (100 ng/ml). PKC was 
immunoprecipitated and incubated with recombinant HRPAP20-GST in the presence of γ-
32P-ATP. A representative autoradiograph showing HRPAP20 phosphorylation is presented. 
(B) MCF-7 cells were transiently transfected with empty vector (Vector), wild-type (WT) or 
dominant negative PKC-δ (DN). Cells were then treated with EGF, followed by 
immunecomplex kinase analysis. (C) MCF-7 cells were transfected with empty vector 
(Vector), HRPAP20, or HRPAP20 and PKC-δ (DN), then evaluated by in vitro invasion 
assay. Cumulative results from three independently performed experiments are presented. 
*p<0.01 (HRPAP20 vs. Vector or HRPAP20 + DN-PKC-δ). 
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3.5 Effect of phosphorylation on HRPAP20: CaM interaction 
Numerous previous studies have reported that post-translational modification may alter 
protein-protein interactions. Therefore, whether HRPAP20 phosphorylation affected its 
interaction with CaM was investigated. Experiments were conducted using MCF-7 cells 
treated with the phorbol ester, TPA, an activator of PKC. The HRPAP20:CaM interaction in 
these cells was evaluated by co-IP analysis. As demonstrated in Fig. 8A, TPA rapidly 
stimulated a significant (p<0.01) reduction in HRPAP20:CaM complex suggesting that PKC-
catalyzed phosphorylation of HRPAP20 may reduce its binding capacity to CaM. Moreover, 
this observation correlated with the pattern of HRPAP20:CaM disruption observed upon 
EGF stimulation in these cells. 
Furthermore, CaM Sepharose pull-down experiments were conducted to determine whether 
PKC-mediated phosphorylation of HRPAP20 affected its CaM-binding in vitro. The results 
obtained indicated that HRPAP20, phosphorylated by PKC prior to incubation with CaM, 
exhibited markedly reduced HRPAP20:CaM complex formation, in contrast to that observed 
with the native protein (Fig. 8B). This observation is consistent with our previous results 
suggesting that PKC likely regulates HRPAP20:CaM association. Taken together, the results 
suggest that HRPAP20 may modulate signaling involved in growth factor/hormone-
responsive cancers by associating with PKC and CaM.  
 

 
Fig. 8. HRPAP20:CaM is likely regulated by PKC-catalyzed phosphorylation. (A) Serum 
starved MCF-7 cells were treated with TPA (20 nM). Cells were harvested at the indicated 
time points, followed by immunoprecipitation of lysates using α-HRPAP20, then 
immunoblotted with α-CaM (upper panel). Membranes were stripped and reprobed with α-
HRPAP20 (middle panel). 10% of total protein used for immunoprecipitation was resolved 
in parallel as an input control and immunoblotted with α-CaM (lower panel). Densitometric 
analysis of three separate experiments is presented. *p<0.05 vs. 0 min. (B) 5 μg of 
recombinant HRPAP20-GST was phosphorylated in vitro using rat brain PKC, then 
subjected to CaM- pulldown assay. A representative immunoblot using α- is shown. 

4. Discussion 
Tumor cell responses to extracellular stimuli includes activation of kinase pathways and 
alteration of protein-protein interactions, ultimately resulting in modulation of biological 
responses leading to progression of the disease. Since previous observations implicated a 
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obtained indicated that HRPAP20, phosphorylated by PKC prior to incubation with CaM, 
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Fig. 8. HRPAP20:CaM is likely regulated by PKC-catalyzed phosphorylation. (A) Serum 
starved MCF-7 cells were treated with TPA (20 nM). Cells were harvested at the indicated 
time points, followed by immunoprecipitation of lysates using α-HRPAP20, then 
immunoblotted with α-CaM (upper panel). Membranes were stripped and reprobed with α-
HRPAP20 (middle panel). 10% of total protein used for immunoprecipitation was resolved 
in parallel as an input control and immunoblotted with α-CaM (lower panel). Densitometric 
analysis of three separate experiments is presented. *p<0.05 vs. 0 min. (B) 5 μg of 
recombinant HRPAP20-GST was phosphorylated in vitro using rat brain PKC, then 
subjected to CaM- pulldown assay. A representative immunoblot using α- is shown. 

4. Discussion 
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alteration of protein-protein interactions, ultimately resulting in modulation of biological 
responses leading to progression of the disease. Since previous observations implicated a 
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role for HRPAP20 in breast tumor proliferation and invasion, it was important to investigate 
the mechanisms by which this protein participated in tumor cell signaling.  
Previously we showed that HRPAP20 and CaM interacted in vitro and in MCF-7 cells (Karp 
et al., 2007). We therefore sought to investigate whether this interaction contributed to 
tumor signaling and whether it was subject to regulation by growth factor stimulation. 
Recent studies have broadened the view of signal transduction to encompass a complex 
networks, which allow interaction between discrete signaling pathways with EGFR as a key 
unit for integration of multiple stimuli (Prenzel et al., 2000). CaM has been shown to bind to 
the EGFR, as well as modulate EGF-stimulated signaling leading to tumor progression. It 
was therefore important to investigate whether HRPAP20 was subject to regulation 
downstream of EGFR activation in tumor cells. Using co-IP/IB, we showed that HRPAP20 
resides within a complex with CaM in quiescent MCF-7 cells. Stimulation with EGF caused a 
significant reduction in HRPAP20:CaM association. These results suggest that the 
HRPAP20:CaM complex is likely regulated by EGF, and may serve as a potentially 
important step in growth factor-stimulated cell signaling.  
To investigate which specific amino acid residues within HRPAP20 participate in its 
interaction with CaM, we compared the sequence of the CaM-binding domain of HRPAP20 
to binding domains present in other CaM interacting proteins. This assessment revealed that 
several basic and hydrophobic amino acids were interspersed within the HRPAP20 CaM-
binding motif at positions analogous to those found to be important for other CaM-binding 
proteins (Bagchi et al., 1992; Fitzsimons et al., 1992). Following generation of HRPAP20 
variants harboring ala substitutions at suspected key locations, experiments were conducted 
to evaluate HRPAP20:CaM binding of the altered proteins. Results from these suggested 
that the basic residues, K73 and R66, located near the C-terminus of the CaM-binding 
domain of HRPAP20, may be critical for its interaction with CaM. 
Bioinformatic analysis of the wildtype and variant HRPAP20 amino acid sequences 
indicated that both K73A and R66A substitutions most likely altered the length and stability 
of α-helices within the protein. Notably, K73 was predicted to be responsible for a bend in 
the strand following the α-helix that constituted the CaM-binding motif of HRPAP20 
(www.igb.uci.edu/tools/scratch.html; http://npsa-pbil.ibcp.fr/cgi-bin/secpred_hnn.pl; 
NNPredict Query server; and http://distill.ucd.ie/porter/). Moreover, alanine substitution of 
R66 reduced the number of its residue contacts, hence potentially destabilizing the helix and 
potentially affecting its ability to bind CaM. 
To investigate whether abrogation of HRPAP20:CaM interaction by R66A or K73A+R66A 
substitutions affected tumor cell invasion, we compared the invasive capacity of MCF-7 cells 
transfected with either wildtype HRPAP20 or its variants. In contrast to the wildtype 
protein, HRPAP20/R66A or HRPAP20/K73A+R66A failed to increase invasion. Therefore, 
consistent with our previous observations, the results suggest reports an upstream 
requirement for CaM-binding of HRPAP20 that is coupled to tumor invasiveness. 
Protein phosphorylation has been known to play a significant role in the regulation of 
numerous aspects of cellular function such as growth, metabolism, motility, survival, and 
apoptosis. Moreover, numerous protein-protein interactions have been shown to be 
regulated by phosphorylation (Cho et al., 2004). Since HRPAP20 appears to complex with 
CaM and contains three consensus motifs for PKC catalyzed phosphorylation, it was 
hypothesized that HRPAP20 function may be regulated by CaM-binding and 
phosphorylation. EGF has been reported to activate PKC in MCF-7 cells (Mueller et al., 
1997). Increased levels of PKC expression and activation have been associated with 
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malignant transformation in a number of cell lines including breast, lung and gastric 
carcinomas (O’Brian et al., 1989; Takenaga et al., 1986; Schwartz et al., 1993). These 
observations suggest that PKC contributes to tumor progression and may serve as a 
therapeutic target for treatment of breast cancer. 
We proposed that EGF stimulation in MCF-7 cells may subsequently induce HRPAP20 
phosphorylation, following activation of PKC. To test this hypothesis, we conducted 
immune-complex kinase assays utilizing recombinant HRPAP20 and PKC 
immunoprecipitated from MCF-7 cells treated with/without EGF. Indeed, the results 
generated suggest that PKC immunoprecipitated from EGF-treated MCF-7 cells catalyzed 
HRPAP20 phosphorylation. Therefore, it appeared likely that EGF stimulation, which 
subsequently activates PKC, may lead to downstream phosphorylation of HRPAP20.  
Results provided by others have suggested that the PKC-δ isoform is a positive regulator of 
metastatic progression and a survival factor in breast cancer (McCracken et al., 2003). 
Several reports now suggest that PKC-δ plays an important role in EGFR-mediated breast 
tumor progression as an important contributor to the later stages of cell migration (Kruger 
et al., 2003). Results presented here from immune-complex kinase assays suggested that 
while PKC-δ inhibition by rottlerin abrogated EGF-stimulated HRPAP20 phosphorylation, 
inhibition of conventional PKC isoforms with Gö6976 had no effect. This suggests that PKC-
δ but not -α, -β, or –γ may mediate EGF-induced HRPAP20 phosphorylation. To further 
investigate HRPAP20 phosphorylation, immune-complex kinase assays were conducted 
using PKC immunoprecipitated from MCF-7 cells transiently transfected with wildtype or 
dominant negative PKC-δ. The results indicated that while expression of wildtype PKC-δ 
enhanced EGF-mediated HRPAP20 phosphorylation, the dominant negative PKC-δ variant 
failed to produce this effect. Together, the results strongly indicate that PKC-δ, activated 
upon EGF stimulation, may be responsible for HRPAP20 phosphorylation.  
In breast cancer cell lines and fibroblasts, EGF stimulation has been shown to induce 
chemotactic migration with significant involvement of PKC α, ζ, δ and ε (Rabinovitz et al., 
1999; Joberty et al., 2000; Iwabu et al., 2004). To determine whether PKC-δ is required for the 
observed HRPAP20-mediated increase in MCF-7 cell invasion, in vitro invasion experiments 
were conducted using cells co-expressing HRPAP20 and the dominant negative PKC-δ 
construct. It was observed that cells co-expressing DN PKC-δ with HRPAP20, failed to 
increase invasion above levels found in empty vector transfectants. These observations 
suggest that HRPAP20 phosphorylation by PKC-δ may be required for breast tumor cell 
invasion. Together, the results suggest that HRPAP20 may participate in EGF-stimulated 
signaling pathways in tumor cells, and that the effects of HRPAP20 may be regulated at 
least in part by CaM and PKC-catalyzed phosphorylation. 
Phosphorylation has been shown to affect the CaM-binding affinity of several proteins. The 
myristoylated alanine rich C kinase substrate (MARCKS) protein and its homologue, 
MARCKS related protein (MRP), have been shown to bind CaM in a Ca2+-dependent 
manner. Importantly, their interaction with CaM was diminished upon phosphorylation by 
PKC (Porumb et. al, 1997; Mc Ilroy et al., 1991). Several hormones produce an increase in 
intracellular Ca2+, which facilitates CaM-binding to its target proteins and the consequent 
activation of PKC. These and the previous observations implicate that activation of PKC by 
various external stimuli may result in release of its substrates from CaM-bound pools by 
virtue of their phosphorylation. On the other hand, this may, in effect, result in the increase 
in intracellular levels of freely accessible CaM, leading to amplification of CaM-dependent 
processes.  
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Based on these observations and results indicating that HRPAP20 was a substrate for PKC 
downstream of EGF stimulation, we investigated whether phosphorylation affected CaM-
binding of HRPAP20. Our results indicated that TPA caused a disruption of the 
HRPAP20:CaM complex in MCF-7 cells, in a manner similar to that observed upon EGF 
stimulation. In addition results from CaM-Sepharose pull-down assays illustrated that the 
phosphorylated form of HRPAP20 exhibited diminished CaM-binding in vitro, compared to 
the unphosphorylated protein.  
We suggest that EGF stimulation, which activates PKC, may subsequently result in 
HRPAP20 phosphorylation. Furthermore, our observations clearly indicate that PKC-
catalyzed phosphorylation of HRPAP20 regulates HRPAP20:CaM complex formation, and 
may potentially serve as an activation intermediate that leads to tumor invasion. Finally, our 
results suggest that a requirement of PKC-δ together with elevated HRPAP20 as factors that 
enhance breast cancer cell invasion. These observations provide additional clues with regard 
to the mechanism of regulation of HRPAP20 function and invasion in breast cancer. Thus, 
further studies on the role of HRPAP20 in tumor progression may reveal a hitherto 
unsuspected target for therapy of breast cancer. 
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1. Introduction 
The epidermal growth factor receptor (EGFR) is the prototypical receptor tyrosine kinase. It 
is localized to the plasma membranes of cells with an extracellular ligand binding domain 
and an intracellular kinase domain. Through the binding of extracellular ligands, the 
receptor undergoes a conformational change that alters the biochemical properties of 
proteins (effectors) within the cell. Ultimately, these changes result in modulation of the rate 
of cell growth, protein and DNA synthesis, cell motility, and cell proliferation. The EGFR is 
necessary for the proper development of organisms, as indicated by the fact that genetic 
knockout of the receptor results in animals that are embryonic lethal or die shortly after 
birth. This developmental role is also observed in adult animals, as pharmacological 
inhibition of the EGFR disrupts tissue homeostasis. 
In addition to these developmental roles, there is a strong association between 
overexpression and/or hyperactivation of the EGFR and cancer. Currently, there are several 
small molecule inhibitors and neutralizing, humanized antibodies against the EGFR that 
successfully treat EGFR-positive cancers (i.e. non-small cell lung carcinomas, colon, and 
head and neck cancers). Breast cancer is among those cancers that are characterized by 
enhanced EGFR levels and activity. However, the aforementioned pharmacologic agents 
have been of little success in the treatment of breast cancers. Therefore, a more detailed 
understanding of the cellular and molecular biology of EGFR function is required in order to 
successfully attenuate the growth and metastasis of EGFR-positive cells. 
Cells have numerous endogenous mechanisms to that regulate the specificity and duration 
of EGFR signaling. Endogenous regulatory mechanisms are logical pharmacological targets 
to inhibit EGFR activity because of their intrinsic ability to modulate signaling. One of the 
most important regulators of EGFR signaling is the endocytic pathway. The endocytic 
pathway can control both the duration of signaling and the spatial placement of the 
receptor. Historically, endocytosis has been considered a mechanism for the negative 
regulation of EGFR, as it decreases the number of cell surface receptors and inactivates the 
ligand:receptor complex by targeting it for lysosomal degradation. More recently, it has 
been appreciated that signaling of the EGFR varies based on the subcellular localization of 
the receptor. Specifically, in a given cell, the liganded EGFR can promote cell proliferation at 
some cellular locations (i.e. plasma membrane), whereas at others (i.e. the limiting 
membranes of endosomes) the receptor can induce apoptosis. Thus, a potential molecular 
etiology of EGFR overexpression in transformed cells is disrupted normal endocytic 
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trafficking of the EGFR. Slowed kinetics of receptor degradation will increase the steady-
state levels of the EGFRs over time. If this hypothesis holds true, the endocytic pathway is a 
logical target for pharmacological manipulation to prevent the progression of such cells.  
This chapter will explore the basic cell biology of the EGFR and the endocytic mechanisms 
that regulate its signaling. To be discussed are the workings of the endocytic pathway, 
strategies used to understand the relationship between endocytic trafficking and EGFR 
signaling, and data indicating how trafficking regulates signaling. These mechanisms will be 
dissected and potential points for attenuating the enhanced EGFR activity will be discussed. 

2. The EGFR 
The EGFR is an approximately 180 kDa transmembrane protein that is oriented on the 
plasma membrane such that the amino terminus half of the protein is extracellular and the 
carboxyl terminus portion is intracellular. Thus, by virtue of its orientation, the amino 
terminus of the EGFR detects and binds ligands; the carboxyl terminal kinase domain 
converts the conformational change induced through ligand binding into intracellular, 
biochemical signals. The EGFR is also known as ErbB1, and is part of the larger ErbB family 
of receptor tyrosine kinases that is comprised of ErbB1, ErbB2, ErbB3 and ErbB4. This family 
shares many features such as membrane topology, mechanism of activation and signaling, 
and downstream effectors. However, each member is unique in its tissue expression, its 
activating ligands, magnitude and duration of effector signaling, and membrane trafficking 
(Hynes and MacDonald, 2009). 
There have been seven ligands that have been reported to be able to activate the EGFR – 
epidermal growth factor (EGF), heparin binding epidermal growth factor (HB-EGF), 
betacellulin (BTC), transforming growth factor- (TGF-), amphiregulin (AR), epiregulin, 
and epigen (Harris et al., 2003). The regulated secretion of these ligands is an important 
determinant of when a receptor gets activated. Further, overexpression of certain ligands, 
namely TGF-, has been associated with an increase in receptor activity and enhanced cell 
proliferation (Matsui et al., 1990; Sandgren et al., 1993). 
Based on the available data, it is commonly held that all ligands initiate signaling in the 
same fundamental manner (Figure 1). Briefly, ligand binding to an EGFR monomer induces 
a conformation change in the receptor that exposes a dimerization motif (cysteine rich 
domain). Through association with another EGFR or related family member (ErbB2, ErbB3, 
or ErbB4), a dimeric receptor forms, and initiates activation of the intracellular kinase 
domain (Dawson et al., 2005). In turn, the kinase domain phosphorylates tyrosine residues 
on the very carboxyl terminus of the protein. These newly formed phosphotyrosines serve 
as docking site for downstream signaling molecules (effectors). The EGFR-stimulated 
effector activity alters the intracellular biochemistry and results in cellular changes, such as 
cell proliferation, differentiation, and migration. 
There is a long list of effector molecules reported to be downstream of the activated EGFR. 
Two of the major questions for scientists that study EGFR biology and pathology are 1) to 
identify which receptor:effector interactions occur under physiological and pathological 
conditions and which ones are an artifact of cell culture models and 2) to determine which 
effectors are necessary and sufficient for a specific cell physiology/pathology. Asking these 
questions is confounded by the fact that receptor:effector interactions can arise as an 
unintended consequence of receptor overexpression. This is true in model systems that are 
generated by the scientist as well as naturally occurring cell transformation. As discussed  
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Fig. 1. Schematic of EGFR Activation. Binding of one of the EGFRs endogenous ligands 
induces a conformational change in the receptor that permits dimerization and kinase 
activity. Kinase active receptor than transphosphorylates the receptor with which it is 
associating. The resulting phosphotyrosines serve as docking sites for down stream 
signaling molecules. 

below, many cancers are characterized by overexpression of the EGFR. Therefore, 
interactions that do not occur in a biological setting may be very relevant in a pathological 
condition. 
There are numerous lines of evidence that indicate the EGFR plays important physiological 
roles in tissue development and homeostasis (Jorissen et al., 2003). It is expressed on the 
surface of virtually every cell in the body. Mice that have been engineered to knock out the 
EGFR gene are either embryonic lethal or die shortly after birth, indicating its role in pre-
natal development (Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill et al., 1995). 
Patients taking EGFR inhibitors as part of an anti-cancer chemotherapeutic regimen, 
experience complications such as colitis, dermatitis, and corneal abrasions, indicating the 
receptor contributes to the homeostasis of those tissues (Tullo et al., 2005; Zhang et al., 2007). 
This is supported by the genetically engineered deletion of EGFR ligands (i.e. EGF, 
transforming growth factor- (TGF-), or amphiregulin) have revealed roles in maintaining 
development of tissue, such as mammary glands, eyes, hair, and epidermis (Luetteke et al., 
1999) and provide evidence of the receptors’ role in tissue homeostasis. 
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3. EGFRs in cancer 
In addition to roles in tissue development and homeostasis, the driving force behind the 
study of the EGFR has been its role in cancer. The EGFR is overexpressed and/or 
hyperactivated in many cancers including, but not limited to, cancers of the breast, ovary, 
colon, lung, head and neck, pancreas, and brain (Rowinsky, 2004). Further, overexpression 
of the EGFR in many cancers correlates with poor patient prognosis (Nicholson et al., 2001). 
There are a number of events that can cause the increase in EGFR activity that is associated 
with cancer. These include gene amplification, activating mutations of the receptor’s kinase 
domain, and deletions of the extracellular domain that regulate the receptor’s ligand-
binding dependent activity (Hynes and MacDonald, 2009; Uberall et al., 2008). Despite this 
strong association, it remains unclear whether overexpression/hyperactivation of the EGFR 
is the root cause of cell transformation or a cell becoming transformed is what leads to the 
overexpression/hyperactivation of the EGFR.  
Regardless of the cause of increased EGFR activity, there are several anti-cancer therapies 
that specifically target the EGFR that have been approved by the United States Food and 
Drug Administration (FDA). These drugs fall in two classes. First, humanized monoclonal 
antibodies target the extracellular portion of the receptor and antagonize the binding of 
endogenous EGFR ligands. These antibodies are 528 mouse IgG2a, the 225 mouse IgG1, and 
the C225 humanized monoclonal antibody. The second class of drugs are small molecule 
inhibitors of the EGFR kinase domain [Iressa (gefitinib) and Tarceva (erlotinib)]. Both classes 
of drugs are able to prevent the progression of cancer by inducing apoptosis specifically in 
those cells with increased EGFR activity. Therapeutic use of these drugs has been approved 
for non-small-cell lung cancer, squamous cell carcinoma of the head and neck, and colorectal 
cancers (Baselga and Arteaga, 2005).  
One issue that remains unresolved is the limited therapeutic efficacy of EGFR inhibitors in 
the treatment of breast cancers. This is true, despite the fact that EGFR overexpression is 
associated with some breast cancers. To date, only Tykerb (lapatinib) is approved for the 
treatment of breast cancer. However, it should be noted that Tykerb inhibits both the EGFR 
and its receptor tyrosine kinase family member, ErbB2, and is only approved for use in 
conjunction with the aromatase inhibitor Femara (letrozole) (Cameron et al., 2010). Despite 
the limited success of EGFR inhibitors in treating breast cancers, the evidence from other 
cancers indicates the receptor still has potential as a therapeutic target. In order to develop 
better anti-cancer chemotherapeutic agents that target the EGFR in breast cancer, a more 
detailed understanding of EGFR signaling is required. 

4. EGFR endocytic pathway 
Not only are the effectors with which the EGFR interacts important, but also the quality of 
interaction. Both the duration and magnitude of effector activity are what determine how 
cell physiology is modified. A tremendous body of literature supports the idea that the 
regulation of signaling is the critical determinant in how receptor specific signals are 
produced. This is the most logical explanation for how a number of different cell surface 
receptor (i.e. EGFR, insulin receptor, and platelet derived growth factor receptor) can share 
an overlapping set of effector molecules, yet each produces a receptor-specific change in cell 
physiology. 
One of the principle mechanisms by which EGFR signaling is regulated is ligand-mediated 
endocytosis. Internalization of the EGF:EGFR complex can be either clathrin-dependent or 
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clathrin-independent. Clathrin-dependent endocytosis is the most well studied as it is the 
predominant route of receptor internalization in response to physiological concentrations of 
ligand. 
By all accounts, all of the endogenous EGFR ligands can promote internalization of the 
EGFR, through a series of well-defined steps (Figure 2). Following binding of ligand, the 
ligand:receptor complex translocates along the plasma membrane to a domain that is 
enriched on the intracellular face with clathrin. The clathrin lattice invaginates to form a 
clathrin-coated pit that pinches off generating an intracellular clathrin-coated vesicle. Once 
inside the cell, clathrin is shed from the vesicle, giving rise to an intermediate vesicle. The 
intermediate vesicle fuses with and delivers the ligand:receptor complex to the early 
endosome. This compartment is where sorting of the cargo occurs. The predominant route 
of trafficking of the EGF:EGFR complex is into a late endosome/multivesicular body, by 
way of vesicle maturation. Alternative routes include recycling to the plasma membrane, 
trafficking to the nucleus, and delivery to the endoplasmic reticulum (Liao and Carpenter, 
2007; Masui et al., 1993; Wang et al., 2010). For those receptors that get delivered to the late 
endosome/multivesicular body, that compartment fuses with the lysosome that degrades 
the ligand and receptor in the protease rich environment. 
Each endocytic compartment has a number of distinguishing features. First, as the 
compartments get further away from the plasma membrane, they become more acidic and 
increase in density. In addition, each endocytic location has a unique protein composition. 
These three features have proven to be important in understanding ligand:receptor 
interactions, receptor trafficking, and receptor signaling. Further, researchers continue to 
utilize these features to distinguish one compartment from another. For instance, the 
different densities of the endosomes can be use to separate compartments by sedimentation 
centrifugation (Vanlandingham and Ceresa, 2009). Endosome specific proteins can be used 
as markers to identify which intracellular compartment the receptor resides 
(Vanlandingham and Ceresa, 2009).  
It is important to note that following endocytosis, not all ligands target the EGFR for 
lysosomal degradation. A recent, comprehensive study of the trafficking of EGFR ligands 
was performed using human laryngeal carcinoma (Hep2) cells as a model (Roepstorff et al., 
2009). In this study, six of the endogenous EGFR ligands were analyzed for their ability to 
induce receptor internalization, lysosomal degradation, and recycling. Following ligand 
treatment, the authors used indirect immunofluorence to monitor receptor co-localization 
with early and late endosome markers [early endosome autoantigen 1 (EEA1) and Lysosome 
associated membrane protein 1 (Lamp1)]. In addition, biochemical assays were used to 
assess the kinetics of ligand stimulated EGFR degradation and recycling. The data from the 
manuscript indicate that two ligands TGF- and epiregulin lead to receptor recycling. HB-
EGF and betacellulin, like EGF, target the receptor for degradation. Interestingly, 
amphiregulin treatment yields a phenotype that is somewhere in between – recycling with 
slower kinetics. 
While the molecular basis for these differences in receptor trafficking are not entirely clear 
for all ligands, one ligand has been particularly well studied, particularly in the context of 
cancer. As stated above, treatment with TGF- induces EGFR internalization and recycling 
to the plasma membrane. Once back at the plasma membrane, the receptor can be re-
stimulated with available ligand and another round or signaling can occur (McClintock and 
Ceresa, 2010). The question becomes: what are the properties of TGF- that promote  
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with cancer. These include gene amplification, activating mutations of the receptor’s kinase 
domain, and deletions of the extracellular domain that regulate the receptor’s ligand-
binding dependent activity (Hynes and MacDonald, 2009; Uberall et al., 2008). Despite this 
strong association, it remains unclear whether overexpression/hyperactivation of the EGFR 
is the root cause of cell transformation or a cell becoming transformed is what leads to the 
overexpression/hyperactivation of the EGFR.  
Regardless of the cause of increased EGFR activity, there are several anti-cancer therapies 
that specifically target the EGFR that have been approved by the United States Food and 
Drug Administration (FDA). These drugs fall in two classes. First, humanized monoclonal 
antibodies target the extracellular portion of the receptor and antagonize the binding of 
endogenous EGFR ligands. These antibodies are 528 mouse IgG2a, the 225 mouse IgG1, and 
the C225 humanized monoclonal antibody. The second class of drugs are small molecule 
inhibitors of the EGFR kinase domain [Iressa (gefitinib) and Tarceva (erlotinib)]. Both classes 
of drugs are able to prevent the progression of cancer by inducing apoptosis specifically in 
those cells with increased EGFR activity. Therapeutic use of these drugs has been approved 
for non-small-cell lung cancer, squamous cell carcinoma of the head and neck, and colorectal 
cancers (Baselga and Arteaga, 2005).  
One issue that remains unresolved is the limited therapeutic efficacy of EGFR inhibitors in 
the treatment of breast cancers. This is true, despite the fact that EGFR overexpression is 
associated with some breast cancers. To date, only Tykerb (lapatinib) is approved for the 
treatment of breast cancer. However, it should be noted that Tykerb inhibits both the EGFR 
and its receptor tyrosine kinase family member, ErbB2, and is only approved for use in 
conjunction with the aromatase inhibitor Femara (letrozole) (Cameron et al., 2010). Despite 
the limited success of EGFR inhibitors in treating breast cancers, the evidence from other 
cancers indicates the receptor still has potential as a therapeutic target. In order to develop 
better anti-cancer chemotherapeutic agents that target the EGFR in breast cancer, a more 
detailed understanding of EGFR signaling is required. 

4. EGFR endocytic pathway 
Not only are the effectors with which the EGFR interacts important, but also the quality of 
interaction. Both the duration and magnitude of effector activity are what determine how 
cell physiology is modified. A tremendous body of literature supports the idea that the 
regulation of signaling is the critical determinant in how receptor specific signals are 
produced. This is the most logical explanation for how a number of different cell surface 
receptor (i.e. EGFR, insulin receptor, and platelet derived growth factor receptor) can share 
an overlapping set of effector molecules, yet each produces a receptor-specific change in cell 
physiology. 
One of the principle mechanisms by which EGFR signaling is regulated is ligand-mediated 
endocytosis. Internalization of the EGF:EGFR complex can be either clathrin-dependent or 
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clathrin-independent. Clathrin-dependent endocytosis is the most well studied as it is the 
predominant route of receptor internalization in response to physiological concentrations of 
ligand. 
By all accounts, all of the endogenous EGFR ligands can promote internalization of the 
EGFR, through a series of well-defined steps (Figure 2). Following binding of ligand, the 
ligand:receptor complex translocates along the plasma membrane to a domain that is 
enriched on the intracellular face with clathrin. The clathrin lattice invaginates to form a 
clathrin-coated pit that pinches off generating an intracellular clathrin-coated vesicle. Once 
inside the cell, clathrin is shed from the vesicle, giving rise to an intermediate vesicle. The 
intermediate vesicle fuses with and delivers the ligand:receptor complex to the early 
endosome. This compartment is where sorting of the cargo occurs. The predominant route 
of trafficking of the EGF:EGFR complex is into a late endosome/multivesicular body, by 
way of vesicle maturation. Alternative routes include recycling to the plasma membrane, 
trafficking to the nucleus, and delivery to the endoplasmic reticulum (Liao and Carpenter, 
2007; Masui et al., 1993; Wang et al., 2010). For those receptors that get delivered to the late 
endosome/multivesicular body, that compartment fuses with the lysosome that degrades 
the ligand and receptor in the protease rich environment. 
Each endocytic compartment has a number of distinguishing features. First, as the 
compartments get further away from the plasma membrane, they become more acidic and 
increase in density. In addition, each endocytic location has a unique protein composition. 
These three features have proven to be important in understanding ligand:receptor 
interactions, receptor trafficking, and receptor signaling. Further, researchers continue to 
utilize these features to distinguish one compartment from another. For instance, the 
different densities of the endosomes can be use to separate compartments by sedimentation 
centrifugation (Vanlandingham and Ceresa, 2009). Endosome specific proteins can be used 
as markers to identify which intracellular compartment the receptor resides 
(Vanlandingham and Ceresa, 2009).  
It is important to note that following endocytosis, not all ligands target the EGFR for 
lysosomal degradation. A recent, comprehensive study of the trafficking of EGFR ligands 
was performed using human laryngeal carcinoma (Hep2) cells as a model (Roepstorff et al., 
2009). In this study, six of the endogenous EGFR ligands were analyzed for their ability to 
induce receptor internalization, lysosomal degradation, and recycling. Following ligand 
treatment, the authors used indirect immunofluorence to monitor receptor co-localization 
with early and late endosome markers [early endosome autoantigen 1 (EEA1) and Lysosome 
associated membrane protein 1 (Lamp1)]. In addition, biochemical assays were used to 
assess the kinetics of ligand stimulated EGFR degradation and recycling. The data from the 
manuscript indicate that two ligands TGF- and epiregulin lead to receptor recycling. HB-
EGF and betacellulin, like EGF, target the receptor for degradation. Interestingly, 
amphiregulin treatment yields a phenotype that is somewhere in between – recycling with 
slower kinetics. 
While the molecular basis for these differences in receptor trafficking are not entirely clear 
for all ligands, one ligand has been particularly well studied, particularly in the context of 
cancer. As stated above, treatment with TGF- induces EGFR internalization and recycling 
to the plasma membrane. Once back at the plasma membrane, the receptor can be re-
stimulated with available ligand and another round or signaling can occur (McClintock and 
Ceresa, 2010). The question becomes: what are the properties of TGF- that promote  
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Fig. 2. Schematic of EGFR Endocytic Trafficking. 

receptor recycling, whereas EGF (and others) does not? It is widely held that the difference 
lies in the pH sensitivity of ligand binding. Both EGF and TGF-α bind the EGFR with 
comparable affinity at neutral, physiological pH (pH 7.3-7.4). At pH 6.8, 50% of TGF- will 
dissociate from the receptor. EGF requires a pH of 5.9 for 50% of ligand dissociation (Rutten 
et al., 1996). This is biologically important because the pH of the early endosome is ~6.8 
(Gruenberg and Maxfield, 1995), therefore significant dissociation occurs. The loss of ligand 
likely converts the receptor back into a kinase-inactive conformation and is accompanied by 
dephosphorylation of the receptor. This would prevent association with the c-Cbl ubiquitin 
ligase that ubiquitylates the receptor, thereby targeting it to the lysosome for degradation.  
Since EGFR endocytosis frequently culminates in the targeted destruction of the 
ligand:receptor complex in the lysosome, it is logical to assume this route of membrane 
trafficking would negatively regulate signaling. However, the role of endocytosis is more 
complex. Data exist that support the endocytic pathway positively regulating EGFR signaling, 
as well. It is clear that endocytic trafficking provides temporal regulation of receptor signaling.  

4.1 Endocytosis as a negative regulator of EGFR signaling 
Formal proof that endocytosis negatively regulates EGFR signaling came from the 
laboratory of Michael Rosenfeld (Wells et al., 1990). In order to understand the role of 
endocytosis in signaling, Wells et al. generated mutant EGFRs that were deficient in the 
ability to internalize. They stably expressed these receptors in NR6 cells (derived from 
NIH3T3 cells) that are devoid of endogenous EGFRs. Once they established that ligand 
mediated endocytosis of these receptors was blocked, they examined EGF-mediated cell  
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transformation using a colony formation assay. A dose response curve of EGF-mediated cell 
transformation revealed the EGFRs defective in the ability to internalize required lower 
doses of EGF to undergo transformation and produced more transformed cells. From these 
data, it was generally accepted that endocytosis is a negative regulator of EGFR signaling. 
There have been numerous of additional lines of evidence to support this model, particular 
in cancer models. Importantly, several come from naturally occurring cancers. For instance, 
one common EGFR mutation, EGFRvIII, demonstrates the relationship between receptor 
internalization and signaling. EGFRvIII is associated with cancers of the brain, lung, 
prostate, and ovary. The receptor itself is a truncation mutant that is devoid of amino acids 
6-273, which encompasses the ligand binding domain and dimerization arm (Wikstrand et 
al., 1995). Grandal et al. compared the levels of internalization and receptor phosphorylation 
in NR6 cells expressing either EGFRvIII or wild type EGFR (Grandal et al., 2007). While 
EGFRvIII can be internalized, its rate of degradation is much slower than the EGFR. These 
delayed kinetics correspond to prolonged signaling. While the authors do not perform a 
detailed analysis of signaling, there is clearly enhanced signaling based on their association 
with cancer. 
A second example demonstrates how other ErbB family members can both delay EGFR 
degradation and enhance its signaling. Like the EGFR, ErbB2 is frequently overexpressed in 
cancers, notably breast cancers (Guerin et al., 1988). Several groups have examine how 
ErbB2 (and other ErbB family members) impinge on EGFR trafficking. Worthylake et al. 
performed a detailed biochemical characterization of EGFR ligand binding, cell surface 
expression, recycling and degradation with and without ErbB2 present (Worthylake et al., 
1999). Using mammary epithelial cells (MTSV1 and derivative lines) as a model, they 
examined the EGFR and ErbB2 when the two receptors were expressed at a 9:1 and 1:1 ratio. 
One of their major findings was that ErbB2 inhibits the downregulation of the EGFR. 
Similarly, Offterdinger and Bastiaens examined if expression of ErbB2 affected the signaling 
of the EGFR (Offterdinger and Bastiaens, 2008). Using Chinese Hamster Ovary (CHO) cells 
that express EGFRs, but low levels of ErbB2, the authors stably transfected the cells with 
ErbB2. Using single cell assays, the two cells line were transiently transfected with an EGFR 
that had been tagged with green fluorescent protein (GFP). With this model, they observed 
expression of ErbB2 attenuated the rate of EGFR-GFP internalization, it also prolonged the 
phosphorylation of the EGFR. Since kinase dead ErbB2 had similar affects on trafficking and 
signaling, the authors concluded that the increased phosphorylation was not due to ErbB2 
kinase activity, but rather decreased EGFR degradation/phosphorylation in the presence of 
ErbB2.  
Additionally, there are a number of cancers that have been associated with defects in the 
endocytic trafficking of the EGFR and other cell surface receptors. Mutations and deletions 
of proteins involved in trafficking have been reported to be associated with acute myeloid 
leukemia (AML), hepatocellular carcinomas (HCC), breast and prostate cancer (Mosesson et 
al., 2008). It general, these protein aberrations result in a delay in the kinetics of receptor 
degradation and yield a higher level of receptor signaling, consistent with endocytosis 
negatively regulating signaling. 

4.2 Endocytosis as a positive regulator of EGFR signaling 
In the last fifteen years, a second role for the endocytic pathway to regulate EGFR signaling 
has come to light. This secondary mechanism is the spatial regulation conferred by placing 
the active receptor in the same microenvironment as downstream signaling molecules (or 
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receptor recycling, whereas EGF (and others) does not? It is widely held that the difference 
lies in the pH sensitivity of ligand binding. Both EGF and TGF-α bind the EGFR with 
comparable affinity at neutral, physiological pH (pH 7.3-7.4). At pH 6.8, 50% of TGF- will 
dissociate from the receptor. EGF requires a pH of 5.9 for 50% of ligand dissociation (Rutten 
et al., 1996). This is biologically important because the pH of the early endosome is ~6.8 
(Gruenberg and Maxfield, 1995), therefore significant dissociation occurs. The loss of ligand 
likely converts the receptor back into a kinase-inactive conformation and is accompanied by 
dephosphorylation of the receptor. This would prevent association with the c-Cbl ubiquitin 
ligase that ubiquitylates the receptor, thereby targeting it to the lysosome for degradation.  
Since EGFR endocytosis frequently culminates in the targeted destruction of the 
ligand:receptor complex in the lysosome, it is logical to assume this route of membrane 
trafficking would negatively regulate signaling. However, the role of endocytosis is more 
complex. Data exist that support the endocytic pathway positively regulating EGFR signaling, 
as well. It is clear that endocytic trafficking provides temporal regulation of receptor signaling.  

4.1 Endocytosis as a negative regulator of EGFR signaling 
Formal proof that endocytosis negatively regulates EGFR signaling came from the 
laboratory of Michael Rosenfeld (Wells et al., 1990). In order to understand the role of 
endocytosis in signaling, Wells et al. generated mutant EGFRs that were deficient in the 
ability to internalize. They stably expressed these receptors in NR6 cells (derived from 
NIH3T3 cells) that are devoid of endogenous EGFRs. Once they established that ligand 
mediated endocytosis of these receptors was blocked, they examined EGF-mediated cell  
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transformation using a colony formation assay. A dose response curve of EGF-mediated cell 
transformation revealed the EGFRs defective in the ability to internalize required lower 
doses of EGF to undergo transformation and produced more transformed cells. From these 
data, it was generally accepted that endocytosis is a negative regulator of EGFR signaling. 
There have been numerous of additional lines of evidence to support this model, particular 
in cancer models. Importantly, several come from naturally occurring cancers. For instance, 
one common EGFR mutation, EGFRvIII, demonstrates the relationship between receptor 
internalization and signaling. EGFRvIII is associated with cancers of the brain, lung, 
prostate, and ovary. The receptor itself is a truncation mutant that is devoid of amino acids 
6-273, which encompasses the ligand binding domain and dimerization arm (Wikstrand et 
al., 1995). Grandal et al. compared the levels of internalization and receptor phosphorylation 
in NR6 cells expressing either EGFRvIII or wild type EGFR (Grandal et al., 2007). While 
EGFRvIII can be internalized, its rate of degradation is much slower than the EGFR. These 
delayed kinetics correspond to prolonged signaling. While the authors do not perform a 
detailed analysis of signaling, there is clearly enhanced signaling based on their association 
with cancer. 
A second example demonstrates how other ErbB family members can both delay EGFR 
degradation and enhance its signaling. Like the EGFR, ErbB2 is frequently overexpressed in 
cancers, notably breast cancers (Guerin et al., 1988). Several groups have examine how 
ErbB2 (and other ErbB family members) impinge on EGFR trafficking. Worthylake et al. 
performed a detailed biochemical characterization of EGFR ligand binding, cell surface 
expression, recycling and degradation with and without ErbB2 present (Worthylake et al., 
1999). Using mammary epithelial cells (MTSV1 and derivative lines) as a model, they 
examined the EGFR and ErbB2 when the two receptors were expressed at a 9:1 and 1:1 ratio. 
One of their major findings was that ErbB2 inhibits the downregulation of the EGFR. 
Similarly, Offterdinger and Bastiaens examined if expression of ErbB2 affected the signaling 
of the EGFR (Offterdinger and Bastiaens, 2008). Using Chinese Hamster Ovary (CHO) cells 
that express EGFRs, but low levels of ErbB2, the authors stably transfected the cells with 
ErbB2. Using single cell assays, the two cells line were transiently transfected with an EGFR 
that had been tagged with green fluorescent protein (GFP). With this model, they observed 
expression of ErbB2 attenuated the rate of EGFR-GFP internalization, it also prolonged the 
phosphorylation of the EGFR. Since kinase dead ErbB2 had similar affects on trafficking and 
signaling, the authors concluded that the increased phosphorylation was not due to ErbB2 
kinase activity, but rather decreased EGFR degradation/phosphorylation in the presence of 
ErbB2.  
Additionally, there are a number of cancers that have been associated with defects in the 
endocytic trafficking of the EGFR and other cell surface receptors. Mutations and deletions 
of proteins involved in trafficking have been reported to be associated with acute myeloid 
leukemia (AML), hepatocellular carcinomas (HCC), breast and prostate cancer (Mosesson et 
al., 2008). It general, these protein aberrations result in a delay in the kinetics of receptor 
degradation and yield a higher level of receptor signaling, consistent with endocytosis 
negatively regulating signaling. 

4.2 Endocytosis as a positive regulator of EGFR signaling 
In the last fifteen years, a second role for the endocytic pathway to regulate EGFR signaling 
has come to light. This secondary mechanism is the spatial regulation conferred by placing 
the active receptor in the same microenvironment as downstream signaling molecules (or 
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effectors). The first evidence for this came from the laboratory of Sandra Schmid. Vieira et al, 
expressed a dominant negative mutant of the large guanine nucleotide-binding protein, 
dynamin, in HeLa cells, which prevents endocytosis of the EGFR via clathrin-coated pits. 
EGFR stimulation of cells expressing this dominant negative protein retains the liganded 
EGFRs at the plasma membrane (Vieira et al., 1996). This approach removes the potential 
confounding effects of receptor mutagenesis or differences in expression levels in stable cell 
lines. The data from this study revealed that the activity from some effectors was enhanced 
when endocytosis blocked (EGFR phosphorylation, Shc, Grb2). Conversely, other effectors 
required endocytosis for maximal activity, namely, mitogen activating protein kinase 
(MAPK) and phosphatidyl inositol 3’-kinase (PI3K). This finding introduced the idea that 
endocytosis could be a positive regulator of signaling. 
This finding was not without controversy. Subsequent groups reported that the expression 
of dominant negative dynamin inhibited MAPK activity. Thus, it was suggested that the 
attenuated MAPK activity was not due to a failure of the active EGFR to reach the endosome 
and stimulate MAPK, but rather a dynamin-dependent activation of MAPK (Johanessen et 
al., 2000). In addition, it has been suggested that blocking normal endocytic trafficking may 
affect the ligand binding properties to the EGFR (Ringerike et al., 1998).  
However, since the initial report, there have been several additional lines of evidence that 
endocytosis provides spatial regulation to EGFR signaling. Two separate studies from the 
Lauffenburger’s group provide compelling support. To examine the spatial regulation of 
EGFR:effector interactions, the authors exploited the different trafficking itineraries used by 
TGF- as compared to EGF. By comparing the effects of the two ligands, they were able to 
alter the ratio of active EGFR at the plasma membrane and within the cell. They discovered 
that EGFRs at the plasma membrane preferentially activated phospholipase C1 (Haugh et 
al., 1999b). Although these data indicate that endocytosis negatively regulates PLC1 
activity, it also supports the idea that receptor:effector interactions are spatially regulated . 
Evidence that the spatial regulation of signaling is a positively regulator came from the 
follow-up publication. Using a similar approach, the authors were able to demonstrate that 
p21ras was actively activated from within the cell (Haugh et al., 1999a).  
The detailed kinetic analysis performed in these studies is not trivial. One of the strengths of 
this work is that the signaling is studied in the context of wild type EGFRs that are 
expressed at the physiological concentrations receptors (Chen et al., 1996). Further, there 
was not perturbation of the endocytic pathway. Thus, these data likely provide the most 
accurate snapshot of what occurs physiologically.  
Regardless of exactly how endocytic trafficking affects EGFR signaling, it is clearly an 
important mechanism. Understanding this process will undoubtedly generate important 
insights regarding the etiology of cancer and, potentially, the treatment of cancers.  

4.3 Deciphering the role of endocytosis in EGFR signaling 
There is plenty of direct and indirect evidence to indicate the endocytic trafficking regulates 
EGFR signaling, but a deeper understanding of the molecular mechanism is necessary. For 
instance, elucidating the molecular mechanism(s) will provide insight into how to specifically 
manipulate the pathway and modulate signaling as desired. There are a number of 
fundamental questions that need to be answered. Does endocytosis regulate EGFR signaling 
spatially, temporally, or both? Are the regulatory processes unique for individual cells and 
tissues? Do variations in receptor expression (as often occur in cancers) affect the regulation?  
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Temporal regulation of signaling refers to the duration of signaling, and would be consistent 
with endocytosis serving strictly as a negative regulator. How this might occur is not 
entirely clear. There has been much speculation in the literature whether this occurs by: 1) 
promoting receptor dephosphorylation, thereby eliminating its ability to interact with 
downstream effectors, 2) sequestration into the intraluminal vesicles of the late 
endosome/multivesicular body which prevents interactions with cytosolic effector proteins, 
or 3) degradation of the receptor. Alternatively, it may be that a combination of the three 
events (or possibly others) may contribute to signal attenuation. 
In contrast, if endocytosis provides spatial regulation to signaling, it could either positively 
or negatively regulate signaling, depending of the effector protein and its subcellular 
location. Spatial regulation suggests the co-localization of the receptor and effector. Since 
this could occur at any point along the pathway (i.e. plasma membrane, early endosome, late 
endosome), its effect on signaling could be positive or negative. If receptor:effector 
communication is occurring at the plasma membrane, then endocytosis negatively regulate 
those interactions; conversely, receptor:effector interaction at intracellular locales, such as 
the early endosome, would be positively regulated by endocytosis. 
It is important to note that the model of spatial regulation of EGFR signaling is predicated 
on the fact that there is compartmentalization of effector proteins. Only if an effector is 
concentrated at a given subcellular locale will endocytosis be able to confer specificity. If an 
effector is ubiquitously expressed throughout the cell, either in normal or pathological 
conditions, then spatial regulation cannot be achieved. This is an important consideration 
when examining cancer cells with aberrant protein expression. The unregulated signaling 
may be a consequence of lost spatial regulation of signaling. 
As mentioned above, it cannot be ruled out that the endocytic pathway plays both positive 
and negative roles, depending on the effector. In fact, such a model may help explain the 
diversity in the cell biology that can be mediated by the receptor. For instance, signals that 
promote cell migration may be negatively regulated by endocytosis whereas those that 
control cell proliferation may require endocytosis. 
Understanding the contribution of the endocytic pathway to EGFR signaling has important 
implications for a number of reasons. First, it will reveal the fundamental mechanisms of cell 
surface receptor signaling. It is likely this regulatory process is not unique to the EGFR or 
receptor tyrosine kinases. Thus, understanding this regulatory process has implications for 
other cell surface receptors and may guide the development of novel therapeutic agents for 
diseases other than cancer. Second, understanding the molecular mechanisms that regulate 
EGFR signaling will provide potentially useful clues to how the EGFR contributes to the 
pathology that underlies many cancers. These findings may provide new insights into the 
causes and potential prevention of cancer. Finally, the intricacies of signaling need to be 
appreciated in order to develop novel therapeutics that target the EGFR. Currently, the 
EGFR inhibitors (antibodies and tyrosine kinase inhibitors) are only effective against a 
subset of EGFR-positive cancers. A better of understanding of EGFR signaling will aid in the 
targeted design of therapeutics for a broader spectrum of cancers.  

5. Strategies for deciphering the role of endocytic trafficking in EGFR 
signaling 
Membrane trafficking and signal transduction are two very dynamic processes. Studying 
these events in real time has proven difficult. As a result, most investigators use a strategy of 
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confounding effects of receptor mutagenesis or differences in expression levels in stable cell 
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required endocytosis for maximal activity, namely, mitogen activating protein kinase 
(MAPK) and phosphatidyl inositol 3’-kinase (PI3K). This finding introduced the idea that 
endocytosis could be a positive regulator of signaling. 
This finding was not without controversy. Subsequent groups reported that the expression 
of dominant negative dynamin inhibited MAPK activity. Thus, it was suggested that the 
attenuated MAPK activity was not due to a failure of the active EGFR to reach the endosome 
and stimulate MAPK, but rather a dynamin-dependent activation of MAPK (Johanessen et 
al., 2000). In addition, it has been suggested that blocking normal endocytic trafficking may 
affect the ligand binding properties to the EGFR (Ringerike et al., 1998).  
However, since the initial report, there have been several additional lines of evidence that 
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EGFR:effector interactions, the authors exploited the different trafficking itineraries used by 
TGF- as compared to EGF. By comparing the effects of the two ligands, they were able to 
alter the ratio of active EGFR at the plasma membrane and within the cell. They discovered 
that EGFRs at the plasma membrane preferentially activated phospholipase C1 (Haugh et 
al., 1999b). Although these data indicate that endocytosis negatively regulates PLC1 
activity, it also supports the idea that receptor:effector interactions are spatially regulated . 
Evidence that the spatial regulation of signaling is a positively regulator came from the 
follow-up publication. Using a similar approach, the authors were able to demonstrate that 
p21ras was actively activated from within the cell (Haugh et al., 1999a).  
The detailed kinetic analysis performed in these studies is not trivial. One of the strengths of 
this work is that the signaling is studied in the context of wild type EGFRs that are 
expressed at the physiological concentrations receptors (Chen et al., 1996). Further, there 
was not perturbation of the endocytic pathway. Thus, these data likely provide the most 
accurate snapshot of what occurs physiologically.  
Regardless of exactly how endocytic trafficking affects EGFR signaling, it is clearly an 
important mechanism. Understanding this process will undoubtedly generate important 
insights regarding the etiology of cancer and, potentially, the treatment of cancers.  
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There is plenty of direct and indirect evidence to indicate the endocytic trafficking regulates 
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Temporal regulation of signaling refers to the duration of signaling, and would be consistent 
with endocytosis serving strictly as a negative regulator. How this might occur is not 
entirely clear. There has been much speculation in the literature whether this occurs by: 1) 
promoting receptor dephosphorylation, thereby eliminating its ability to interact with 
downstream effectors, 2) sequestration into the intraluminal vesicles of the late 
endosome/multivesicular body which prevents interactions with cytosolic effector proteins, 
or 3) degradation of the receptor. Alternatively, it may be that a combination of the three 
events (or possibly others) may contribute to signal attenuation. 
In contrast, if endocytosis provides spatial regulation to signaling, it could either positively 
or negatively regulate signaling, depending of the effector protein and its subcellular 
location. Spatial regulation suggests the co-localization of the receptor and effector. Since 
this could occur at any point along the pathway (i.e. plasma membrane, early endosome, late 
endosome), its effect on signaling could be positive or negative. If receptor:effector 
communication is occurring at the plasma membrane, then endocytosis negatively regulate 
those interactions; conversely, receptor:effector interaction at intracellular locales, such as 
the early endosome, would be positively regulated by endocytosis. 
It is important to note that the model of spatial regulation of EGFR signaling is predicated 
on the fact that there is compartmentalization of effector proteins. Only if an effector is 
concentrated at a given subcellular locale will endocytosis be able to confer specificity. If an 
effector is ubiquitously expressed throughout the cell, either in normal or pathological 
conditions, then spatial regulation cannot be achieved. This is an important consideration 
when examining cancer cells with aberrant protein expression. The unregulated signaling 
may be a consequence of lost spatial regulation of signaling. 
As mentioned above, it cannot be ruled out that the endocytic pathway plays both positive 
and negative roles, depending on the effector. In fact, such a model may help explain the 
diversity in the cell biology that can be mediated by the receptor. For instance, signals that 
promote cell migration may be negatively regulated by endocytosis whereas those that 
control cell proliferation may require endocytosis. 
Understanding the contribution of the endocytic pathway to EGFR signaling has important 
implications for a number of reasons. First, it will reveal the fundamental mechanisms of cell 
surface receptor signaling. It is likely this regulatory process is not unique to the EGFR or 
receptor tyrosine kinases. Thus, understanding this regulatory process has implications for 
other cell surface receptors and may guide the development of novel therapeutic agents for 
diseases other than cancer. Second, understanding the molecular mechanisms that regulate 
EGFR signaling will provide potentially useful clues to how the EGFR contributes to the 
pathology that underlies many cancers. These findings may provide new insights into the 
causes and potential prevention of cancer. Finally, the intricacies of signaling need to be 
appreciated in order to develop novel therapeutics that target the EGFR. Currently, the 
EGFR inhibitors (antibodies and tyrosine kinase inhibitors) are only effective against a 
subset of EGFR-positive cancers. A better of understanding of EGFR signaling will aid in the 
targeted design of therapeutics for a broader spectrum of cancers.  

5. Strategies for deciphering the role of endocytic trafficking in EGFR 
signaling 
Membrane trafficking and signal transduction are two very dynamic processes. Studying 
these events in real time has proven difficult. As a result, most investigators use a strategy of 
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disrupting endocytic trafficking or at least dramatically slowing it, and determining how 
signaling is affected. To this end, investigators have relied heavily on two fundamentally 
different strategies: mutagenesis of the receptor itself or perturbation of the endocytic 
pathway. Here we discuss the basic components of these strategies and the strengths and 
weaknesses of each approach. 

5.1 Receptor mutagenesis to inhibit EGFR endocytic trafficking 
Endocytosis-deficient, mutant EGFRs allows one to examine the EGFR directly, without 
disrupting proteins that are also used by other receptors that share the endocytic pathway. 
Therefore, the effects seen in response to EGF treatment are truly from the EGFR and do not 
represent a change in the fundamental properties of the cell. One technical limitation to this 
approach is that in order to accurately study two different receptor populations (i.e. wild type 
and an endocytosis–deficient mutant), the two receptors need to be stably expressed in cells 
that are devoid of the EGFRs. First, all cell line are not amenable to stable transfection, 
therefore the repertoire of cell lines can be limited. Second, in making stable cell lines, it is 
difficult to control the level of protein expression. Differences in receptor expression will affect 
the total level of activated receptor in response to ligand as well as number of effectors that are 
activated downstream. Thus, it could be hard to determine if the difference in signaling reflect 
changes in endocytic trafficking or receptor expression. Finally, as with all mutagenesis 
strategies, there is the potential that mutation of the receptor inhibits one function (such as 
endocytosis), there will an unexpected change in another (for instance, signaling). 
In addition to the technical limitations to using mutant EGFRs, there is an even greater 
biological limitation. The molecular mechanisms the regulate EGFR endocytic trafficking are 
complex and multi-faceted. Despite the EGFR being arguably the most studied receptor in 
the field of endocytic trafficking, there are constantly new mechanisms of internalization 
being identified. Often newly discovered mechanisms are redundant with a previously 
identified mechanisms. The multiple mechanisms for regulating internalization are 
consistent with the notion EGFR endocytosis is critical to the proper function of the cell. 
The complexity of EGFR endocytosis is illustrated by a recent study by Goh et al. (Goh et al., 
2010). In this study, the authors used a combination of receptor mutagenesis and RNA 
interference (RNAi) to completely block EGFR endocytosis in porcine aortic endothelial 
(PAE) cells. PAE cells were chosen because they do not express the EGFR or any of its ErbB 
family members. Ultimately, the authors demonstrate that there are at least four completely 
redundant or partially interrelated mechanisms for EGFR endocytosis. When all four 
processes were targeted, the result was a signaling-capable EGFR with normal kinetics of 
kinase activation and tyrosine phosphorylation.  

5.2 Disruption of endocytic trafficking by inhibition of stage-specific regulatory 
proteins 
An alternative approach for understanding how the endocytic pathway affects EGFR 
signaling is to disrupt the machinery that guides the ligand:receptor complex through the 
endocytic pathway. Entry and exit from each endocytic location is highly regulated by a set 
of proteins that are unique for that endocytic stage. Knock down or expression of dominant 
negative forms of those proteins can be used to alter EGFR trafficking. For instance, as 
described above, internalization of the receptor is regulated by the large GTPase dynamin. 
Expression of dominant negative dynamin (Damke et al., 1994) or knock down of dynamin 
expression by RNAi (Huang et al., 2004) prevents EGFR endocytosis.  
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It should be noted that there are several proteins that are required for the internalization of 
the EGFR. Expression of dominant negative mutants or knock down of many of these 
proteins of proteins will impair the kinetics of EGFR endocytosis. For instance, work by the 
Sorkin laboratory has shown that knock down of clathrin heavy chain, Grb2, and dynamin II 
will all cause a decrease in EGFR endocytosis to some extent (Huang et al., 2004). Further, 
since each step along the endocytic pathway is regulated by a variety of small molecular 
weight G-proteins, endosomal sorting complex required for transport (ESCRT), and adaptor 
proteins, the activity and expression of these proteins can also be targeted to inhibit 
intracellular trafficking. Considerable work has been done analyzing how the RAB family of 
proteins contributes to EGFR trafficking; therefore modulation of RAB expression or activity 
can alter movement of the receptor into and out of various endocytic compartments (Ceresa, 
2006). 
While this approach eliminates the complications like variable levels of receptor expression 
and potential conformational changes in the receptor, there are other caveats. First, many of 
the proteins used to regulate EGFR endocytic trafficking are shared with other receptors. 
Therefore, knocking down at protein to prevent EGFR endocytosis, will likely affect the 
internalization of other receptors. This likely will not be a problem if the focus is on 
receptor:effector communication, because the basal activity can be established by examining 
cells in the absence of an EGFR ligand. However, the analysis of whole cell physiology may 
be more complex, depending on what receptors are present in the cell, their basal activity, 
and the cell physiology that is being examined. Second, one must keep in mind that 
disrupting endocytic trafficking, only inhibits the kinetics of the pathway. It is not an 
absolute block. Therefore, receptors may accumulate at one endocytic stage, but in all 
likelihood, still be able to proceed to the next compartment, albeit at a dramatically slowed 
rate. 
The third issue is more likely to be a problem. Disrupting endocytic trafficking can alter the 
steady-state distribution of the receptor . It is often under appreciated that the EGFR 
internalizes in the absence of ligand, albeit at a much slower rate than in the presence of 
ligand. Approximately, 2-3% of the EGFR constitutively internalizes every minute. 
Following internalization, these unliganded receptors recycle back to the plasma membrane 
(Herbst et al., 1994).  
The cause of unliganded EGFR internalization has not been determined experimentally, but 
may reflect receptors that spontaneously form an “active” conformation in the absence of 
ligand or receptors that randomly localize to a clathrin enriched membrane domain as the 
clathrin-coated pit forms. While the molecular determinants guiding unliganded receptors 
to internalize is not fully understood, it is clear that unliganded and liganded EGFRs 
trafficking through the same endocytic machinery. Therefore, when the endocytic trafficking 
is disrupted, receptors that constitutively internalize will accumulate within the endocytic 
pathway where the block is in place. This may, or may not, affect the total number of EGFRs 
in the cell. However, it has been shown for mutants of RAB5 to change the amount of cell 
surface EGFR (Dinneen and Ceresa, 2004).  
This caveat is particularly important when using strategies that block receptor 
internalization (i.e. knock down of dynamin, clathrin heavy chain, Grb2), as an increase in 
cell surface receptors may result. In this case, one would need to be cautious when enhanced 
signaling is observed to determine whether it is the result of the block in endocytosis or 
increased number of ligand:receptor complexes. Similarly, if reagents were used to block  
 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

58

disrupting endocytic trafficking or at least dramatically slowing it, and determining how 
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Fig. 3. Summary of Different Strategies Used to Study the Relationship between EGFR 
Endocytic Trafficking and Signaling. 

endocytic trafficking within the cell (i.e. knock down of RAB5, RAB7, or TSG101), there may 
be an intracellular accumulation of receptors and a decrease in cell surface receptors. Under 
this scenario, the challenge is to understand whether decreases in signaling are due to the 
endocytic trafficking or decreased ligand:receptor complexes. 

5.3 Pharmacological inhibitors of the endocytic machinery  
Pharmacological inhibitors of the endocytic pathway offer an alternative strategy for 
studying EGFR endocytic trafficking. There are a limited number of such agents available. 
To date, these compounds have been primarily used for studying endocytic trafficking. 
Only recently have they been used to study how trafficking affects signal transduction.  
As with most aspects of the endocytic pathway, the knowledge and reagents are greatest at 
the plasma membrane and decrease as one progresses to the lysosome. This is true for 
pharmacological inhibitors as well. At the plasma membrane, there are a number of 
pharmacological options available. One of the earliest strategies was intracellular potassium 
depletion. Work by Larkin et al. demonstrated that depletion of intracellular potassium 
reduced the formation of clathrin-coated pits and dramatically reduce low density  
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lipoprotein internalization (Larkin et al., 1983). This strategy is particularly attractive 
because the technique is relatively easy to perform and the endocytic inhibition is readily 
reversible. Since that report, other agents have been used including, chlorpromazine 
(inhibitor of clathrin assembly/disassembly) (Feugaing et al., 2007), monodansyl cadversine 
(Ray and Samanta, 1996), and most recently the dynamin inhibitor, dynasore (Hill et al., 
2009).  
One of the most well described inhibitors of intracellular trafficking is the ionophore, 
monensin. Monensin functions by inhibiting early endosome acidification. When monensin-
treated cells are incubated with EGF, the receptor accumulates in the early endosome, and 
rates of receptor degradation and recycling are dramatically reduced (King, 1984). A similar 
drug, bafilomycin, disrupts trafficking in a similar manner (Presly et al., 1997). Intracellular 
endocytic trafficking can also be inhibited by the anti-malarial drug, chloroquine. Due to its 
properties as a weak base, it accumulates in the lysosome and inhibits trafficking to that 
compartment (Anderson et al., 1984). 

5.4 Temperature reduction to inhibit endocytic trafficking  
Membrane trafficking is temperature dependent. Exploiting this property can be a useful, 
non-invasive strategy for disrupting endocytic trafficking. Carrying out experiments at 4°C 
will effectively reduce all endocytosis, whereas a 16°C incubation prevents movement out of 
the early endosome. Both inhibitions are reversible by restoring cells to physiological 
temperatures (37°C). Further, temperature reduction is readily applicable to all cells.  
Many of the same advantages of pharmacological inhibitors are seen with temperature 
reduction. The effects on membrane trafficking are rapid and reversible, which minimizes 
the changes in the steady-state distribution of the receptor. The biggest disadvantage is in 
studying EGFR-signaling. Most receptor:effector communication is temperature dependent. 
While receptor:effector interactions would likely still occur at lower temperature (although 
it would take longer to reach steady-state), the kinetics of activation would be altered, 
thereby making the interpretation of signaling difficult. 
As with most of cell biology, the best approach is multiple approaches. Complementing 
receptor mutagenesis and endocytic inhibitors will provide the strongest case that 
differences in signaling are due to changes in trafficking. 

6. Ligand based strategies for studying EGFR endocytosis  
Given the limitations of using a receptor based and a cell-based strategies, an alternative 
approach is to use a modified ligand to disrupt trafficking. An emerging strategy is to 
conjugate EGF (or another EGFR ligand) to an immobilized matrix. For instance, EGF can be 
covalently bound to polystyrene beads that are too large to internalize or a tissue culture 
dish. This strategy allows the ligand to bind and activate the receptor, but the conjugated 
matrix (polystyrene bead or tissue culture dish) physically impedes receptor internalization.  
There are several advantages to this approach. First, there is no limitation to what EGFR-
expressing cell type can be studied. This is particularly important since often times cell lines 
that are good models for studying EGFR endocytic trafficking are not good models for 
studying receptor signaling. In addition, previous methods favored the used of cell lines 
that are receptive to the introduction of cDNA, siRNA, and viral transduction. Second, since 
the endocytic inhibitor affects only liganded receptors, a homogenous population of  
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covalently bound to polystyrene beads that are too large to internalize or a tissue culture 
dish. This strategy allows the ligand to bind and activate the receptor, but the conjugated 
matrix (polystyrene bead or tissue culture dish) physically impedes receptor internalization.  
There are several advantages to this approach. First, there is no limitation to what EGFR-
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Approach Advantages Disadvantages 
Endocytosis Deficient, 
Mutant EGFR 

•Specific for the EGFR •Requires stable cell line 
•Difficulty getting comparable 

receptor numbers 
•Numerous endocytic processes 

  
Biochemical/Genetic 
Disruption of Endocytic 
Machinery 

•Can examine endogenous 
receptors at 
physiological levels 

•Can examine an array of 
endocytic locations 

•Other cell surface receptors are 
affected 

•Can change the steady-state 
distribution of EGFRs 

• Difficult to define endocytic 
compartments 

  
Pharmacological Inhibitors •Act Quickly 

•Can Use in a range of cell 
lines 

•Questions of specificity on 
endocytic location 

•Disrupt trafficking of multiple 
receptors 

  
Temperature Reduction •Act Quickly 

•Can Use in a range of cell 
lines 

•Disrupt trafficking of multiple 
receptors 

•Decreases Receptor and Effector 
enzyme activity 

  
Tethered Ligands •Can Use in a range of cell 

lines 
•Specific for activated EGFR 

•May select for high affinity 
receptors 

Table 1. Advantages and Disadvantages to Various Methods for Studying EGFR Endocytic 
Trafficking. 

receptors is being examined, and there are no concerns that some receptors have escaped the 
endocytic inhibition. Finally, since the endocytic inhibitor is the ligand, there are no changes 
in the steady-state distribution of the receptor or compensatory mechanisms developed by 
the cell. 
The use of EGF-beads has some limitations as well. First, by design, the EGF-beads have 
multiple molecules of EGF bound to them. Therefore, there could be multiple ligand:receptor 
interactions with one EGF-bead. While this will not likely affect the kinetics of ligand 
association, the increased stability may affect the kinetics of ligand dissociation. This may 
affect the duration of ligand binding. Second, it is unknown how the conjugation process 
affects ligand binding and subsequent biological activity. As illustrated in Figure 4, the EGF 
molecule is conjugated to a carboxylate modified polystyrene bead via zero length crosslinker. 
Depending on which amino group is the site of conjugation that may affect the ability of the 
ligand to bind to the receptor. Although all studies using modified EGF clearly demonstrate at 
least some of the immobilized ligand retains its biological activity, it is not always clear to 
what extent. Finally, the bead itself has unintended consequences. While the large physical 
size of the bead provides a means for blocking entry through clathrin-coated pits, it may also 
sterically hinder the formation of EGF:EGFR complexes within a subdomain of the cell. 
At this point it is difficult to discern which issues are theoretical and which are practical. 
From a biochemical perspective, we attempted to circumvent these issues by comparing  
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Fig. 4. Schematic of the Synthesis of EGF-beads. 900 nm polystyrene beads modified with 
carboxylate groups are reacted with 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 
hydrochloride (EDAC) to form an active O-acylisourea intermediate that readily couples to 
the terminal amino group in EGF (Verveer et al., 2000). 

cells that had comparable levels of EGFR phosphorylation. Therefore, the basis for 
comparison was activated receptors at the cell surface (stimulated by EGF-beads) or within 
the cell (EGF stimulated).  

6.1 Studying of EGFR-mediated cell signaling with immobilized EGF 
The initial studies with immobilized EGF were not designed to study differences in EGFR 
signaling from the plasma membrane as compared to inside the cell. They were designed to 
understand how signaling was propagated at the plasma membrane. A study by Verveer et 
al. demonstrated that a liganded EGFR could propagate phosphorylation along the plasma 
membrane to other EGFRs that were not bound to a ligand (Verveer et al., 2000).  
The authors of this study used a microscopy-based assay that allowed the measure of 
receptor phosphorylation in real time. Briefly, cells expressing a green fluorescence protein 
(GFP)-tagged EGFR were microinjected with a Cyanine 3 (Cy3) labeled anti-
phosphotyrosine antibody. When the receptor is phosphorylated, the anti-phosphotyrosine 
antibody binds and places the Cy3 in close enough proximity (nanometers) to the GFP 
conjugated to EGF for fluorescent energy transfer (FRET). From these studies, it was 
concluded that both soluble EGF and EGF-beads could propagate signaling along the 
plasma membrane of cells. 
Secondary to the authors intent, this study demonstrated that EGF-beads could: 1) bind to 
the EGFR and 2) be retained at the plasma membrane. In addition to the insights about 
EGFR signal propagation provided by this study, it also provided an important foundation 
for future studies analyzing the temporal and spatial basis of EGFR signaling. 
A second study using EGF-beads, also took a single cell approach (Kempiak et al., 2003). The 
goal of this study was to assess the localized signaling of the EGFR using chemotaxis as the 
physiological readout. The authors demonstrate that EGF beads, like EGF, can induce a 
chemotactic response as visualized by video microscopy. Further, cell surface receptors 
could initiate the cell migration by triggering cytoskeletal reorganization as measured by 
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chemotactic response as visualized by video microscopy. Further, cell surface receptors 
could initiate the cell migration by triggering cytoskeletal reorganization as measured by 
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staining with rhodamine phalloidin. The authors examined selected signaling pathways and 
found that phosphorylation of Akt was about three time greater following treatment with 
EGF-beads as compared to EGF. 
It is worth re-stating that the goal of these two studies was not to distinguish cell surface 
versus intracellular EGFR signaling. Rather, both studies set up out to examine localized 
EGFR signals initiated from the plasma membrane. Therefore, they provide important 
information regarding cell surface receptor signaling, but are limited in what they reveal 
about what occurs within the cell. 

6.2 Using EGF immobilized to a solid support to study EGFR-mediated cell migration 
Although the EGF-beads are a useful way to study EGFR from the plasma membrane, 
variations on this theme have proven useful as well. Most notably, EGF that has been 
immobilized to the bottom of tissue culture dishes has proven to be an effective tool in 
studying cell migration. Bioengineering groups seeking to develop new methods for drug 
delivery performed these studies. Although EGFR is closely associated with the 
development of cancer, it has also been shown to be instrumental in wound healing and 
tissue homeostasis as well. Thus, cancer biologists should take notice of these engineering 
studies, as the tools developed for in vitro models of wound healing may provide important 
mechanistic insights into EGFR-mediated changes in cell biology and well as useful tools for 
studying the fundamental cell biology of the EGFR. 
Early studies by Chen et al. used covalently linked EGF to a polystyrene dish using photo 
irradiation. Briefly, EGF was coupled with N-(4-azidobenzoyloxy)succinimide and the 
resulting solution was coated on a polystyrene dish, and the water was allowed to evaporate. 
Ultraviolet light was used to crosslink the modified EGF to the dish (Chen et al., 1997).  
To test the new ligand, Chinese Hamster Ovary (CHO) cells or mouse fibroblasts were 
plated on top of the immobilized EGF and monitored for cell growth by 3H-thymidine 
incorporation. The rate of cell growth was approximately three fold higher with the 
immobilized EGF as compared to soluble EGF. 
A modification of this approach was used by Stefonek and Masters (Stefonek and Masters, 
2007). While these authors used the same basic model of immobilizing EGF to the bottom of 
a tissue culture dish, they did so with a concentration gradient. Using photo-patterning, 
precise control of the spatial localization of the EGF was achieved. Human keratinocytes 
(HaCaT cells) were plated on this EGF matrix and monitored for cell migration over the 
course of 16 days. These studies demonstrated that cells migrated toward the higher 
concentrations of immobilized EGF. Migration was approximately five fold greater than the 
control conditions. Both groups considered their findings to support the model that 
endocytosis negatively regulates EGFR signaling. Restricting endocytosis, prevents receptor 
degradation, and prolongs signaling, thereby enhancing cell migration.  
Our understanding of EGFR signaling is enhanced by these studies for several reasons. First, 
in both studies with immobilized EGF are looking at EGFR-mediated responses in large 
populations of cells, rather than events in one cell. In doing so, these studies lay the 
groundwork for providing a biochemical analysis of changes in signaling. Second, they 
examine changes in cell biology that are of interest to a cancer biologist. Cell migration and 
proliferation are two key EGFR-mediated signaling events that need to be attenuated in the 
successful treatment of cancer. Finally, as bioengineering groups, the authors introduce the 
biologists to ways of modifying ligands in a manner that does not compromise their biologic 
activity. 

 
Endocytic Trafficking of the Epidermal Growth Factor Receptor in Transformed Cells 

 

65 

However, in terms of understanding the spatial and temporal regulation of signaling, these 
studies are limited in their scope. These studies provide evidence, at least in these 
physiological assays that indicate endocytosis is a negative regulator of signaling. This 
finding supports the original report by Wells et al, in which mutant, endocytosis resistant 
EGF were more potent and efficacious activator of cell transformation (Wells et al., 1990). 
However, it is not clear from these experiments whether all signaling pathways are 
enhanced or just a subset. Further, since all physiological responses being analyzed are 
enhanced, it is unclear whether some responses are positively regulated by endocytosis.  

6.3 A biochemical analysis of EGFR signaling using EGF-beads 
Work done by Hyatt and Ceresa combined the flexibility of EGF-beads with the biochemical 
analysis provided by immobilized EGF, to analyze EGFR signaling (Hyatt and Ceresa, 2008). 
This study, in contrast to the previous ones, specifically seeks to understand 1) whether 
EGFR signaling was spatially regulated, and 2) if so, how? Thus, in this work, the authors 
used EGF-beads to stimulate cells and examined cell physiology in response to activated 
EGFRs at the plasma membrane and within the cell. 
 

 
Fig. 5. Depiction of How Soluble EGF and EGF-beads elucidate Differences in EGFR 
Signaling. 
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MDA-MB-468 cells were used to study signaling by cell surface and intracellular receptors. 
MDA-MB-468 cells were first described by Cailleau et al, as part of a series of metastatic 
breast cancer cell lines derived at the MD Anderson Cancer Center in Houston, Texas 
(Cailleau et al., 1978). Cell lines derived from metastatic breast cancer tumors were examined 
for common features as well as for developing model systems for studying the cell biology 
of transformed cells. Despite a number of similarities, each cell line has some unique 
features. In the case of the MDA-MB-468 cells, one of its distinguishing features is the 
overexpression of EGFR. It is reported that MDA-MB-468 cells express ~ 1.3 x 106 
EGFRs/cell (Filmus et al., 1985). This is about 15-25 times what is regarded as a 
physiological level of receptors (50-100,000 EGFRs/cell).  
The high level of EGFRs makes it amenable for studying the spatial regulation of signaling 
for a number of reasons. First, the high levels of receptors provide a dynamic range of 
response following stimulation with ligand. This increases the signal-to-noise ratio. Second, 
cell lines with high levels of EGFR have slowed kinetics of endocytic trafficking. This has 
been demonstrated both in cell lines that naturally overexpress EGFR (i.e. cancer cell lines), 
as well as cells that have by stably transfected with receptors to increase their expression 
(French et al., 1994; Stoscheck and Carpenter, 1984). It is commonly held that the delay in 
trafficking is the result of saturation of the machinery that moves the ligand:receptor 
complex through the endocytic pathway. Regardless of the cause, the absence of appreciable 
receptor degradation facilitates analyzing the spatial regulation of signaling. In MDA-MB-
468 cells, any changes signaling that accompany retaining the activated EGFR at the plasma 
membrane must be due to the receptor’s location. 
In this paper, the first apparent difference in signaling by EGF and EGF-beads was a change 
in cell morphology. Cells were incubated with either ligand and examined by light 
microscopy. The differences in the cells were readily apparent. As had been reported by 
numerous other groups, treatment with EGF caused the induction of apoptosis that was 
characterized by the transition of cells from spread-out cobblestone morphology to one that 
was rounded up. In contrast, cell treated with EGF-beads, maintained a morphology that 
was indistinguishable from untreated cells.  
It is worth noting that EGF-mediated apoptosis is not is something that is commonly 
associated with EGFR signaling in the context of developmental biology, maintenance of 
healthy tissue, or cancer biology. However, among cell lines that overexpress the EGFR, 
such as MDA-MB-468 cells and A431 cells, EGF-mediated apoptosis has been well described 
(Armstrong et al., 1994; Gill and Lazar, 1981; Kottke et al., 1999; Tikhomirov and Carpenter, 
2004). Further, indirect evidence for the role of apoptosis in cancer biology has been 
suggested by Tikhomirov and Carpenter. They note that in the literature, more moderate 
levels of ErbB receptor tyrosine kinases are associated with more invasive carcinomas. They 
suggest that the induction of apoptosis in cell lines with higher levels of ErbB receptor 
expression generates a cancer cell whose growth and metastasis is self limiting (Tikhomirov 
and Carpenter, 2004). 
Of course, the easiest explanation for the differences in cell survival following EGF and 
EGF-bead treatment would be that the EGF-beads were not adequately stimulating the 
receptor. This was tested using both single cell and biochemical approaches. A time course 
of EGF-bead stimulation resulted in cells with anti-phosphoEGFR staining along the plasma 
membrane of the cell. This is evidence that 1) the EGFR was activated and 2) the EGFR was 
retained at the plasma membrane, two key features of the EGF-beads if a meaningful 
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analysis of signaling is to be made. Further, when cell lysates were prepared from EGF-
beads treated dishes of cells, a comparable level of EGFR phosphorylation was observed as 
seen with treatment with soluble EGF.  
These data provide evidence that endocytosis is required for the induction of apoptosis, 
however, it does not determine whether distinct signals are occurring at the plasma 
membrane. To answer this question, the authors measured cell proliferation as a function of 
3H-thymidine incorporation. In cells treated with soluble EGF, there was a dose dependent 
decrease in 3H-thymidine incorporation, which likely reflects the fact that the cells are 
undergoing apoptosis in response to EGF. Cells treated with EGF-beads had an 
approximately three-fold increase in 3H-thymidine incorporation.  
In addition, the authors demonstrate that intracellular, but not cell surface, EGFRs activate 
the caspase-3, an executioner caspase in the apoptotic pathway. Further, inhibition of 
caspase-3 prevents the induction of apoptosis, but does not enhance the proliferative effects 
of the cell surface EGFRs.  
Together, these data provide evidence that cell surface and intracellular EGFRs, not only 
signal differently, but the induce reciprocal effects. Often such reciprocal effects indicate an 
important regulatory mechanism in biology. This work stimulates a number of important 
questions. Can the induction of the EGFR-mediated apoptosis be engineered into a 
therapeutic treatment for cancer? What are the effector proteins being activated at the cell 
surface versus inside the cell? How are these differences in signaling manifest in cell lines 
with physiological levels of receptors? 

7. Future studies in the temporal and spatial regulation of EGFR signaling 
Over the last approximately 25 year, the complex relationship between EGFR signaling and 
membrane trafficking has been increasingly exposed. While it is widely accepted that 
endocytic trafficking can both positively and negatively regulate EGFR signaling, it remains 
unclear exactly to what extent. The field has faced technical limitations that accompany 
studying two dynamic processes. Further, since both processes branch out into multiple 
directions, the complexity increases. Through normal, physiological membrane trafficking, 
the EGFR can be found on the plasma membrane, in endosomes, lysosomes, the nucleus, 
and endoplasmic reticulum. Similarly, the activated EGFR can signal to multiple 
downstream effectors. Therefore, identifying which signaling events occur at which 
subcellular locations is anything but a trivial undertaking. 
Thus far, the most fruitful approaches have been ones that have attempted to disrupt or at 
least dramatically slow down endocytic trafficking. The myriad approaches have been 
discussed in this chapter. Essentially, these approaches allow the investigator to take a 
snapshot of signaling. Despite the caveats of such approaches, to date, it has proven to be 
the most effective strategy. 
Although tremendous progress has been made, it appears that we have only begun to 
understand how these processes come together much more needs to be done. For example, a 
more comprehensive map of EGFR:effector communication at the cell surface and within the 
cell. Definitively proving that a receptor:effector interaction occurs is a major undertaking, 
and requires substantial experimentation to establish such a model. To date, there are only a 
limited number of effectors whose activity has been studied. Although many of these 
effectors have well-established roles in EGFR signaling, this does not preclude the need to 
study other effectors. Further, a systematic analysis of plasma membrane versus 
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intracellular signaling for a large cohort of known EGFR effectors would be helpful for 
developing a model that predicts how receptor:effector communication occurs. 
Once cell surface versus intracellular EGFR signaling is established, signaling from various 
locations within the cell needs to be understood. At this point, the most effective strategy is 
to disrupt membrane trafficking at discrete endocytic stages, despite the aforementioned 
caveats. Geographically, it does not seem likely that receptors in early endosomes and on 
the limiting membrane of the late endosome, would have access to different subsets of 
cytosolic effectors. However, the effectors may differentially associate with the various 
endocytic compartments either directly or through adaptor proteins. Together this analysis 
will generate a temporal and spatial map of EGFR:effector interactions that may be useful 
for anticipating how cell physiology is regulated. 
In addition to delineating the receptor:effector interactions, another important question is 
whether the temporal/spatial regulation of EGFR:effector interaction is universal among all 
cell lines. This is a critical question because the EGFR mediates such a diverse array of 
physiological responses, endocytic regulation of EGFR signaling may provide important 
insight to explain the EGFR-dependent cell responses that are unique to a given cell line. This 
is particularly likely to be important in cancer cells that overexpress the EGFR. It is established 
that overexpression of the EGFR alters the endocytic trafficking of the EGFR and decreases the 
rate of receptor degradation. Since this effects both the duration and spatial placement of the 
activated receptor, it is reasonable to predict that there would be changes in signaling as well.  
Ultimately, our goal for understanding the molecular basis of EGFR signaling is rooted in 
developing strategies for the pharmacological manipulation of signalling pathways. 
Knowing how the signaling pathways are regulated has a number of uses. First, 
understanding how each effector is activated will provide a better understanding of its 
contribution to a give cell physiology. Thus, the effector activity can be modulated 
downstream of the effector. Second, the endocytic pathway itself may be a useful target. 
Disrupting or accelerating endocytic trafficking may be sufficient to achieve desired changes 
in cell biology. Finally, an effort to study this regulation of signaling in vivo is necessary. 
Dissecting the in vivo regulation will not only help in develop anti-cancer therapeutics but 
also in other EGFR-mediated physiologies, such as wound healing. 

8. Conclusion 
Overexpression and hyperactivation of the EGFR as associated with many cancers. While 
inhibitors against the EGFR are effective for some EGFR-positive cancers, they are not 
effective in the treatment of breast cancers. In order to develop therapeutic agents to treat 
EGFR-positive breast cancers, a more thorough analysis of EGFR is needed, in particular, 
insight into how its signaling is regulated. Discussed here is the role of the endocytic 
pathway in controlling the duration and specificity of EGFR signaling. This field has made 
grade strides in understanding the relationship between the two processes. The basic science 
that underlies these studies has important implications in developing new tools for the 
detection, diagnosis, and treatment of breast cancers with elevated levels of the EGFR. 
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endocytic compartments either directly or through adaptor proteins. Together this analysis 
will generate a temporal and spatial map of EGFR:effector interactions that may be useful 
for anticipating how cell physiology is regulated. 
In addition to delineating the receptor:effector interactions, another important question is 
whether the temporal/spatial regulation of EGFR:effector interaction is universal among all 
cell lines. This is a critical question because the EGFR mediates such a diverse array of 
physiological responses, endocytic regulation of EGFR signaling may provide important 
insight to explain the EGFR-dependent cell responses that are unique to a given cell line. This 
is particularly likely to be important in cancer cells that overexpress the EGFR. It is established 
that overexpression of the EGFR alters the endocytic trafficking of the EGFR and decreases the 
rate of receptor degradation. Since this effects both the duration and spatial placement of the 
activated receptor, it is reasonable to predict that there would be changes in signaling as well.  
Ultimately, our goal for understanding the molecular basis of EGFR signaling is rooted in 
developing strategies for the pharmacological manipulation of signalling pathways. 
Knowing how the signaling pathways are regulated has a number of uses. First, 
understanding how each effector is activated will provide a better understanding of its 
contribution to a give cell physiology. Thus, the effector activity can be modulated 
downstream of the effector. Second, the endocytic pathway itself may be a useful target. 
Disrupting or accelerating endocytic trafficking may be sufficient to achieve desired changes 
in cell biology. Finally, an effort to study this regulation of signaling in vivo is necessary. 
Dissecting the in vivo regulation will not only help in develop anti-cancer therapeutics but 
also in other EGFR-mediated physiologies, such as wound healing. 

8. Conclusion 
Overexpression and hyperactivation of the EGFR as associated with many cancers. While 
inhibitors against the EGFR are effective for some EGFR-positive cancers, they are not 
effective in the treatment of breast cancers. In order to develop therapeutic agents to treat 
EGFR-positive breast cancers, a more thorough analysis of EGFR is needed, in particular, 
insight into how its signaling is regulated. Discussed here is the role of the endocytic 
pathway in controlling the duration and specificity of EGFR signaling. This field has made 
grade strides in understanding the relationship between the two processes. The basic science 
that underlies these studies has important implications in developing new tools for the 
detection, diagnosis, and treatment of breast cancers with elevated levels of the EGFR. 
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1. Introduction 
1.1 erbB family 
HER-2 is a member of the erbB family of receptor tyrosine kinases. Epidermal Growth Factor 
Receptor (EGFR) was first identified as the cellular homolog of the transduced oncogene of 
the avian retroviruses such as avian ERythroBlastosis virus, which causes erythroleukemia 
and fibrosarcoma and gives rise to the family name (erbB). EGFR, as its name implies, was 
shown by Stanley Cohen to induce the growth of epidermal cells (Todaro, DeLarco et al. 
1976). The EGFR family consists of four members: erbB-1 (EGFR), erbB-2 (HER-2/neu),  
erbB-3 (HER-3), and erbB-4 (HER-4). Her-1, -2, and -3 have been associated with 
tumorigenesis (Suo, Emilsen et al. 1998). HER-4 has been implicated in development and 
tumor suppression, possibly by sequestration of the other erbB receptors in dimers. Ligand 
binding stabilizes dimer formation, leading to intracellular signaling. Each receptor consists 
of an extracellular domain that contains the ligand binding sites, an intracellular domain 
that contains the tyrosine kinase activity, and a cytoplasmic tail that is involved in cellular 
signaling. EGFR can be stimulated by an array of ligands, including EGF, transforming 
growth factor α (TGF-α), heparin-binding EGF (HB-EGF), and heregulins. HER-3 can bind 
heregulins (Holmes, Sliwkowski et al. 1992); although, it in and of itself does not have an 
active kinase domain. Heregulin binding to HER-3 facilitates dimerization with other erbB 
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argument for MUC4 as a ligand for HER-2.  
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E-cadherin is cleaved by the ADAM proteases. Since E-cadherin is normally present on 
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epithelial cells and itself, or its sister protein N-cadherin, is present on cancer cells of 
epithelial origin, it is also a good candidate for a HER-2 ligand.  
Pairings of the erbB receptors have been exquisitely elucidated by Josef Yarden and 
colleagues (Goldman, Benlevy et al. 1990; Karunagaran, Tzahar et al. 1996; Alroy and 
Yarden 1997). Yarden, et al. utilized the 32D cell line, an IL-3-independent murine myeloid 
cell line that does not express endogenous erbB receptors. They systematically expressed 
each family member separately and in pairs to determine which family members formed 
complexes. They found that each family member can homodimerize or heterodimerize with 
every other family member; although, certain heterodimers are preferred. Which dimer is 
present on the cell determines the biological phenotype of that cell. Although EGFR can 
homodimerize, it will pair with HER-2 when HER-2 is present and will only pair with itself 
when all of the HER-2 is paired or no HER-2 is present (Hendriks , Opresko et al. 2003).  
EGFR dimerization results in the phosphorylation of tyrosine 1045 in the cytoplasmic 
domain. Phosphorylation of this tyrosine creates a docking site for the cbl protein (Yokouchi, 
Kondo et al. 1999). Cbl then recruits ubiquitin which targets the EGFR for degradation 
(Yokouchi, Kondo et al. 1999). Activation of HER-2 does not create a ubinquitin binding site, 
so HER-2 does not get degraded upon activation unless it is dimerized with EGFR. Over 
expression of HER-2 results in constitutive activation of both HER-2 and EGFR and in a 
decrease in degradation of both of the receptors.  
Due to the fluidity of the plasma membrane, transient dimerization of the erbB receptors 
occurs. However, the transient dimers do not elicit a strong signal. Our model (FIGURE 1) 
(Woods Ignatoski, LaPointe et al. 1999) suggests that over expression of HER-2 leads to 
many transient homodimers. The transient homodimers lead to transphosphorylation of the 
receptor causing many small signals to be initiated. The overall effect is one of a strong, 
ligand-stabilized signal which results in constitutive activation of HER-2 and constitutive 
growth signals (FIGURE 1C). The type of HER-2 homo and heterodimerization, coupled 
with over expression, on mammary epithelial cells has consequences dealing with normal 
development, proliferation, and transformation.  

2. HER-2 in development 
HER-2 is expressed in almost all fetal tissues including the placenta, liver, kidney, mammary 
gland, brain, and lung (Kokai, Wada et al. 1988). On the basis of its expression pattern, HER-
2 plays a role in general development. Although HER-2’s role in tumorigenesis has been 
studied extensively, its role in normal mammary gland development has not. There are 
many articles about mammary gland development in HER-2 transgenic and knock-out mice, 
but since human and mouse mammary glands develop differently, the actual role of HER-2 
in human mammary gland development is not fully understood. Mina Bissell and 
colleagues developed the three-dimensional Matrigel system to study mammary gland 
morphogenesis, discovering the role for integrins in anti-apoptotic signaling (Petersen, 
Ronnovjessen et al. 1992; Howlett, Bailey et al. 1995; Lochter, Galosy et al. 1997; Lochter, 
Navre et al. 1999). Joan Brugge and colleagues refined the Matrigel model to identify HER-2 
as a modulator of the lumen compartment, by working through Bim-1 to regulate apoptosis 
of the pre-lumenal cells (Muthuswamy, Li et al. 2001). One caveat to the Brugge group’s 
work is the use of a chimeric molecule that has an NGF extracellular domain and a HER-2 
cytoplasmic domain that can be crosslinked to give a constitutive signal. While their work 
leads to important insight into the role of HER-2 in development, the system they use is not  
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Fig. 1. Schematic of signaling from HER-2 during normal conditions and during over 
expression. (A) HER-2 is normally present as single molecules in the plasma membrane.  
(B) Due to the fluid nature of the membrane, random, transient dimers form producing 
weak signals that cannot elicit a response from the cell. (C) During over expression, many 
transient dimers produce a signal strong enough to elicit a response from the cell. 

physiological, since HER-2 is not activated by a ligand but rather by the amount of protein, 
and constitutive HER-2 activation is not done by cross-linking the cytoplasmic domains.  
Recently, we have developed a system that is more physiological than the one used by 
Brugge and colleagues (manuscript submitted). We used human mammary epithelial 
(HME) cells, obtained from reduction mammoplasties, plated in Matrigel to study the role of 
HER-2 in branching morphogenesis. We observed that HME cells form branching structures 
when plated in the 3D matrix Matrigel and determined that HER-2 is up-regulated at the 
time of branching. Using HER-2 over expressing HME cells (Woods Ignatoski, LaPointe et 
al. 1999) we showed that constitutive activation of HER-2 was necessary and sufficient to 
form the branches. By using genetic and chemical activators and inhibitors, we showed that 
AKT activation mediated the HER-2-facilitated branching morphogenesis. Our data imply 
that HER-2’s role in mammary gland development is to facilitate ductal formation. 
Korkaya, et al. (Korkaya, Paulson et al. 2008) and Magnifico, et al. (Magnifico, Albano et al. 
2009) have shown that an increase in HER-2 in human mammary stem cells causes an 
increase in mammosphere formation and an increase in ductal structures when the cells are 
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occurs. However, the transient dimers do not elicit a strong signal. Our model (FIGURE 1) 
(Woods Ignatoski, LaPointe et al. 1999) suggests that over expression of HER-2 leads to 
many transient homodimers. The transient homodimers lead to transphosphorylation of the 
receptor causing many small signals to be initiated. The overall effect is one of a strong, 
ligand-stabilized signal which results in constitutive activation of HER-2 and constitutive 
growth signals (FIGURE 1C). The type of HER-2 homo and heterodimerization, coupled 
with over expression, on mammary epithelial cells has consequences dealing with normal 
development, proliferation, and transformation.  

2. HER-2 in development 
HER-2 is expressed in almost all fetal tissues including the placenta, liver, kidney, mammary 
gland, brain, and lung (Kokai, Wada et al. 1988). On the basis of its expression pattern, HER-
2 plays a role in general development. Although HER-2’s role in tumorigenesis has been 
studied extensively, its role in normal mammary gland development has not. There are 
many articles about mammary gland development in HER-2 transgenic and knock-out mice, 
but since human and mouse mammary glands develop differently, the actual role of HER-2 
in human mammary gland development is not fully understood. Mina Bissell and 
colleagues developed the three-dimensional Matrigel system to study mammary gland 
morphogenesis, discovering the role for integrins in anti-apoptotic signaling (Petersen, 
Ronnovjessen et al. 1992; Howlett, Bailey et al. 1995; Lochter, Galosy et al. 1997; Lochter, 
Navre et al. 1999). Joan Brugge and colleagues refined the Matrigel model to identify HER-2 
as a modulator of the lumen compartment, by working through Bim-1 to regulate apoptosis 
of the pre-lumenal cells (Muthuswamy, Li et al. 2001). One caveat to the Brugge group’s 
work is the use of a chimeric molecule that has an NGF extracellular domain and a HER-2 
cytoplasmic domain that can be crosslinked to give a constitutive signal. While their work 
leads to important insight into the role of HER-2 in development, the system they use is not  
 

 
HER-2 Signaling in Human Breast Cancer 

 

75 

er
bB

-2

er
bB

-2

er
bB

-2

A

er
bB

-2
er

bB
-2

P

P

P

P

PP

er
bB

-2
er

bB
-2

P

P

P

P

PP

er
bB

-2
er

bB
-2

P

P

P

P

PP

er
bB

-2
er

bB
-2

P

P

P

P

PP

er
bB

-2

C

er
bB

-2

er
bB

-2
er

bB
-2

P

P

P

P

PP

B

 
Fig. 1. Schematic of signaling from HER-2 during normal conditions and during over 
expression. (A) HER-2 is normally present as single molecules in the plasma membrane.  
(B) Due to the fluid nature of the membrane, random, transient dimers form producing 
weak signals that cannot elicit a response from the cell. (C) During over expression, many 
transient dimers produce a signal strong enough to elicit a response from the cell. 

physiological, since HER-2 is not activated by a ligand but rather by the amount of protein, 
and constitutive HER-2 activation is not done by cross-linking the cytoplasmic domains.  
Recently, we have developed a system that is more physiological than the one used by 
Brugge and colleagues (manuscript submitted). We used human mammary epithelial 
(HME) cells, obtained from reduction mammoplasties, plated in Matrigel to study the role of 
HER-2 in branching morphogenesis. We observed that HME cells form branching structures 
when plated in the 3D matrix Matrigel and determined that HER-2 is up-regulated at the 
time of branching. Using HER-2 over expressing HME cells (Woods Ignatoski, LaPointe et 
al. 1999) we showed that constitutive activation of HER-2 was necessary and sufficient to 
form the branches. By using genetic and chemical activators and inhibitors, we showed that 
AKT activation mediated the HER-2-facilitated branching morphogenesis. Our data imply 
that HER-2’s role in mammary gland development is to facilitate ductal formation. 
Korkaya, et al. (Korkaya, Paulson et al. 2008) and Magnifico, et al. (Magnifico, Albano et al. 
2009) have shown that an increase in HER-2 in human mammary stem cells causes an 
increase in mammosphere formation and an increase in ductal structures when the cells are 
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placed in animals. Both groups have also shown a reciprocal relationship between over 
expression of HER-2 and the expression of the developmental gene Notch. Their published 
data suggest that HER-2-mediated AKT activation is necessary for self-renewal leading to 
the ductal structures in their mouse models. Our data show that HER-2-mediated AKT 
activation is necessary for branching morphogenesis and is concordant with the data 
presented by Korkaya, et al. (Korkaya, Paulson et al. 2008) and Magnifico, et al. (Magnifico, 
Albano et al. 2009).  
Since we have previously shown that HME cells in Matrigel and HER-2 over expressing cells 
have an increase in Focal Adhesion Kinase (FAK) phosphorylation (Woods Ignatoski and 
Ethier 1999), an implication of these data is that signaling from integrin binding to 
extracellular matrix may also play a role in this developmental phenotype. Indeed, Bissell, et 
al. (Petersen, Ronnovjessen et al. 1992; Howlett, Petersen et al. 1994; Howlett, Bailey et al. 
1995; Gudjonsson, Ronnov-Jessen et al. 2002), has shown that β1 integrin is important in 
mammary cell morphology change. β1 integrins bind to and activate FAK (Zachary and 
Rozengurt 1992). FAK was shown to maintain the mammary gland stem cell pool (Nagy, 
Wei et al. 2007). Since HER-2 has recently been shown to play a role in human mammary 
stem cells (Korkaya, Paulson et al. 2008; Korkaya and Wicha 2009), the idea that FAK may 
be downstream of HER-2 to maintain the stem cell population is intriguing.  

3. HER-2 signaling in transformation 
HER-2 uses a variety of signaling pathways to elicit phenotypes associated with 
transformation and tumorigenesis. We and others used various in vitro methods in 
conjunction with constitutively active and dominantly negative mutants and chemical 
inhibitors to elucidate the multiple pathways HER-2 uses to transform cells (FIGURE 2). 
Growth factor independence: One hallmark of a transformed cell is growth factor 
independence. Ram, et al. (Ram, Kokeny et al. 1995; Ram, Dilts et al. 1996) showed that 
human breast cancer (HBC) cells with increasing amounts of HER-2 had increasing degrees 
of growth factor independence. H16N2 cells, which are non-transformed, immortalized 
HME, have normal levels of HER-2 and required both insulin-like growth factor (IGF) and 
epidermal growth factor (EGF) to survive. 21MT-2 cells with an slight over expression of 
HER-2 still required EGF, but 21MT-1 cells with a clinically relevant HER-2 over expression 
did not require either IGF or EGF for growth. To determine the contribution of HER-2 over 
expression to growth factor independence without the other genetic abnormalities 
associated with HBC, we developed HME cell lines that over expressed HER-2 less than the 
HPV16-immortalized HME cell line (H16N2).  
The MCF-10HER-2 cells were unable to grow in the absence of IGF, showing that a slight 
over expression resulted in IGF independence and that over expression to levels seen in 
amplified HBC cells conferred both IGF and EGF independence to the H16N2 cells (Woods 
Ignatoski, LaPointe et al. 1999). Over expression of HER-2 resulted in progressively 
increasing levels of tyrosine-phosphorylated HER-3, without any significant changes in 
HER-3 protein levels (Woods Ignatoski, LaPointe et al. 1999). 
Our studies, while demonstrating a direct relationship between the level of expression, 
the activation of HER-2, and the requirements for IGF and EGF, suggest that genetic 
alterations present in breast cancer cells, or mediated by HPV-16-induced alterations, can 
influence the expression level and activation status of HER-2 and, in turn, their degree of 
growth factor independence. To this end, we were intrigued by the differences between  
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Fig. 2. The tools used to decipher HER-2 signaling. Various constitutively active and 
dominant negative constructs plus specific chemical inhibitors and phospho-specific 
antibodies were used to elucidate downstream signaling for HER-2 and associate them with 
transformed phenotypes. 

the MCF-10A cell line and the H16N2 cell line in terms of their ability to over express HER-2 
and their differences in growth factor independence. The biggest difference in the parental 
cell lines is the inclusion of the entire HPV16 genome in the H16N2 cells which is not in the 
MCF-10A cells. The HPV-16 genome produces the HPV E5, E6, and E7 oncogenes which 
have been shown to affect the tumor suppressors Rb and p53, among other proteins. To 
discern if the HPV genes played a role in HER-2-mediated transformation, we co-expressed 
E6, E7, or E6 and E7 with HER-2 in MCF-10A cells and tested for transformed phenotypes 
(Woods Ignatoski, Dziubinski et al. 2005). Co-expression of HER-2 with the HPV-16 
oncoproteins E6 and E7 resulted in the emergence of fully EGF-independent cells that 
expressed very high levels of constitutively activated HER-2. Interestingly, co-expression of 
E7 with HER-2 resulted in cells that were EGF-independent for growth but which did not 
express HER-2 to higher levels than control MCF-10HER-2 cells. By contrast, co-expression 
of E6 with HER-2 resulted in cells expressing higher levels of HER-2 but which were still 
dependent on EGF for growth and survival. Examination of the expression and activation 
status of HER-1, -2 and -3 in the MCF-10HER-2 cells and their derivatives by 
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placed in animals. Both groups have also shown a reciprocal relationship between over 
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data suggest that HER-2-mediated AKT activation is necessary for self-renewal leading to 
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immunoprecipitation/western blot analysis demonstrated that the EGF-independent 
MCF-10HER-2E7 cells and the HER-2/E6E7 cells exhibited constitutive EGF-independent 
activation of EGFR. Further, the constitutively active EGFR had a faster electrophoretic 
mobility than EGFR activated by exogenous growth factors. Exposure of MCF-10HER-2 cells 
and their derivatives as well as the HER-2 amplified SUM-225 breast cancer cell line to 
ZD1839 (IRESSA®) at concentrations specific for EGFR, eliminated EGFR tyrosine 
phosphorylation, blocked proliferation, but only modestly altered the levels of constitutively 
activated HER-2. By contrast, exposure of SUM-190 cells or MDA-351 cells, which have 
amplified HER-2 but express little or no EGFR, to these same concentrations of ZD1839 had 
little or no influence on cell proliferation. Our results showed that HER-2 over expression 
cooperates with EGFR and HPV-E7 to yield HME cells that are EGF-independent for 
growth. Together, HER-2, E6 and E7 cooperate with endogenous EGFR to yield fully 
transformed cells that express very high levels of HER-2 and that are growth factor 
autonomous for proliferation and survival. 
Phophotidylinositol 3’ kinase (PI3’K) phosphorylates inositol in the plasma membrane at the 
3’ position. Phosphorylation of inositol produces a docking site for the serine/threonine 
kinase AKT. Docking of AKT activates its kinase activity and elicits downstream signals. 
Activation of both HER-2 and HER-3 provide phosphotyrosines that can dock PI3’K and 
bring it to the membrane; therefore, activation of HER-2 mediates inositol phosphorylation 
and PI3’K signaling (Fedi, Pierce et al. 1994). Phospho-AKT remained detectable in HER-2 
cells treated with the PI3’K inhibitor LY294002 or with expression of exogenous PTEN, a 
phosphatase that reverses the action of PI3’K, but was abolished by treatment with the p38 
mitogen activated kinase (p38MAPK) inhibitor SB202190. Thus, both PI3K-dependent and 
p38MAPK-dependent pathways lead to activation of AKT. We also found that AKT was 
activated by p38MAPK in these cells, but this activation did not play a role in invasion 
(Woods Ignatoski, Livant et al. 2003). Since AKT has been shown in other systems to be a 
survival factor (Datta, Dudek et al. 1997; Brunet, Bonni et al. 1999; Hutchinson J, Jin J et al. 
2001), we hypothesized that HER-2 mediated activation of AKT is necessary for growth 
factor independence. We found that, in the absence of EGF, p38MAPK-activated AKT is 
necessary for HER-2 over expressing cells to survive and to form colonies in soft agar 
(Woods Ignatoski, Livant et al. 2003). We showed that EGF works as a survival signal in the 
absence of p38MAPK-mediated activation of AKT and that HME cells expressing a 
constitutively active AKT did not require EGF for growth or colony formation in soft agar. 
Thus, our data indicate that AKT activation can compensate for EGF-mediated cell survival 
signals leading to growth factor-independence and anchorage-independent growth (Diehl, 
Grewal et al. 2007).  
HER-2 in invasion: Using a model system for invasion that utilizes a naturally occurring 
membrane found in sea urchin embryos (Livant, Linn et al. 1995) in the configuration a cell 
would see upon extravasation (FIGURE 3), we determined that α5 integrin binding to the 
PHSRN sequence of fibronectin is necessary for invasion and that α4 integrin binding to the 
“LDV” sequence of fibronection abrogates invasion (Livant, Allen et al. 2000; Livant, Brabec 
et al. 2000; Woods Ignatoski, Maehama et al. 2000; Jia, Markwart et al. 2002) (FIGURE 4). 
Using this system, we showed that HER-2 requires PI3’K to drive invasion. With this same 
system we also showed that HER-2 mediates the down-regulation of α4 integrin from the 
cell surface to facilitate invasion via activation of p38MAPK (Woods Ignatoski, Maehama et 
al. 2000) (FIGURE 5).  
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Fig. 3. Sea urchin embryo invasion assay. This assay utilizes the naturally occurring 
membrane found under a cell layer in sea urchin embryos. The outer cell layer is lysed and 
the cells are placed on top of the embryos. The number of cells that enter the embryo are 
blindly scored. Arrows point to cancer cells. 
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Fig. 4. Model of how cells are able to invade basement membranes. Fibronectin can bind α5 
integrin through the PHSRN sequence. This binding drives the expression of MMP-1 and 
facilitates invasion. However, on normal cells, fibronectin binding to α4 integrin blocks 
MMP-1 release. On cancer cells, α4 integrin is not present on the cell surface, so invasion can 
proceed.  

Utilizing a constitutively active form of PI3K, p110CAAX, we showed that PI3K can mediate 
most phenotypes observed in HER-2-overexpressing cells. PTEN expression blocked HER-2-
mediated invasion. Down-regulated α4 integrin sequestered PTEN away from the surface, 
allowing PI3’K to activate PKC and facilitate the release of MMP-1 to drive invasion. These 
results led us to a model for HER-2-mediated invasion where the down-regulation of α4 
integrin works in concert with the activation of PI3’K to facilitate the release of MMP-1 and 
drive invasion (FIGURE 5).  
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Fig. 5. Schematic of the signal pathways mediated by HER-2. HER-2 activates Rac 1 which 
activates p38MAPK. P38MAPK rearranges the actin cytoskeleton drawing α4 from the cell 
surface. It is hypothesized that PTEN is sequestered in the cytoplasm via its association with 
α4 (data not shown). Sequestration of PTEN allows PI3’K to activate PKCδ to release MMP-1 
and facilitate invasion. P38MAPK also activates Hsp27 which activates MapKap kinase and, 
subsequently, AKT. AKT then facilitaes EGF-independent survival.  

Using other in vitro transformation methods including anchorage-independent growth and 
cell motility assays, we were able to show that the PI3’K pathway can mediate most 
phenotypes observed when HER-2 is over expressed (Woods Ignatoski, Livant et al. 2003; 
Diehl, Woods Ignatoski et al. 2004). The HER-2-mediated signaling pathways are 
summarized in FIGURE 6. 
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Diehl, Woods Ignatoski et al. 2004). The HER-2-mediated signaling pathways are 
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Fig. 6. Diagram of the HER-2-mediated signaling and designation of which pathways 
facilitate which transformed phenotypes.  

Anti-HER-2 therapeutics: The presence of HER-2 over expression in HBC confers a poor 
prognosis (Slamon, Clark et al. 1987). Thus, the ultimate goal of the study of HER-2 is to 
offer women with HER-2 over expressing breast cancer an effective therapy. To this end, 
two relatively effective anti-HER-2 therapies have been FDA approved: trastuzumab 
(Herceptin®, Genentech) and lapatinib (Tykerb®, Glaxo Smith-Kline). Trastuzumab is a 
humanized anti-HER-2 antibody (Ewer, Gibbs et al. 1999; Palmieri, Powles et al. 2001; 
Rudlowski, Rath et al. 2001). The exact mode of action for trastuzumab is not known; 
however, trastuzumab is effective against 12-26% of HER-2-positive metastatic patients. 
Much of the resistance to trastuzumab has been shown to involve over activation of the 
PI3’K/ AKT pathway (O'Brien, Browne et al. 2010; Migliaccio I, Gutierrez et al. 2011). The 
survival advantage conferred upon a cell with an activated AKT overcomes the loss of HER-
2 activity. Recently, Miller, et al. (Miller , Forbes et al. 2009) showed that trastuzumab in 
combination with rapamycin, which blocks the AKT pathway downstream of AKT at 
mTOR, could block HER-2 positive tumor growth in mice better than either treatment alone. 
Also, Zhang, et al. (Zhang, Huang et al. 2011) has shown that trastuzumab in combination 
with the Src inhibitor saracatinib can decrease HER-2 positive tumor growth in animals. Src 
is a non-receptor tyrosine kinase that has been shown to play a role in tumorigenesis. 
Zhang, et al. go on to show that Src activation is necessary for trastuzumab resistance and 
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that all of the pathways that cause trastuzumab resistance, including different pathways that 
over activate AKT, originate from over active Src. Combination therapies, as the ones above, 
will be useful when using trastuzumab against HER-2 positive breast cancer. 
Glaxo Smith-Kline has developed a small molecule EGFR/HER-2 dual inhibitor called 
lapatinib (Konecny, Pegram et al. 2006; Rusnak, Alligood et al. 2007; Molina, Kaufmann et 
al. 2008). Lapatinib has been shown to be a potent HER-2 inhibitor and a useful therapeutic 
against HER-2 positive breast cancer. Lapatinib, a 4-anilinoquinazoline kinase inhibitor of 
the intracellular tyrosine kinase domain of HER-2, is used with capecitabine for the 
treatment of advanced HER2-positive metastatic breast cancer (Molina, Kaufmann et al. 
2008). Since response to lapatinib is predicted specifically by low levels of PTEN (Migliaccio 
I, Gutierrez et al. 2011) and resistance to trastuzumab is dependent on activation of the PI3’K 
pathway, studies showing the efficacy of a dual therapy using both lapatinib and 
trastuzumab will be very useful.  

4. Conclusions 
HER-2-mediated signaling is a convergence point that controls ductal development, the 
activity of the EGFR family of receptors, and many transformed phenotypes. Significantly 
abrogating the function of HER-2 is necessary to achieve prolonged survival for breast 
cancer patients.  

5. References 
Alroy, I. and Y. Yarden (1997). "The erbB signaling network in embryogenesis and 

oncogenesis: signal diversification through combinatorial ligand-receptor 
interactions." FEBS Lett 410: 83-86. 

Brunet, A., A. Bonni, et al. (1999). "Akt promotes cell survival by phosphorylating and 
inhibiting a Forkhead transcription factor." Cell 96(6): 857-868. 

Carraway, C. and K. Carraway (2007). "Sequestration and segregation of receptor kinases in 
epithelial cells: implications for ErbB2 oncogenesis." Sci STKE 2007(381): re3. 

Carraway, C. A. C., M. E. Carvajal, et al. (1993). "Association of p185(neu) with 
Microfilaments via a Large Glycoprotein Complex in Mammary Carcinoma 
Microvilli - Evidence for a Microfilament-Associated Signal Transduction Particle." 
J Biol Chem 268(8): 5582-5587. 

Carraway, K. L., 3rd, E. A. Rossi, et al. (1999). "An intramembrane modulator of the ErbB2 
receptor tyrosine kinase that potentiates neuregulin signaling." J Biol Chem 274(9): 
5263-5266. 

Carraway, K. L. and L. C. Cantley (1994). "A neu acquaintance for ErbB3 and ErbB4: A role 
for receptor heterodimerization in growth signaling." Cell 78(1): 5-8. 

Carraway, K. L., M. X. Sliwkowski, et al. (1994). "The erbB3 gene product is a receptor for 
heregulin." J Biol Chem 269(19): 14303-14306. 

Datta, S. R., H. Dudek, et al. (1997). "Akt phosphorylation of BAD couples survival signals to 
the cell-intrinsic death machinery." Cell 91: 231-241. 

Diehl, K. M., N. K. Grewal, et al. (2007). "p38MAPK-activated AKT in HER-2-over 
expressing human breast cancer cells acts as an EGF-independent survival signal." 
Journal of Surgical Research 142(1): 162-169. 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

82

erbB-2

EGFR

SRC
FAK PI3’K

RAC 1

PAK

MEKK1

MEK4

MEK 1/2

RAF

RAS CDC42

MEK3

p38MAPK

GSK3

AKTPKCmTOR
Rho

JNK

ERK 1/2

P PI3’4’5’
P PI3’4’

p70S6K
PAK

PTEN

anchorage-independent growth
invasion
growth factor-independence
survival
motility
Not tested in our system

interaction, activation
activation
interaction
interaction, activation (from our data)  

Fig. 6. Diagram of the HER-2-mediated signaling and designation of which pathways 
facilitate which transformed phenotypes.  

Anti-HER-2 therapeutics: The presence of HER-2 over expression in HBC confers a poor 
prognosis (Slamon, Clark et al. 1987). Thus, the ultimate goal of the study of HER-2 is to 
offer women with HER-2 over expressing breast cancer an effective therapy. To this end, 
two relatively effective anti-HER-2 therapies have been FDA approved: trastuzumab 
(Herceptin®, Genentech) and lapatinib (Tykerb®, Glaxo Smith-Kline). Trastuzumab is a 
humanized anti-HER-2 antibody (Ewer, Gibbs et al. 1999; Palmieri, Powles et al. 2001; 
Rudlowski, Rath et al. 2001). The exact mode of action for trastuzumab is not known; 
however, trastuzumab is effective against 12-26% of HER-2-positive metastatic patients. 
Much of the resistance to trastuzumab has been shown to involve over activation of the 
PI3’K/ AKT pathway (O'Brien, Browne et al. 2010; Migliaccio I, Gutierrez et al. 2011). The 
survival advantage conferred upon a cell with an activated AKT overcomes the loss of HER-
2 activity. Recently, Miller, et al. (Miller , Forbes et al. 2009) showed that trastuzumab in 
combination with rapamycin, which blocks the AKT pathway downstream of AKT at 
mTOR, could block HER-2 positive tumor growth in mice better than either treatment alone. 
Also, Zhang, et al. (Zhang, Huang et al. 2011) has shown that trastuzumab in combination 
with the Src inhibitor saracatinib can decrease HER-2 positive tumor growth in animals. Src 
is a non-receptor tyrosine kinase that has been shown to play a role in tumorigenesis. 
Zhang, et al. go on to show that Src activation is necessary for trastuzumab resistance and 

 
HER-2 Signaling in Human Breast Cancer 

 

83 

that all of the pathways that cause trastuzumab resistance, including different pathways that 
over activate AKT, originate from over active Src. Combination therapies, as the ones above, 
will be useful when using trastuzumab against HER-2 positive breast cancer. 
Glaxo Smith-Kline has developed a small molecule EGFR/HER-2 dual inhibitor called 
lapatinib (Konecny, Pegram et al. 2006; Rusnak, Alligood et al. 2007; Molina, Kaufmann et 
al. 2008). Lapatinib has been shown to be a potent HER-2 inhibitor and a useful therapeutic 
against HER-2 positive breast cancer. Lapatinib, a 4-anilinoquinazoline kinase inhibitor of 
the intracellular tyrosine kinase domain of HER-2, is used with capecitabine for the 
treatment of advanced HER2-positive metastatic breast cancer (Molina, Kaufmann et al. 
2008). Since response to lapatinib is predicted specifically by low levels of PTEN (Migliaccio 
I, Gutierrez et al. 2011) and resistance to trastuzumab is dependent on activation of the PI3’K 
pathway, studies showing the efficacy of a dual therapy using both lapatinib and 
trastuzumab will be very useful.  

4. Conclusions 
HER-2-mediated signaling is a convergence point that controls ductal development, the 
activity of the EGFR family of receptors, and many transformed phenotypes. Significantly 
abrogating the function of HER-2 is necessary to achieve prolonged survival for breast 
cancer patients.  

5. References 
Alroy, I. and Y. Yarden (1997). "The erbB signaling network in embryogenesis and 

oncogenesis: signal diversification through combinatorial ligand-receptor 
interactions." FEBS Lett 410: 83-86. 

Brunet, A., A. Bonni, et al. (1999). "Akt promotes cell survival by phosphorylating and 
inhibiting a Forkhead transcription factor." Cell 96(6): 857-868. 

Carraway, C. and K. Carraway (2007). "Sequestration and segregation of receptor kinases in 
epithelial cells: implications for ErbB2 oncogenesis." Sci STKE 2007(381): re3. 

Carraway, C. A. C., M. E. Carvajal, et al. (1993). "Association of p185(neu) with 
Microfilaments via a Large Glycoprotein Complex in Mammary Carcinoma 
Microvilli - Evidence for a Microfilament-Associated Signal Transduction Particle." 
J Biol Chem 268(8): 5582-5587. 

Carraway, K. L., 3rd, E. A. Rossi, et al. (1999). "An intramembrane modulator of the ErbB2 
receptor tyrosine kinase that potentiates neuregulin signaling." J Biol Chem 274(9): 
5263-5266. 

Carraway, K. L. and L. C. Cantley (1994). "A neu acquaintance for ErbB3 and ErbB4: A role 
for receptor heterodimerization in growth signaling." Cell 78(1): 5-8. 

Carraway, K. L., M. X. Sliwkowski, et al. (1994). "The erbB3 gene product is a receptor for 
heregulin." J Biol Chem 269(19): 14303-14306. 

Datta, S. R., H. Dudek, et al. (1997). "Akt phosphorylation of BAD couples survival signals to 
the cell-intrinsic death machinery." Cell 91: 231-241. 

Diehl, K. M., N. K. Grewal, et al. (2007). "p38MAPK-activated AKT in HER-2-over 
expressing human breast cancer cells acts as an EGF-independent survival signal." 
Journal of Surgical Research 142(1): 162-169. 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

84

Diehl, K. M., K. M. Woods Ignatoski, et al. (2004). "Signaling pathways in breast cancer cells 
influence the effects of the pan-erb-B kinase inhibitor CI-1033." Proc. Am. Assoc. 
Cancer Res. 45: 3683. 

Ewer, M. S., H. R. Gibbs, et al. (1999). "Cardiotoxicity in patients receiving transtuzumab 
(Herceptin): primary toxicity, synergistic or sequential stress, or surveillance 
artifact? #1758." Semin Oncol 26(4 Suppl 12): 96-101. 

Fedi, P., J. H. Pierce, et al. (1994). "Efficient Coupling with Phosphatidylinositol 3-Kinase, 
But Not Phospholipase C gamma or GTPase-Activating Protein, Distinguishes 
erbB-3 Signaling from That of Other erbB EGFr Family Members." Mol Cell Biol 
14(1): 492-500. 

Goldman, R., R. Benlevy, et al. (1990). "Heterodimerization of the erbB-1 and erbB-2 
Receptors in Human Breast Carcinoma Cells - A Mechanism for Receptor 
Transregulation." Biochemistry 29(50): 11024-11028. 

Gudjonsson, T., L. Ronnov-Jessen, et al. (2002). "Normal and tumor-derived myoepithelial 
cells differ in their ability to interact with luminal breast epithelial cells for polarity 
and basement membrane deposition." J Cell Sci 115(1): 39-50. 

Hendriks , B. S., L. K. Opresko, et al. (2003). "Quantitative Analysis of HER2-mediated 
Effects on HER2 and Epidermal Growth Factor Receptor Endocytosis Distribution 
of Homo- AND Heterodimers Depends on Relative HER2 Levels." J Biol Chem 
278(26): 23343-23351. 

Holmes, W. E., M. X. Sliwkowski, et al. (1992). "Identification of heregulin, a specific 
activator of p185erb2 #636." Science 256: 1205-1210. 

Howlett, A. R., N. Bailey, et al. (1995). "Cellular growth and survival are mediated by beta 1 
integrins in normal human breast epithelium but not in breast carcinoma." J Cell Sci 
108( Part 5): 1945-1957. 

Howlett, A. R., O. W. Petersen, et al. (1994). "A novel function for the nm23-H1 gene: 
Overexpression in human breast carcinoma cells leads to the formation of basement 
membrane and growth arrest." J Natl Cancer Inst 86(24): 1838-1844. 

Hutchinson J, Jin J, et al. (2001). "Activation of Akt (protein kinase B) in mammary 
epithelium provides a critical cell survival signal required for tumor progression." 
Molecular and Cellular Biology 21(6): 2203-2212. 

Jia, Y., S. M. Markwart, et al. (2002). "Integrin receptors regulate MMP1 dependent invasion 
by breast cancer cells and by mammary epithelial cells." Submitted to J Cell Biol. 

Karunagaran, D., E. Tzahar, et al. (1996). "ErbB-2 is a common auxiliary subunit of NDF and 
EGF receptors: Implications for breast cancer." EMBO J 15(2): 254-264. 

Kokai, Y., T. Wada, et al. (1988). "The role of the neu oncogene product in cell 
transformation and normal development." Princess Takamatsu Symp 19: 45-57. 

Komatsu, M., S. Jepson, et al. (2001). "Muc4/sialomucin complex, an intramembrane 
modulator of ErbB2/HER2/Neu, potentiates primary tumor growth and 
suppresses apoptosis in a xenotransplanted tumor." Oncogene 20(4): 461-470. 

Konecny, G., M. Pegram, et al. (2006). "Activity of the dual kinase inhibitor lapatinib 
(GW572016) against HER-2-overexpressing and trastuzumab-treated breast cancer 
cells." Cancer Research 66(3): 1630-1639. 

Korkaya, H., A. Paulson, et al. (2008). "HER2 regulates the mammary stem/progenitor cell 
population driving tumorigenesis and invasion." Oncogene 27(47): 6120-6130. 

Korkaya, H. and M. Wicha (2009). "HER-2, notch, and breast cancer stem cells: targeting an 
axis of evil." Clin Cancer Res 15(6): 1845-1847. 

 
HER-2 Signaling in Human Breast Cancer 

 

85 

Kozloski, G., C. Carraway, et al. (2010). "Mechanistic and signaling analysis of MUC4-ErbB2 
signaling module: new insights into the mechanism of ligand-independent ErbB2 
activity." J Cell Physiol 224(3): 649-657. 

Livant, D. L., D. L. Allen, et al. (2000). "The PHSRN sequence induces extracellular matrix 
invasion and accelerates wound healing inobese diabetic mice." J Clin Invest 105(11): 
1537-1545. 

Livant, D. L., R. K. Brabec, et al. (2000). "Anti-invasive, antitumorigenic, and antimetastatic 
activities of the PHSCN sequence in prostate carcinoma." Cancer Res 60(2): 309-320. 

Livant, D. L., S. Linn, et al. (1995). "Invasion of selectively permeable sea urchin embryo 
basement membranes by metastatic tumor cells, but not by their normal 
counterparts." Cancer Res 55: 5085-5093. 

Lochter, A., S. Galosy, et al. (1997). "Matrix metalloproteinase stromelysin-1 triggers a 
cascade of molecular alterations that leads to stable epithelial-to-mesenchymal 
conversion and a premalignant phenotype in mammary epithelial cells." J Cell Biol 
139(7): 1861-1872. 

Lochter, A., M. Navre, et al. (1999). "alpha1 and alpha2 integrins mediate invasive activity of 
mouse mammary carcinoma cells through regulation of stromelysin-1 expression." 
Mol Biol Cell 10(2): 271-282. 

Magnifico, A., L. Albano, et al. (2009). "Tumor-initiating cells of HER2-positive carcinoma 
cell lines express the highest oncoprotein levels and are sensitive to trastuzumab." 
Clin Cancer Res 15(6): 2010-2021. 

Migliaccio I, D., M. Gutierrez, et al. (2011). "Loss of phosphatase and tensin homolog or 
phosphoinositol-3 kinase activation and response to trastuzumab or lapatinib in 
human epidermal growth factor receptor 2-overexpressing locally advanced breast 
cancers." J Clin Oncol 29(2): 166-173. 

Miller , T., J. Forbes, et al. (2009). "Inhibition of mammalian target of rapamycin is required 
for optimal antitumor effect of HER2 inhibitors against HER2-overexpressing 
cancer cells." Clin Cancer Res 15(23): 7266-7276. 

Molina, J., S. Kaufmann, et al. (2008). "Evaluation of Lapatinib andTopotecan 
CombinationTherapy:Tissue 

Culture,Murine Xenograft, and Phase I ClinicalTrial Data." Clin Cancer Res 14(23): 7900-7908. 
Muthuswamy, S., D. Li, et al. (2001). "ErbB2, but not ErbB1, reinitiates proliferation and 

induces luminal repopulation in epithelial acini." Nat Cell Biol 3(9): 785-792. 
Nagy, T., H. Wei, et al. (2007). "Mammary epithelial-specific deletion of the focal adhesion 

kinase gene leads to severe lobulo-alveolar hypoplasia and secretory immaturity of 
the murine mammary gland." J Biol Chem 282(43): 1766-1776. 

Najy, A., K. Day, et al. (2008). "The ectodomain shedding of E-cadherin by ADAM15 
supports ErbB receptor activation." J Biol Chem 283(26): 18393-18401. 

O'Brien, N., B. Browne, et al. (2010). "Activated phosphoinositide 3-kinase/AKT signaling 
confers resistance to trastuzumab but not to lapatinib." Mol Cancer Ther 9(6): 1489-
1502. 

Palmieri, C., T. Powles, et al. (2001). "Trastuzumab and breast cancer." N Engl J Med 345(13): 
996-997. 

Petersen, O. W., L. Ronnovjessen, et al. (1992). "Interaction with Basement Membrane Serves 
to Rapidly Distinguish Growth and Differentiation Pattern of Normal and 
Malignant Human Breast Epithelial Cells #713." Proc Natl Acad Sci USA 89(19): 
9064-9068. 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

84

Diehl, K. M., K. M. Woods Ignatoski, et al. (2004). "Signaling pathways in breast cancer cells 
influence the effects of the pan-erb-B kinase inhibitor CI-1033." Proc. Am. Assoc. 
Cancer Res. 45: 3683. 

Ewer, M. S., H. R. Gibbs, et al. (1999). "Cardiotoxicity in patients receiving transtuzumab 
(Herceptin): primary toxicity, synergistic or sequential stress, or surveillance 
artifact? #1758." Semin Oncol 26(4 Suppl 12): 96-101. 

Fedi, P., J. H. Pierce, et al. (1994). "Efficient Coupling with Phosphatidylinositol 3-Kinase, 
But Not Phospholipase C gamma or GTPase-Activating Protein, Distinguishes 
erbB-3 Signaling from That of Other erbB EGFr Family Members." Mol Cell Biol 
14(1): 492-500. 

Goldman, R., R. Benlevy, et al. (1990). "Heterodimerization of the erbB-1 and erbB-2 
Receptors in Human Breast Carcinoma Cells - A Mechanism for Receptor 
Transregulation." Biochemistry 29(50): 11024-11028. 

Gudjonsson, T., L. Ronnov-Jessen, et al. (2002). "Normal and tumor-derived myoepithelial 
cells differ in their ability to interact with luminal breast epithelial cells for polarity 
and basement membrane deposition." J Cell Sci 115(1): 39-50. 

Hendriks , B. S., L. K. Opresko, et al. (2003). "Quantitative Analysis of HER2-mediated 
Effects on HER2 and Epidermal Growth Factor Receptor Endocytosis Distribution 
of Homo- AND Heterodimers Depends on Relative HER2 Levels." J Biol Chem 
278(26): 23343-23351. 

Holmes, W. E., M. X. Sliwkowski, et al. (1992). "Identification of heregulin, a specific 
activator of p185erb2 #636." Science 256: 1205-1210. 

Howlett, A. R., N. Bailey, et al. (1995). "Cellular growth and survival are mediated by beta 1 
integrins in normal human breast epithelium but not in breast carcinoma." J Cell Sci 
108( Part 5): 1945-1957. 

Howlett, A. R., O. W. Petersen, et al. (1994). "A novel function for the nm23-H1 gene: 
Overexpression in human breast carcinoma cells leads to the formation of basement 
membrane and growth arrest." J Natl Cancer Inst 86(24): 1838-1844. 

Hutchinson J, Jin J, et al. (2001). "Activation of Akt (protein kinase B) in mammary 
epithelium provides a critical cell survival signal required for tumor progression." 
Molecular and Cellular Biology 21(6): 2203-2212. 

Jia, Y., S. M. Markwart, et al. (2002). "Integrin receptors regulate MMP1 dependent invasion 
by breast cancer cells and by mammary epithelial cells." Submitted to J Cell Biol. 

Karunagaran, D., E. Tzahar, et al. (1996). "ErbB-2 is a common auxiliary subunit of NDF and 
EGF receptors: Implications for breast cancer." EMBO J 15(2): 254-264. 

Kokai, Y., T. Wada, et al. (1988). "The role of the neu oncogene product in cell 
transformation and normal development." Princess Takamatsu Symp 19: 45-57. 

Komatsu, M., S. Jepson, et al. (2001). "Muc4/sialomucin complex, an intramembrane 
modulator of ErbB2/HER2/Neu, potentiates primary tumor growth and 
suppresses apoptosis in a xenotransplanted tumor." Oncogene 20(4): 461-470. 

Konecny, G., M. Pegram, et al. (2006). "Activity of the dual kinase inhibitor lapatinib 
(GW572016) against HER-2-overexpressing and trastuzumab-treated breast cancer 
cells." Cancer Research 66(3): 1630-1639. 

Korkaya, H., A. Paulson, et al. (2008). "HER2 regulates the mammary stem/progenitor cell 
population driving tumorigenesis and invasion." Oncogene 27(47): 6120-6130. 

Korkaya, H. and M. Wicha (2009). "HER-2, notch, and breast cancer stem cells: targeting an 
axis of evil." Clin Cancer Res 15(6): 1845-1847. 

 
HER-2 Signaling in Human Breast Cancer 

 

85 

Kozloski, G., C. Carraway, et al. (2010). "Mechanistic and signaling analysis of MUC4-ErbB2 
signaling module: new insights into the mechanism of ligand-independent ErbB2 
activity." J Cell Physiol 224(3): 649-657. 

Livant, D. L., D. L. Allen, et al. (2000). "The PHSRN sequence induces extracellular matrix 
invasion and accelerates wound healing inobese diabetic mice." J Clin Invest 105(11): 
1537-1545. 

Livant, D. L., R. K. Brabec, et al. (2000). "Anti-invasive, antitumorigenic, and antimetastatic 
activities of the PHSCN sequence in prostate carcinoma." Cancer Res 60(2): 309-320. 

Livant, D. L., S. Linn, et al. (1995). "Invasion of selectively permeable sea urchin embryo 
basement membranes by metastatic tumor cells, but not by their normal 
counterparts." Cancer Res 55: 5085-5093. 

Lochter, A., S. Galosy, et al. (1997). "Matrix metalloproteinase stromelysin-1 triggers a 
cascade of molecular alterations that leads to stable epithelial-to-mesenchymal 
conversion and a premalignant phenotype in mammary epithelial cells." J Cell Biol 
139(7): 1861-1872. 

Lochter, A., M. Navre, et al. (1999). "alpha1 and alpha2 integrins mediate invasive activity of 
mouse mammary carcinoma cells through regulation of stromelysin-1 expression." 
Mol Biol Cell 10(2): 271-282. 

Magnifico, A., L. Albano, et al. (2009). "Tumor-initiating cells of HER2-positive carcinoma 
cell lines express the highest oncoprotein levels and are sensitive to trastuzumab." 
Clin Cancer Res 15(6): 2010-2021. 

Migliaccio I, D., M. Gutierrez, et al. (2011). "Loss of phosphatase and tensin homolog or 
phosphoinositol-3 kinase activation and response to trastuzumab or lapatinib in 
human epidermal growth factor receptor 2-overexpressing locally advanced breast 
cancers." J Clin Oncol 29(2): 166-173. 

Miller , T., J. Forbes, et al. (2009). "Inhibition of mammalian target of rapamycin is required 
for optimal antitumor effect of HER2 inhibitors against HER2-overexpressing 
cancer cells." Clin Cancer Res 15(23): 7266-7276. 

Molina, J., S. Kaufmann, et al. (2008). "Evaluation of Lapatinib andTopotecan 
CombinationTherapy:Tissue 

Culture,Murine Xenograft, and Phase I ClinicalTrial Data." Clin Cancer Res 14(23): 7900-7908. 
Muthuswamy, S., D. Li, et al. (2001). "ErbB2, but not ErbB1, reinitiates proliferation and 

induces luminal repopulation in epithelial acini." Nat Cell Biol 3(9): 785-792. 
Nagy, T., H. Wei, et al. (2007). "Mammary epithelial-specific deletion of the focal adhesion 

kinase gene leads to severe lobulo-alveolar hypoplasia and secretory immaturity of 
the murine mammary gland." J Biol Chem 282(43): 1766-1776. 

Najy, A., K. Day, et al. (2008). "The ectodomain shedding of E-cadherin by ADAM15 
supports ErbB receptor activation." J Biol Chem 283(26): 18393-18401. 

O'Brien, N., B. Browne, et al. (2010). "Activated phosphoinositide 3-kinase/AKT signaling 
confers resistance to trastuzumab but not to lapatinib." Mol Cancer Ther 9(6): 1489-
1502. 

Palmieri, C., T. Powles, et al. (2001). "Trastuzumab and breast cancer." N Engl J Med 345(13): 
996-997. 

Petersen, O. W., L. Ronnovjessen, et al. (1992). "Interaction with Basement Membrane Serves 
to Rapidly Distinguish Growth and Differentiation Pattern of Normal and 
Malignant Human Breast Epithelial Cells #713." Proc Natl Acad Sci USA 89(19): 
9064-9068. 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

86

Ram, T. G., C. A. Dilts, et al. (1996). "Insulin-like growth factor and epidermal growth factor 
independence in human mammary carcinoma cells with c-erbB-2 gene 
amplification and progressively elevated levels of tyrosine phosphorylated erbB-2." 
Mol. Carcinogen. 15.: 227-238. 

Ram, T. G., K. E. Kokeny, et al. (1995). "Mitogenic activity of neu differentiation 
factor/heregulin mimics that of epidermal growth factor and insulin-like growth 
factor-I in human mammary epithelial cells." J. Cell. Physiol. 163: 589-596. 

Rudlowski, C., W. Rath, et al. (2001). "Trastuzumab and breast cancer." N Engl J. Med 
345(13): 997-998. 

Rusnak, D., K. Alligood, et al. (2007). "Assessment of epidermal growth factor receptor 
(EGFR, ErbB1) and HER2 (ErbB2) protein expression levels and response to 
lapatinib (Tykerb, GW572016) in an expanded panel of human normal and tumour 
cell lines." Cell Prolif 40(4): 580-594. 

Slamon, D. J., G. M. Clark, et al. (1987). "Human breast cancer: Correlation of relapse and 
survival with amplification of the HER-2/neu oncogene." Science 235: 177-182. 

Suo, Z., E. Emilsen, et al. (1998). "Type 1 protein tyrosine kinases in benign and malignant 
breast lesions #1767." Histopathology 33(6): 514-21. 

Todaro, G. J., J. E. DeLarco, et al. (1976). "Transformation by murine and feline sarcoma 
viruses specifically blocks binding of epidermal growth factor to cells." Nature 264: 
26-31. 

Woods Ignatoski, K. and S. P. Ethier (1999). "Constitutive activation of pp 125fak in eleven 
newly isolated breast cancer cell lines." Breast Cancer Res. and Treatment 54: 173-182. 

Woods Ignatoski, K. M., M. L. Dziubinski, et al. (2005). "Cooperative interactions of HER-2 
and HPV-16 oncoproteins in the malignant transformation of human mammary 
epithelial cells." Neoplasia 7(8): 788-798. 

Woods Ignatoski, K. M., A. J. LaPointe, et al. (1999). "ErbB-2 overexpression in human 
mammary epithelial cells confers growth factor independence." Endocrinology 140: 
3615-3622. 

Woods Ignatoski, K. M., D. L. Livant, et al. (2003). "The role of PI3'kinase and its 
downstream signals in erbB-2-mediated transformation." Mol Cancer Res 1(7): 551-
560. 

Woods Ignatoski, K. M., T. Maehama, et al. (2000). "ERBB-2 overexpression confers PI 3'-
kinase-dependent invasion capacity on human mammary epithelial cells." Br. J. 
Cancer 82: 666-674. 

Yokouchi, M., T. Kondo, et al. (1999). "Ligand-induced ubiquitination of the epidermal 
growth factor receptor involves the interaction of the c-Cbl RING finger and 
UbcH7." J Biol Chem 274(44): 31707-12. 

Zachary, I. and E. Rozengurt (1992). "Focal Adhesion Kinase (p125(FAK)) - a Point of 
Convergence in the Action of Neuropeptides, Integrins, and Oncogenes." Cell 71(6): 
891-894. 

Zhang, S., W. Huang, et al. (2011). "Combating trastuzumab resistance by targeting SRC, a 
common node downstream of multiple resistance pathways." Nat Med 17(4): 461-
469. 

5 

Brain Metastases Progression of Breast Cancer 
Ala-Eddin Al Moustafa1,2,3, Amber Yasmeen2, Lina Ghabreau4,  

Ali H. Mohamed4 and Amal Achkhar1,5 
1Syrian Research Cancer Centre of the Syrian Society against Cancer, Aleppo 

2Oncology Department, Faculty of Medicine, McGill University, Montréal 
 3Department of Mechanical Engineering, Concordia University, Montréal 

4Deaptement of Pathology, Faculty of Medicine/University of Aleppo, Aleppo  
5Faculty of Pharmacy, University of Aleppo, Aleppo  

1,4,5Syria 
2,3Canada 

1. Introduction 
The development of brain metastases is one of the complications of breast cancer most 
feared by patients, having connotations of loss of identity and independence (Mayer, 2007). 
Clinically evident brain metastases occur in 20-30% of patients with metastatic breast cancer 
(Landis et al., 1999; Lin et al., 2004) and median survival of patients who develop breast 
cancer brain metastases (BCBMs) is generally poor, ranging from 2 to 9 months (Altundag et 
al., 2007; Lee et al., 2008; Ogawa et al., 2008). The treatment of metastasis to the brain is 
complicated by the unique characteristics of the brain. The blood-brain barrier (BBB), with 
its tight junctions and lack of lymphatic drainage, makes the delivery of chemotherapeutic 
agents difficult and represents a therapeutic haven from chemotherapy (Patchell, 2003; 
Ballabh et al., 2004; Nathoo et al., 2005). In addition, brain metastatic disease is the most 
poorly understood aspect of cancer progression. The potential of malignant cells to spread 
to distant organs including lung, bone and brain is the leading cause of death from breast 
cancer. Some breast cancer metastases display tissue-specific patterns to distant organs, such 
as the brain (Palmieri et al., 2006-2007; Sanna et al., 2007) and bone (Yang et al., 2007; Wang 
et al., 2007). The metastatic process is a complex phenomenon, and involves several genes. 
Recent studies recognize cell adhesion proteins especially E-cadherin and matrix 
metalloproteinases (MMPs), growth factor receptors such as EGF-R, ErbB-2, VEGF, and 
contributions from signal transduction pathways in addition to the activation of specific 
chemokines/cytokines, as major regulators of the metastatic process (Zeljko et al., 2011; 
Klein et al., 2009; Bos et al., 2009; Kennecke et al., 2010; Carotenuto et al., 2010; Hinton et al., 
2010). Contrary to non-invasive breast cancer cells, malignant cells must display enhanced 
migratory behaviour and the ability to breach blood vessel walls and the dense collagenous 
matrix surrounding tumours. Additionally, metastatic cells must overcome the dynamics of 
a foreign microenvironment, to colonize and survive at a distant target site. Once metastasis 
has occurred, tumour growth is highly dependent on the ability of tumours to induce their 
own vascularization (Harlozinska, 2005; Hinton et al., 2008). There are key events to which 
malignant cells must adhere to complete their migration and angiogenesis: invasion of the  
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surrounding stromal tissue, intravasation, evasion of programmed cell death and growth 
within a new microenvironment (Kaplan et al., 2006). These events are governed by several 
important genes that can regulate cell cancer invasion to a specific organ such as lung, bone 
and brain. In this chapter, we will discuss the contributions of E-cadherin, MMPs EGF-R, 
ErbB-2, VEGF and chemokine genes, to the induction and progression of metastasis of breast 
cancer especially to the brain. 

2. MMPs and E-cadherin in brain metastasis 
Ecadherin and MMPs family proteins are heavily involved in the metastases of the brain 
(VanMeter et al., 2001; Lewis-Tuffin et al., 2010). MMPs are a broad family of zinc-
dependent proteinases that play a key role in extracellular matrix (ECM) degradation in 
metastasis (Kessenbrock et al., 2010); their expression is regulated via cytokines, and the 
ECM metalloprotease inducer is found on the surface of tumour cells. MMP activity is 
known to correlate with invasiveness, metastasis, and poor prognosis (Murphy, 2008; 
Kessenbrock et al., 2010). Earlier study found that MMP-2 is present in all metastatic brain 
tumours tested regardless of the site of origin and that the level of activity inversely 
correlated with survival (Jäälinojä et al., 2000; Deryugina and Quigley, 2006). Meanwhile, 
although MMP-9 was found to be up-regulated in all brain metastases and primary brain 
tumours, there was an inability to correlate up-regulation with survival (Arnold et al., 1999). 
Furthermore, previous studies showed that MMPs might be involved in the metastases of 
breast cancer to the brain (Cheng and Hung, 2007). A breast cancer brain metastases rat model 
was derived from injection of a carcinogen-induced mammary adenocarcinoma cell line in 
the left ventricle of rat (Mendes et al., 2005). The micro-metastasis in the brain showed a 
significantly higher expression of MMP-2, -3 and -9 and an increase in MMP-2 and MMP-3 
activity compared to the normal brain tissue (Deryugina and Quigley, 2006). Furthermore, the 
development of brain metastasis was significantly decreased by the treatment with a 
selective synthetic MMP inhibitor (Mendes et al., 2005). This phenomenon was confirmed by 
another study in which human breast cancer cells over-expressed with MMP2 were 
inoculated into the left ventricle, a higher incidence of metastasis to brain was observed 
(Tester et al., 2004). Another study also showed that brain seeking breast cancer cells have a 
higher total and active amount MMP-1 and MMP-9 with higher migration and invasion 
capacity, which could be decreased by the application of MMP-1 and/or MMP-9 inhibitor 
(Stark et al., 2007).  
On the other hand, E-cadherin/catenin complex is vital for the maintenance of both 
normal and tumour cytoarchitecture as well as a necessary mediator of cell-cell adhesion. 
β-catenin, as well as plakoglobin (γ-catenin), associate directly with the highly conserved 
cytoplasmic domain of E-cadherin in a mutually exclusive manner (Yasmeen et al., 2006; 
Al Moustafa et al., 2008). The E-cadherin/β-catenin complex is linked via α-catenin either 
directly or indirectly to the actin filament network via the actin-binding proteins α-actinin 
or vinculin (Yasmeen et al., 2006; Al Moustafa et al., 2008). The association of the E-
cadherin/catenin complex with the cytoskeleton is essential for tight cell-cell adhesions. 
In the metastatic escape of a tumour, clone cells reduced intercellular adhesion and 
disrupted cytoarchitecture, and are thus prone to separation from the primary tumour 
mass (Al Moustafa et al., 2011). These clones are then free to invade both locally as well as 
to continue on to intravasation and further progress in the cascade (Nathoo et al., 2005).  
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Decreased expression of the E-cadherin/catenin complex has been correlated with 
invasion, metastasis, and unfavorable prognosis (Bremnes et al., 2002). Shabani et al. (2003) 
established a correlation between E-cadherin/catenin complex expression and an increased 
mindbomb homolog 1 (MIB1) index in metastatic adenocarcinomas. Further, E-cadherin is 
expressed in most meningiomas (Tohma et al., 1992; Figarella-Branger et al., 1994; Howng 
et al., 2002), and its loss may be associated with tumour progression (Schwechheimer et al., 
1998). E-cadherin expression in glioblastoma multiforme or glioblastomas appears to be an 
exception to the epithelial-mesenchymal transition (EMT) rule, which is an important event 
in the progression cancer and metastasis (Lewis-Tuffin et al., 2010; Al Moustafa et al., 2011) 
(Figure 1). The molecular mechanisms underlying the contribution of E-cadherin to growth 
and/or invasiveness in glioblastomas are currently unknown. Although, the two main 
sources of brain metastasis - adenocarcinomas of the lung or the breast represent different 
models of the course of the disease (Bos et al., 2009); Zeljko et al. (2011) have showed that 
E-cadherin changes were frequent in metastases from both those malignancies. Moreover, 
Saad et al. (2008) demonstrated that loss of E-cadherin in patients with adenocarcinomas 
and squamous cell carcinomas of the lung is significantly associated to the increased risk of 
developing brain metastases. The results of other authors investigating E-cadherin 
involvement in brain metastasis (Arnold et al., 1999; Shabani et al., 2003; Prudkin et al., 
2009) collectively demonstrate that Ecadherin is constantly expressed in metastatic 
deposits. Furthermore, our recent studies also demonstrated that E-cadherin-catenin 
complex is involved in cell migration and metastasis in vivo and in vitro (Yasmeen et al., 
2007). In order to investigate the cooperation effect between ErbB-2 receptor and high-risk 
human papillomavirus (HPV) in breast carcinogenesis and metastasis, we generated 
double transgenic mice carrying ErbB-2 and E6/E7 of HPV type 16 under mouse mammary 
tumour virus (MMTV) and human keratin 14 (K14) promoters, respectively. Within six 
months, these double transgenic mice developed large and extensive invasive breast 
cancers to several vital organs including lung, bone and brain. Histological analysis of 
ErbB-2/E6/E7 transgenic mouse tumours revealed the presence of invasive breast 
carcinomas. However, breast tissues from ErbB-2 and E6/E7 singly transgenic mice 
showed only in-situ cancer and normal mammary phenotype, respectively (Yasmeen et al., 
2007). In parallel, to assess the outcome of ErbB-2/E6/E7 cooperation in human breast 
carcinogenesis, we examined the effect of ErbB-2 and E6/E7 of HPV type 16 on the BT20 
breast cancer cell lines. We found that ErbB-2/E6/E7 cooperate in the BT20 cell line to 
induce large colony formation and cell migration using soft agar and wound healing 
assays, respectively, in comparison with ErbB-2, E6/E7 and wild type cells. Moreover, we 
demonstrated that ErbB-2/E6/E7 cooperation induces a nuclear translocation of -catenin 
in BT20 cells; regarding the mechanism of this translocation, we reported that ErbB‑
2/E6/E7 cooperation provokes a dissociation of E‑cadherin/catenin complex by tyrosine 
phosphorylation of ‑catenin through pp60(c‑Src) kinase phosphorylation. Subsequently, 
the free -catenin enters to the nucleus and modulates cell transcription via its association 
with the Tcf/Lef transcription factors (Yasmeen et al., 2007; Al Moustafa et al., 2008) 
(Figure 2). In conclusion, our in vitro and in vivo models demonstrated that the ErbB‑2 
tyrosine kinase receptor cooperates with E6/E7 of high‑risk HPVs in breast tumorigenesis 
and metastasis via E‑cadherin/catenin complex (Yasmeen et al., 2007; Al Moustafa et al., 
2008). These studies provide evidence that MMPs and E-cadherin play an important role in 
brain metastases of breast cancer.  
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Fig. 1. Transformation of normal mammary epithelial to non-invasive and invasive cancer 
cells. Several oncogenes can transform normal epithelial cells to cancer ones; meanwhile, 
other genes such as, EGF-R, ErbB-2, VEGFs and chemokines, convert non-invasive cancer 
cells to invasive ones which can invade several vital organs including bone, lung, brain and 
liver. Invasion is a multi-step process which allows cell migration and invasion through 
dysfunctional cell–cell adhesive interactions, loss of cell–cell junctions and reorganization of 
the cytoskeleton; these procedures result in the loss of apical polarity and the acquisition of 
a more spindle-shaped morphology; this process is identified as the epithelial-mesenchymal 
transition (EMT). This event is accompanied by inhibition of epithelial markers such as E-
cadherin and over-expression of mesenchymal markers such as vimentin. 

3. EGF-R and ErbB-2 in brain metastasis 
The epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptor 
tyrosine kinases. This family includes four receptors: EGF-R/ErbB-1/HER-1, ErbB-2/HER-
2/Neu, ErbB-3/HER-3, and ErbB-4/HER-4 (Carney et al., 2007; Lee-Hoeflich et al., 2008) 
that are structurally related. All HER members except HER-3 contain intracellular tyrosine 
kinase domain and all except HER-2, bind to extracellular ligands (Carpenter et al., 1990). 
Certain discrete genes, with several alternative splice variants, encode either the “Epidermal 
Growth Factor (EGF) receptor ligands” or the Neuregulins that bind to different ErbB 
receptors as a co-receptor. Different ligands bind to more than one receptor with high 
affinity; consequently ErbB-2 ligands readily activate ErbB-2 in combination with the 
appropriate high affinity co-receptor. The biological activity and affinity is often higher with 
the presence of ErbB2 complex than without it. The mammalian ligands that bind to the 
ErbB family include EGF, Transforming growth factor-α (TGF-α), heparin-binding EGF-like 
growth factor (HB-EGF), amphiregulin (AR), betacellulin (BTC), epiregulin (EPR), epigen, 
tomoregulin and neuregulins (NRG-1, NRG-2, NRG-3 and NRG-4) (Chang et al., 1997; 
Bublil and Yarden, 2007). The architecture of ErbB kinases, like most receptor tyrosine 
kinases (RTKs), is characterized by an extracellular ligand-binding domain, a 
transmembrane domain, a juxtamembrane (JM) segment, a kinase domain, and a COOH  
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Fig. 2. VEGF-R, EGF-R, ErbB-2 and chemokines receptor signaling pathways in cancer cells. 
Ligands can activate downstream-signaling pathways of these receptors which also can 
interact with other protein complexes such E-cadherin/catenins. Therefore, these pathways 
alter the activity of multiple nuclear transcription factors which in turn can activate several 
genes implicated in diverse cellular procedures such as angiogenesis, cell adhesion, 
migration and invasion; after which cancer cells can migrate to several organs including 
brain. 

terminal tail (C-terminal tail). The EGF-R is involved in many cellular processes including 
cell proliferation, motility, adhesion and angiogenesis via the activation of primarily two 
pathways: Phosphatidylinositol-3 Kinase (PI3K)/Akt pathway, and the External signal-
Regulated Kinase (ERK) pathway (Yasmeen et al., 2006; Bublil and Yarden, 2007) (Figure 2). 
EGF-R is widely expressed in a variety of human cancers including non-small-cell lung 
cancer NSCLC, colorectal, pancreatic, breast, ovarian, prostate and gastric cancers 
(Raymond et al., 2000). It is thought that EGF-R plays an important role in the tumour 
development and progression (Grandis et al., 2004). In addition to their well established 
contributions to cell proliferation and survival, EGF-R and ErbB-2 are also linked with other 
characteristics of aggressive tumours such as local invasion and intravasation (Figure 2), 
independently of their effects on growth (Xue et al., 2006; Zhan et al., 2006). Gene expression 
profiling and immunohistochemical studies have indicated that 50–70% of basal-type breast 
tumours, which are ErbB-2 “triple-negative” carcinomas, exhibit EGF-R expression (Burness 
et al., 2010). This type of breast cancers is associated with large size, high tumour grade, 
increased frequency of distant metastases to several vital organs including brain (Da Silva et 
al., 2007).  

 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 90

 
Fig. 1. Transformation of normal mammary epithelial to non-invasive and invasive cancer 
cells. Several oncogenes can transform normal epithelial cells to cancer ones; meanwhile, 
other genes such as, EGF-R, ErbB-2, VEGFs and chemokines, convert non-invasive cancer 
cells to invasive ones which can invade several vital organs including bone, lung, brain and 
liver. Invasion is a multi-step process which allows cell migration and invasion through 
dysfunctional cell–cell adhesive interactions, loss of cell–cell junctions and reorganization of 
the cytoskeleton; these procedures result in the loss of apical polarity and the acquisition of 
a more spindle-shaped morphology; this process is identified as the epithelial-mesenchymal 
transition (EMT). This event is accompanied by inhibition of epithelial markers such as E-
cadherin and over-expression of mesenchymal markers such as vimentin. 

3. EGF-R and ErbB-2 in brain metastasis 
The epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptor 
tyrosine kinases. This family includes four receptors: EGF-R/ErbB-1/HER-1, ErbB-2/HER-
2/Neu, ErbB-3/HER-3, and ErbB-4/HER-4 (Carney et al., 2007; Lee-Hoeflich et al., 2008) 
that are structurally related. All HER members except HER-3 contain intracellular tyrosine 
kinase domain and all except HER-2, bind to extracellular ligands (Carpenter et al., 1990). 
Certain discrete genes, with several alternative splice variants, encode either the “Epidermal 
Growth Factor (EGF) receptor ligands” or the Neuregulins that bind to different ErbB 
receptors as a co-receptor. Different ligands bind to more than one receptor with high 
affinity; consequently ErbB-2 ligands readily activate ErbB-2 in combination with the 
appropriate high affinity co-receptor. The biological activity and affinity is often higher with 
the presence of ErbB2 complex than without it. The mammalian ligands that bind to the 
ErbB family include EGF, Transforming growth factor-α (TGF-α), heparin-binding EGF-like 
growth factor (HB-EGF), amphiregulin (AR), betacellulin (BTC), epiregulin (EPR), epigen, 
tomoregulin and neuregulins (NRG-1, NRG-2, NRG-3 and NRG-4) (Chang et al., 1997; 
Bublil and Yarden, 2007). The architecture of ErbB kinases, like most receptor tyrosine 
kinases (RTKs), is characterized by an extracellular ligand-binding domain, a 
transmembrane domain, a juxtamembrane (JM) segment, a kinase domain, and a COOH  
 

 
Brain Metastases Progression of Breast Cancer 91 

 
Fig. 2. VEGF-R, EGF-R, ErbB-2 and chemokines receptor signaling pathways in cancer cells. 
Ligands can activate downstream-signaling pathways of these receptors which also can 
interact with other protein complexes such E-cadherin/catenins. Therefore, these pathways 
alter the activity of multiple nuclear transcription factors which in turn can activate several 
genes implicated in diverse cellular procedures such as angiogenesis, cell adhesion, 
migration and invasion; after which cancer cells can migrate to several organs including 
brain. 

terminal tail (C-terminal tail). The EGF-R is involved in many cellular processes including 
cell proliferation, motility, adhesion and angiogenesis via the activation of primarily two 
pathways: Phosphatidylinositol-3 Kinase (PI3K)/Akt pathway, and the External signal-
Regulated Kinase (ERK) pathway (Yasmeen et al., 2006; Bublil and Yarden, 2007) (Figure 2). 
EGF-R is widely expressed in a variety of human cancers including non-small-cell lung 
cancer NSCLC, colorectal, pancreatic, breast, ovarian, prostate and gastric cancers 
(Raymond et al., 2000). It is thought that EGF-R plays an important role in the tumour 
development and progression (Grandis et al., 2004). In addition to their well established 
contributions to cell proliferation and survival, EGF-R and ErbB-2 are also linked with other 
characteristics of aggressive tumours such as local invasion and intravasation (Figure 2), 
independently of their effects on growth (Xue et al., 2006; Zhan et al., 2006). Gene expression 
profiling and immunohistochemical studies have indicated that 50–70% of basal-type breast 
tumours, which are ErbB-2 “triple-negative” carcinomas, exhibit EGF-R expression (Burness 
et al., 2010). This type of breast cancers is associated with large size, high tumour grade, 
increased frequency of distant metastases to several vital organs including brain (Da Silva et 
al., 2007).  
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ErbB-2/HER-2/Neu oncogene, located on the long arm of chromosome 17 (17q12-q21), is 
over-expressed or amplified in 18–35% of invasive breast cancers and in 60% of intraductal 
breast carcinomas but are not over-expressed relative to the normal breast epithelium 
(Pawlowski et al., 2000). Over-expression of ErbB-2 in breast carcinoma patients is 
associated with a shorter survival period and more frequent disease recurrence compared 
with patients without ErbB-2 over-expression (Slamon et al., 1987). Moreover, over-
expression of ErbB-2 in breast cancer cell lines increases the portion of cells that present 
stem-like properties (Korkaya et al., 2008) and display intrinsic resistance to antiestrogen 
therapy (Jordan et al., 2007; Fan et al., 2009). ErbB-2 amplification/over-expression is a 
prognostic and predictive factor for the development of CNS metastases (Evans et al., 2004; 
Gabos et al., 2006). Autopsy data show that the incidence rate for CNS metastases in ErbB-2-
positive breast cancer patients is higher (ie, 30% to 50%) than that in ErbB-2-negative breast 
cancer patients (approximately 30%) (Aragon-Ching et al., 2007). On the other hand, a 
retrospective study on 9524 women with early stage breast cancer identified ErbB-2 as a 
clear risk factor for the development of CNS relapse (Pestalozzi et al., 2006). However, the 
precise biological explanation for the tendency of ErbB-2-positive breast cancer cells to 
metastasize to CNS has not been completely elucidated; although it has been suggested that 
it may occur as a result of both the aggressiveness of this breast cancer subtype and of a 
particular affinity for CNS. Interestingly, the survival time after the diagnosis of brain 
metastasis is longer for patients with ErbB-2-positive disease than ErbB-2-negative. It is 
estimated that one-third of women receiving Herceptin for metastatic ErbB-2-positive breast 
cancer develop CNS metastases during the course of their illness (Bendell et al., 2003; Lai et 
al., 2004). Herceptin levels in cerebrospinal fluid are 300-fold lower than those in plasma 
(Pestalozzi et al., 2000; Rusnak et al., 2001), indicating that Herceptin cannot cross the BBB 
due to its large molecular weight. The inability of Herceptin to cross the BBB may also 
contribute to the increased incidence of brain metastases in patients with ErbB-2-over-
expressing breast cancer. This is most likely because of the inherent aggressiveness of ErbB-
2-positive disease, as well as the prolongation in survival and control of extracranial disease 
attributable to Herceptin therapy (Clayton et al., 2004). Interestingly, ErbB-3 expression was 
increased in breast cancer cells residing in the brain. Neuregulin-1, the ligand for this 
receptor, is abundantly expressed in the brain (Law et al., 2004; Da Silva et al., 2010). These 
findings suggest that neuregulin/ErbB-3 activation is an important mechanism for breast 
cancer cell colonization of the brain and imply that the inhibition of ErbB family receptors 
especially EGF-R and/or ErbB-2 may play a significant role in the treatment of patients with 
brain metastases from breast cancer. 

4. VEGFs in brain metastasis 
Vascular endothelial growth factor (VEGF) belongs to VEGF family that consists of five 
members: VEGF (or VEGF-A), VEGF-B, VEGF-C, VEGF-D, and placental growth factor 
(PlGF) (Li et al., 2001; Nagy et al., 2003; Yamazaki et al., 2003). There are three receptor 
protein-tyrosine kinases for the VEGF family ligands (VEGFR-1, VEGFR-2, and VEGFR-3), 
which are primarily expressed by the endothelium and are required for normal vascular 
development (Millauer et al., 1993; Peters et al., 1993; Terman et al., 1994). Each of these 
receptors consists of seven immunoglobulin-like loops in the extracellular domain, a single 
transmembrane domain, and an intracellular protein-tyrosine kinase segment that contains a 
kinase insert, and a carboxy-terminal tail (Fantl et al., 1993) (Figure 2). Several ligands of 
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VEGF family bind to two non-enzymatic receptors (neuropilin-1 and -2), and heparan 
sulfate proteoglycans that are found on the plasma membrane and in the extracellular 
matrix (Dougher et al., 1997; Gluzman-Poltorak et al., 2000). Binding of VEGF to its 
receptors induces proliferation and migration of cancer cells (Figure 1 and 2). 
Although VEGF is considered potent mitogen for vascular endothehal cells, it is also 
considerably involved in the mitogenic activity of other cells. VEGF mRNA and protein are 
found in several tissues and organs (Berse et al., 1992; Ng et al., 2001; Maharaj et al., 2006). 
Also, VEGF gene expression and protein are found in many of human malignancies such as 
breast, non-small cell lung, colorectal, neuroblastoma, and prostate carcinomas (Fukuzawa 
et al., 2002; Hoeben et al., 2004; Xu et al., 2004). On the contrary, VEGF receptors are 
generally limited to endothelial cells in the cardiovascular and lymphatic systems (Kukk et 
al., 1996; Lymboussaki et al., 1999). 
In the nervous tissue, VEGF is crucial for vascular growth during brain development (Breier 
et al., 1992; Ogunshola et al., 2000; Vates et al., 2005). However, in the intact adult CNS, the 
expression of VEGF becomes restricted to the choroid plexus, area postrema cerebellar 
granule cells (Monacci et al., 1993), and VEGF receptor expression becomes extremely low 
(Kremer et al., 1997; Soker et al., 1998). VEGF expression was demonstrated to be up-
regulated in neurons and astroglia during pathological processes in the CNS that are 
associated with angiogenesis and increased BBB permeability, including tumours and 
ischemia (Pietsch et al., 1997; Issa et al., 1999; Lee et al., 1999; Plate et al., 1999; Jin et al., 2000; 
Graumann et al, 2003). VEGF direct application to fetal cortical and ventral mescencephalic 
explants has been shown to induce significant angiogenesis and astroglial proliferation 
(Silverman et al., 1999; Mani et al., 2005; Krum et al., 2008). Furthermore, continuous 
interstitial infusion of recombinant human VEGF165 protein administered to the cerebrum 
produced significant increases in the activity and, unexpectedly, in the astroglial 
proliferation within the adult CNS (Krum et al., 2002). VEGF, thus, was considered a direct 
astroglial mitogen (Krum et al., 2002). 
It was postulated, forty years ago, by Folkman that  tumours require to be vascularized to 
grow (Folkman, 1971). Tumour cells enter the vascular system after switching on the 
angiogenic process, and forming new ascites, leading to the initiation of metastasis. VEGF, 
among other various angiogenic factors, plays an essential role in tumour angiogenesis. VEGF 
is expressed and secreted by most solid tumours, but little occurs in endothelial cells (Ribatti et 
al., 1998; Shemirani and Crowe, 2000). In contrast, VEGF receptors (VEGFR-1 and VEGFR-2 
mRNAs and proteins) are largely expressed in vessels lining and penetrating the tumours; 
where they are exclusively expressed in endothelial cells (Brown et al., 1995; Mentzel et al., 
2001). These observations are consistent with the notion that VEGF acts in a paracrine manner, 
in which VEGF that is secreted from  tumour cells influences nearby endothelial cells.  
The finding that VEGF is highly expressed in metastatic cerebral tumours originating from 
angiosarcoma, renal cell carcinomas, melanomas, and adenocarcinomas provide further 
evidence that supports the significant role for VEGF in human metastases (Strugar et al., 
1994). VEGF expression was associated with considerable staining of microvascular and the 
formation of vasogenic brain edema, revealing both the angiogenic and permeability 
properties of VEGF (Strugar et al., 1994). On the other hand, VEGF- mRNA is significantly 
correlated with vascularisation in both gliomas and meningiomas, indicating a pivotal role 
for VEGF in the vascularization of primary brain tumours (Samoto et al., 1995). It is 
currently well established that the formation of metastases correlates with the number of 
microvessels (the amount of vascularisation) that can be detected in a primary tumour.  
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contribute to the increased incidence of brain metastases in patients with ErbB-2-over-
expressing breast cancer. This is most likely because of the inherent aggressiveness of ErbB-
2-positive disease, as well as the prolongation in survival and control of extracranial disease 
attributable to Herceptin therapy (Clayton et al., 2004). Interestingly, ErbB-3 expression was 
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kinase insert, and a carboxy-terminal tail (Fantl et al., 1993) (Figure 2). Several ligands of 
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VEGF family bind to two non-enzymatic receptors (neuropilin-1 and -2), and heparan 
sulfate proteoglycans that are found on the plasma membrane and in the extracellular 
matrix (Dougher et al., 1997; Gluzman-Poltorak et al., 2000). Binding of VEGF to its 
receptors induces proliferation and migration of cancer cells (Figure 1 and 2). 
Although VEGF is considered potent mitogen for vascular endothehal cells, it is also 
considerably involved in the mitogenic activity of other cells. VEGF mRNA and protein are 
found in several tissues and organs (Berse et al., 1992; Ng et al., 2001; Maharaj et al., 2006). 
Also, VEGF gene expression and protein are found in many of human malignancies such as 
breast, non-small cell lung, colorectal, neuroblastoma, and prostate carcinomas (Fukuzawa 
et al., 2002; Hoeben et al., 2004; Xu et al., 2004). On the contrary, VEGF receptors are 
generally limited to endothelial cells in the cardiovascular and lymphatic systems (Kukk et 
al., 1996; Lymboussaki et al., 1999). 
In the nervous tissue, VEGF is crucial for vascular growth during brain development (Breier 
et al., 1992; Ogunshola et al., 2000; Vates et al., 2005). However, in the intact adult CNS, the 
expression of VEGF becomes restricted to the choroid plexus, area postrema cerebellar 
granule cells (Monacci et al., 1993), and VEGF receptor expression becomes extremely low 
(Kremer et al., 1997; Soker et al., 1998). VEGF expression was demonstrated to be up-
regulated in neurons and astroglia during pathological processes in the CNS that are 
associated with angiogenesis and increased BBB permeability, including tumours and 
ischemia (Pietsch et al., 1997; Issa et al., 1999; Lee et al., 1999; Plate et al., 1999; Jin et al., 2000; 
Graumann et al, 2003). VEGF direct application to fetal cortical and ventral mescencephalic 
explants has been shown to induce significant angiogenesis and astroglial proliferation 
(Silverman et al., 1999; Mani et al., 2005; Krum et al., 2008). Furthermore, continuous 
interstitial infusion of recombinant human VEGF165 protein administered to the cerebrum 
produced significant increases in the activity and, unexpectedly, in the astroglial 
proliferation within the adult CNS (Krum et al., 2002). VEGF, thus, was considered a direct 
astroglial mitogen (Krum et al., 2002). 
It was postulated, forty years ago, by Folkman that  tumours require to be vascularized to 
grow (Folkman, 1971). Tumour cells enter the vascular system after switching on the 
angiogenic process, and forming new ascites, leading to the initiation of metastasis. VEGF, 
among other various angiogenic factors, plays an essential role in tumour angiogenesis. VEGF 
is expressed and secreted by most solid tumours, but little occurs in endothelial cells (Ribatti et 
al., 1998; Shemirani and Crowe, 2000). In contrast, VEGF receptors (VEGFR-1 and VEGFR-2 
mRNAs and proteins) are largely expressed in vessels lining and penetrating the tumours; 
where they are exclusively expressed in endothelial cells (Brown et al., 1995; Mentzel et al., 
2001). These observations are consistent with the notion that VEGF acts in a paracrine manner, 
in which VEGF that is secreted from  tumour cells influences nearby endothelial cells.  
The finding that VEGF is highly expressed in metastatic cerebral tumours originating from 
angiosarcoma, renal cell carcinomas, melanomas, and adenocarcinomas provide further 
evidence that supports the significant role for VEGF in human metastases (Strugar et al., 
1994). VEGF expression was associated with considerable staining of microvascular and the 
formation of vasogenic brain edema, revealing both the angiogenic and permeability 
properties of VEGF (Strugar et al., 1994). On the other hand, VEGF- mRNA is significantly 
correlated with vascularisation in both gliomas and meningiomas, indicating a pivotal role 
for VEGF in the vascularization of primary brain tumours (Samoto et al., 1995). It is 
currently well established that the formation of metastases correlates with the number of 
microvessels (the amount of vascularisation) that can be detected in a primary tumour.  
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A number of mechanisms account for tumour vascularisation, including sprouting 
angiogenesis, intussusceptions, recruitment of circulating endothelial precursors, 
cooption, mosaic vessels, and vascular mimicry. VEGF family members are considered the 
major players that control these mechanisms.  Sprouting angiogenesis has been suggested 
as the mechanism that is used by the brain for vasculrization. In sprouting angiogenesis, 
VEGF-A produces vasodilatation of preexisting capillaries and increases permeability 
(Auguste et al., 2005). VEGF-A also induces endothelial cell proliferation (Auguste et al., 
2005) and an increase in metalloproteases and plasminogen activators, which lead to the 
degradation of the extracellular matrix permitting endothelial cell migration (Pepper et 
al., 1991; Vu et al., 1998; Bergers et al., 2000). Vessel guidance mechanisms that direct host 
vessels into the tumour have been identified in the brain. VEGF and its receptors have 
been postulated as important guidance signal. It seems that cells located at the invading 
front of the blood vessels, huddle VEGFR-2 and follow a VEGF gradient (Gerhardt et al., 
2003). Tumour cells injected into the brain were found to develop vascularization 
immediately by angiogenic sprouting with loss of the BBB. Tumour cells are speculated to 
be organized in cuffs of pseudopalisading cells around VEGFR-2 positive vessels, and to 
use these vessels to invade other brain areas. Vessels supply  tumour cells with oxygen 
and nutriments. 
A different mechanism of brain tumour vascularization that is distinct from the sprouting 
mechanism has been described. Accordingly, tumours in the brain can use a cooption 
mechanism for vascularization (Holash et al., 1999; Fischer et al., 2005). Vessels are 
surrounded by  tumour cells, and cooped endothelial cells are induced to express 
angiopoietin-2. Binding of angiopoietin-2 to its receptors located at the endothelial cell 
surface leads to the dissociation of the mural cells from endothelial cells, and an increase in 
apoptosis. Angiopoietin-2 activity causes a significant decrease in tumour vessel number 
and an increase in vessel diameter. Accordingly, the scarcity of vessels leads to hypoxia 
which upregulates VEGF-A expression in tumour cells. As a consequence, strong 
angiogenesis develops mainly at the tumour periphery (Holash et al., 1999; Zagzag et al., 
2000; Fischer et al, 2005). Rat mammary carcinomas was shown to be vascularized by 
cooption when cells are injected inside the brain. Metastases of Lewis lung carcinoma and 
melanoma cells into brain have been demonstrated to be partially vascularized by cooption 
(Holash et al., 1999; Kusters et al., 2002). Decreasing VEGF production, by antisense 
transfection, to 20–50% of original cell level was shown to be associated with inhibition of 
both angiogenesis and brain metastasis formation (Yano et al., 2000). In conclusion, VEGF is 
a key factor in the vascularization and metastasis of primary tumours into brain. 

5. Chemokines and chemokine receptors  
Chemotactic cytokines, or chemo-kines, are a large subfamily of cytokines that coordinate 
leukocyte recruitment and activation, two crucial elements in the pathogenesis of several 
immuno-mediated human diseases. Chemokines have been recognized in the last few years 
as important mediators in the pathogenesis of many human diseases and have assumed 
growing relevance in clinical pathology as markers of disease onset, progression, and 
remission (Hinton et al., 2010). Since the description of the first chemokine in 1977, over 40 
related molecules have been discovered in humans and chemokines have been recognized 
as a family of functionally related small secreted molecules named "chemo-kine" because of 
leukocyte chemoattractant and cytokine-like activities (Luster, 1998; Locati and Murphy, 
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1999). Human chemokine family is currently known to include more than 40 chemokines 
and 20 chemokine receptors (Bonecchi et al., 2009). These receptors are defined by their 
ability to induce directional migration of cells toward a gradient of a chemotactic cytokine (a 
process known as chemotaxis) (Figure 2). Chemokine receptors are a family of seven 
transmembrane G protein-coupled cell surface receptors (GPCR) that are classified into four 
groups (CXC, CC, C, and CX3C) based on the position of the first two cysteines (Murphy et 
al., 2000; Zlotnik and Yoshie, 2000).  While chemokine receptors have been found in many 
different cell types, these receptors were initially identified on leukocytes and were found to 
play an important role in the homing of such cells to sites of inflammation (Loetscher et al., 
2000).  
During the past several years, other types of non-hematopoietic cells have been found to 
express receptors for various chemokines found in their distinct tissue microenvironments. 
The interactions between such receptors and their respective chemokines are thought to 
help coordinate the trafficking and organization of cells within various tissue compartments 
(Baggiolini, 1998; Moser and Loetscher, 2001). CXCR4 is one of the best studied chemokine 
receptors, primarily due to its role as a co-receptor for HIV entry (Feng et al., 1996) and its 
ability to mediate the metastasis of a variety of cancers, including prostate cancer (Zlotnik, 
2006a and b; Burger and Kipps, 2006; Sun et al., 2003). CXCR4 is a 352-amino acid 
rhodopsin-like GPCR that selectively binds the CXC chemokine stromal cell-derived factor 1 
(SDF-1), also known as CXCL12 (Fredriksson et al., 2003; Burger and Kipps, 2006). On the 
other hand, lack of either SDF-1 or CXCR4 resulted in a phenotype almost identical to that 
of late gestational lethality with defects in B cell lymphopoiesis, bone marrow colonization, 
and cardiac septal formation (Nagasawa et al., 1996; Zou et al., 1998). These studies indicate 
that CXCR4 is essential for development, hematopoiesis, organogenesis, as well as 
vascularization (Tachibana et al.,  1998; McGrath et al., 1999) and that it functions as a 
classical chemokine receptor in adults (Murphy, 1994; Baggiolini, 1998). A growing body of 
evidence now shows that CXCR4 has a role in both cancer metastasis and in cancer stem 
cells. The physiological mechanism of tissue-specific recruitment (i.e. a homing system for 
normal tissue replacement) also seems to be functional for cancer stem cells. The CXCR4-
SDF-1 axis seems to have a large influence on the biology of  tumours. High levels of SDF-1 
in organs and tissue structures such as the lymph nodes, lungs, liver, brain and bones are 
believed to direct the metastasis of CXCR4-expressing  tumour cells. In support of this 
hypothesis, several researchers have shown that multiple cancers expressing CXCR4 (e.g. 
breast, ovarian, and prostate cancers, as well as rhabdomyosarcomas and neuroblastomas) 
metastasize to the bones and the brain through the bloodstream in an SDF-1 (CXCL12)-
dependent manner (Dontu et al., 3003; Porcile et al., 2004; Sun et al., 2003; Geminder et al., 
2001; Hinton et al., 2010). The CXCR4-SDF-1-mediated trafficking/homing of  tumour cells 
during metastasis seems to share some molecular mechanisms with normal stem cell 
processes. Additionally, the mobilization, trafficking and homing of both cancer and normal 
stem cells seem to be multistep processes, as described in several studies (Hattori et al., 2001; 
Lapidot et al., 2002; Hinton et al., 2010). Previous study by Muller et al. (2001) reported in 
breast cancer that CXCR4 and CXCL12 are central players in regulating metastasis by 
showing that normal breast tissues express little CXCR4, whereas breast neoplasms express 
high levels of CXCR4; CXCR4 signaling in response to CXCL12 mediates actin 
polymerization and pseudopodia formation, and subsequently induces chemotactic and 
invasive responses (Muller et al., 2001). These data formed the basis of the hypothesis that 
malignant cells may employ chemokine receptors to migrate toward chemokine ligands 
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rhodopsin-like GPCR that selectively binds the CXC chemokine stromal cell-derived factor 1 
(SDF-1), also known as CXCL12 (Fredriksson et al., 2003; Burger and Kipps, 2006). On the 
other hand, lack of either SDF-1 or CXCR4 resulted in a phenotype almost identical to that 
of late gestational lethality with defects in B cell lymphopoiesis, bone marrow colonization, 
and cardiac septal formation (Nagasawa et al., 1996; Zou et al., 1998). These studies indicate 
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vascularization (Tachibana et al.,  1998; McGrath et al., 1999) and that it functions as a 
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evidence now shows that CXCR4 has a role in both cancer metastasis and in cancer stem 
cells. The physiological mechanism of tissue-specific recruitment (i.e. a homing system for 
normal tissue replacement) also seems to be functional for cancer stem cells. The CXCR4-
SDF-1 axis seems to have a large influence on the biology of  tumours. High levels of SDF-1 
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invasive responses (Muller et al., 2001). These data formed the basis of the hypothesis that 
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expressed at common metastatic sites, such as the lungs, bone marrow, brain and lymph 
nodes. Indeed, CXCR4 appears to be one of a limited number of genes that are enriched in a 
subpopulation of metastatic breast cancer cells, as over-expression of CXCR4 alone 
significantly increased the number of bone and brain metastases in vivo (Kang et al., 2003). 
Supporting evidence for the hypothesis was demonstrated by Liang et al. (2005) as blocking 
CXCR4 expression by siRNAs decreased breast cancer cell invasion in vitro and inhibited 
metastasis in animal models. Interestingly, the CXCR4 carboxy-terminal domain appears to 
play a major role in regulating receptor desensitization and down-regulation, whereas 
deletion of the C-terminal domain of CXCR4 leads to the down-regulation of cell-to-cell 
contact, enhanced motility, and proliferation in breast carcinoma cells (Ueda et al., 2006). 
Elucidation of the underlying mechanisms of breast cancer invasion and metastasis focusing 
on CXCR4 has resulted in several important observations. Ligand-binding studies indicate 
that the number and affinity of CXCR4 receptors are similar in nonmetastatic cells versus 
highly metastatic cells. In metastatic cells, CXCL12 binding to the Gαβγ/GDP protein 
complex leads to a GTP-for-GDP exchange, allowing Gαi to dissociate from the Gβγ 
subunit, leading to activation of ERK1/2, IκBα, JNK, Akt, p38 MAPK, and GSK-3αβ. In 
nonmetastatic cells, CXCR4 is able to independently form a complex with Gαi or Gβ 
subunits, but no Gαβγ heterotrimer could be associated with CXCR4 and, ultimately, Gβγ-
dependent downstream signaling did not occur (Holland et al., 2006). Although the 
molecular basis for the difference in G-protein signaling in metastatic versus nonmetastatic 
cells remains to be elucidated, these studies have implications for clinical studies that are 
examining CXCR4 protein expression but not receptor function. As observed in breast 
cancer cell lines, detection of CXCR4 protein does not necessarily indicate CXCR4-mediated 
signaling (Fulton, 2009).  
There is increasing evidence that CXCR4 interacts with several growth factor receptor 
tyrosine kinases. Upon activating IGF-1R, IGF-1 was shown to transactivate CXCR4 signal 
transduction in metastatic MDA-MB-231 cells but not in nonmetastatic MCF-7 cells, even 
though both cell lines are positive for IGF-1R and CXCR4 (Akekawatchai et al., 2005). 
Myofibroblasts associated with breast cancer, but not those in normal breast tissue, 
produce CXCL12 and enhance growth of  tumours through mechanisms that include 
proliferation and survival of malignant cells and angiogenesis (Allinen et al., 2004; Orimo 
et al., 2005). Specific alleles of CXCL12 are associated with an increased risk of breast 
cancer (Razmkhah et al., 2005), and CXCL12 has been shown to transactivate ErbB-2 
(Cabioglu et al., 2005). CXCR4 expression was also identified as a predictive factor of 
worse outcome in some metastatic  tumours and in malignant gliomas (Scala et al., 2005; 
Ottaiano et al., 2006; Bian et al., 2007). CXCL12/CXCR4 axis is supposed to be crucial in 
brain metastases formation from breast cancer (Hinton et al., 2008). Recently, another 
CXCL12 receptor has been identified: the orphan G protein-coupled receptor (GPCR) 
RDC1, now called CXCR7 (Balabanian et al., 2005; Burns et al., 2006). This receptor does 
not mediate typical GPCR signaling through Gi or Ca2+ mobilization. Recent findings in 
zebrafish primordial germ cells showed a scavenger activity of CXCR7 generating a 
CXCL12 gradient that would lead to the formation of a guidance cue for CXCR4-positive 
cells (Thelen and Thelen, 2008). On the other hand, formation of CXCR4/CXCR7 
heterodimers enhancing CXCL12 signaling in embryonic cells was observed, suggesting a 
potential interaction between the two receptors (Sierro et al., 2007). Nevertheless, 
CXCL12/CXCR4 relevance in brain metastasis establishment/progression needs more 
investigation especially on the molecular level.  
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6. Conclusions/Perspectives 
Cancer cell migration and invasion are critical processes in the metastatic cascade. They can 
be induced and executed by various signalling pathways and regulatory networks. Many of 
these pathways seem to overlap with developmental processes and are being abused by 
invasive carcinomas cells and their microenvironment. Although we have made substantial 
progress in understanding the molecular mechanisms underlying cancer cell migration and 
invasion in experimental systems, we still lack sufficient insights into the actual processes at 
work in metastatic cancer patients especially brain metastatic disease. This divergence 
between clinicopathologic and experimental observations is mainly based on the lack of 
appropriate surrogate markers and the lack of complex in vivo models that appropriately 
recapitulate human stochastic carcinogenesis. However, it is expected that the ongoing 
cellular and molecular research on cell migration will provide the urgently needed tools for 
the development of improved diagnosis, prognosis and eventually for the design of 
innovative therapies.  
There are few therapeutic approaches that are currently under development or in clinical 
trials specifically targeting metastatic breast cancer of the brain, such as interfering with 
specific pathways of some regulator genes of invasive cancer cells. However, by interfering 
with important signaling pathways that are known to modulate cell proliferation, survival, 
and differentiation, they may also affect cell migration and invasion. Examples are inhibitors 
against the activities of different receptor tyrosine kinases, such as EGF-R, ErbB-2, VEGF-Rs, 
fibroblast growth factor receptors, chemokine receptors, and c-Met, as well as various anti-
angiogenesis regimen or even in combinations. Altogether, such multifaceted inhibitory 
approaches may provide efficient therapeutic measures that repress not only primary  
tumour outgrowth but also metastasis formation by interfering with cancer cell migration 
and invasion to the brain and other organs. However, the cellular and molecular variations 
to cancer cell migration discussed above raise the caveat that this endeavour will not be 
easy. We believe that using microarray technology and new in vitro and in vivo cancer 
metastatic models, including brain, should help us to understand the mechanism of cancer 
metastasis and consequently facilitate the design of more successful, personalized cancer 
therapies. 
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molecular basis for the difference in G-protein signaling in metastatic versus nonmetastatic 
cells remains to be elucidated, these studies have implications for clinical studies that are 
examining CXCR4 protein expression but not receptor function. As observed in breast 
cancer cell lines, detection of CXCR4 protein does not necessarily indicate CXCR4-mediated 
signaling (Fulton, 2009).  
There is increasing evidence that CXCR4 interacts with several growth factor receptor 
tyrosine kinases. Upon activating IGF-1R, IGF-1 was shown to transactivate CXCR4 signal 
transduction in metastatic MDA-MB-231 cells but not in nonmetastatic MCF-7 cells, even 
though both cell lines are positive for IGF-1R and CXCR4 (Akekawatchai et al., 2005). 
Myofibroblasts associated with breast cancer, but not those in normal breast tissue, 
produce CXCL12 and enhance growth of  tumours through mechanisms that include 
proliferation and survival of malignant cells and angiogenesis (Allinen et al., 2004; Orimo 
et al., 2005). Specific alleles of CXCL12 are associated with an increased risk of breast 
cancer (Razmkhah et al., 2005), and CXCL12 has been shown to transactivate ErbB-2 
(Cabioglu et al., 2005). CXCR4 expression was also identified as a predictive factor of 
worse outcome in some metastatic  tumours and in malignant gliomas (Scala et al., 2005; 
Ottaiano et al., 2006; Bian et al., 2007). CXCL12/CXCR4 axis is supposed to be crucial in 
brain metastases formation from breast cancer (Hinton et al., 2008). Recently, another 
CXCL12 receptor has been identified: the orphan G protein-coupled receptor (GPCR) 
RDC1, now called CXCR7 (Balabanian et al., 2005; Burns et al., 2006). This receptor does 
not mediate typical GPCR signaling through Gi or Ca2+ mobilization. Recent findings in 
zebrafish primordial germ cells showed a scavenger activity of CXCR7 generating a 
CXCL12 gradient that would lead to the formation of a guidance cue for CXCR4-positive 
cells (Thelen and Thelen, 2008). On the other hand, formation of CXCR4/CXCR7 
heterodimers enhancing CXCL12 signaling in embryonic cells was observed, suggesting a 
potential interaction between the two receptors (Sierro et al., 2007). Nevertheless, 
CXCL12/CXCR4 relevance in brain metastasis establishment/progression needs more 
investigation especially on the molecular level.  
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6. Conclusions/Perspectives 
Cancer cell migration and invasion are critical processes in the metastatic cascade. They can 
be induced and executed by various signalling pathways and regulatory networks. Many of 
these pathways seem to overlap with developmental processes and are being abused by 
invasive carcinomas cells and their microenvironment. Although we have made substantial 
progress in understanding the molecular mechanisms underlying cancer cell migration and 
invasion in experimental systems, we still lack sufficient insights into the actual processes at 
work in metastatic cancer patients especially brain metastatic disease. This divergence 
between clinicopathologic and experimental observations is mainly based on the lack of 
appropriate surrogate markers and the lack of complex in vivo models that appropriately 
recapitulate human stochastic carcinogenesis. However, it is expected that the ongoing 
cellular and molecular research on cell migration will provide the urgently needed tools for 
the development of improved diagnosis, prognosis and eventually for the design of 
innovative therapies.  
There are few therapeutic approaches that are currently under development or in clinical 
trials specifically targeting metastatic breast cancer of the brain, such as interfering with 
specific pathways of some regulator genes of invasive cancer cells. However, by interfering 
with important signaling pathways that are known to modulate cell proliferation, survival, 
and differentiation, they may also affect cell migration and invasion. Examples are inhibitors 
against the activities of different receptor tyrosine kinases, such as EGF-R, ErbB-2, VEGF-Rs, 
fibroblast growth factor receptors, chemokine receptors, and c-Met, as well as various anti-
angiogenesis regimen or even in combinations. Altogether, such multifaceted inhibitory 
approaches may provide efficient therapeutic measures that repress not only primary  
tumour outgrowth but also metastasis formation by interfering with cancer cell migration 
and invasion to the brain and other organs. However, the cellular and molecular variations 
to cancer cell migration discussed above raise the caveat that this endeavour will not be 
easy. We believe that using microarray technology and new in vitro and in vivo cancer 
metastatic models, including brain, should help us to understand the mechanism of cancer 
metastasis and consequently facilitate the design of more successful, personalized cancer 
therapies. 
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1. Introduction 
Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death 
in females worldwide [1]. Over 1.1 million cases of breast cancer are diagnosed across the 
world each year, compared with about 500,000 cases in 1975. This represents about 10% of 
all new cancer cases and 23% of all female cancers [2-3]. An annual prevalence of more than 
4.4 million cases of breast cancer is expected worldwide by the year 2012 [4].  
In the past years, our knowledge of the genetic changes that contribute to breast cancer 
development & progression has tremendously changed [5]. Our knowledge of alterations in 
the cancer cell have allowed us to identify the signaling pathways that when disrupted 
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1. Introduction 
Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death 
in females worldwide [1]. Over 1.1 million cases of breast cancer are diagnosed across the 
world each year, compared with about 500,000 cases in 1975. This represents about 10% of 
all new cancer cases and 23% of all female cancers [2-3]. An annual prevalence of more than 
4.4 million cases of breast cancer is expected worldwide by the year 2012 [4].  
In the past years, our knowledge of the genetic changes that contribute to breast cancer 
development & progression has tremendously changed [5]. Our knowledge of alterations in 
the cancer cell have allowed us to identify the signaling pathways that when disrupted 
allow a cancer cell to escape from normal control mechanisms [6]. On the other hand, these 
aberrant processes have also provided many therapeutic points for intervention, which is 
the major topic of this chapter. Following the successful introduction of trastuzumab, the 
first human epidermal growth factor receptor (HER) targeted therapy to become widely 
used in breast cancer patients, other agents have been developed [7]. Other potential 
hallmarks of malignancy that represent a new opportunity for therapeutic targeting include 
abrogation of apoptosis, lack of senescence, angiogenesis, tumor invasion and metastasis [8]. 
Therefore, new compounds are being developed that may interfere with these hallmarks 
and that may prove to be effective in monotherapy or in combination with cytotoxic therapy 
or other targeted therapies. Novel agents are needed because many of the current therapies 
have limitations. These include drug resistance, lack of target receptor expression in tumors 
and relatively small improvements in survival [9-12].  
Thus, this chapter provides an updated overview of the several signaling transduction 
pathways involved in development of breast cancer. In addition, it focuses on recent 
progress with the therapeutic strategies targeting these pathways contributing to their 
promising success in the clinical setting. Furthermore, molecular signals of its resistance 
phenotype and breast cancer stem cells & their therapeutic targeting are discussed briefly. 
Finally, the challenges facing the significant contribution of targeted therapeutics in breast 
cancer chemotherapy are also extensively discussed. Wherever possible, advances in drug 
analogs, accepted or controversial mechanisms described for their antitumor activity will be 
discussed within the framework of the current chapter.  
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Section A describes a reported panel of potential signal transduction pathways (STPs) that are 
altered in breast cancer and are undergoing research as targeted therapeutics. Some of these 
have yielded therapeutics that already had clinical success, while others are still in the 
experimental stages (Fig. 1 & Tab.1). Though many of the underlying mechanisms of the 
multi-drug resistance (MDR) phenotype are still not clearly identified, several potential 
molecular targets and pathways of activation have been suggested. The advances in this field 
provide an emerging picture of how MDR arises and how it could be therapeutically targeted. 
In Section B, we review the potential role of cancer stem cells molecular signaling in 
development of breast cancer & its resistance phenotype. It also discusses their putative 
modulation contributing to the success of targeted therapeutics in breast cancer chemotherapy. 
 
 STP STI Mechanism 

1 

Receptor tyrosine 
Kinase: 

I- HER2 receptor 

-Trastuzumab 
 
 
 

-Lapatinib, Erlotinib, 
Gefitinib and Neratinib 

-Extracellular Targeted Therapeutic: 
Monoclonal Antibody inhibiting 
ligand binding to receptor 
-Intracellular Targeted Therapeutic: 
HER Receptor tyrosine kinase 
catalytic inhibitor 

Receptor tyrosine 
Kinase: 

II- Src receptor 
Dasatinib 

Intracellular Targeted Therapeutic: 
Src Receptor tyrosine kinase catalytic 
inhibitor 

2 MAPK Signaling 
Pathway Tipifarnib Farnesyl transferase inhibitor 

3 PI3K/Akt/mTOR 
pathway 

-Perifosine 
-Temsirolimus and 

Everolimus 
-Octreotide 

-Inhibitor of Akt phosphorylation 
-mTOR inhibitors 
 
-Inhibitor of IGF-1R signaling 

4 HSP90 signaling 
pathway 

Tanespimycin and 
Alvespimycin 

Potent inhibitiors of HSP90 function 

5 PARP signaling 
pathway 

Olapraib 
Veliparib 

PARP inhibitors 

6 Apoptosis & Autophagy 
pathways  Inhibitors of the components of 

apoptotic & autophagic pathways 

7 Angiogenesis Bevacizumab 

Extracellular Targeted Therapeutic: 
Monoclonal Antibody inhibiting 
ligand binding to receptor 
 

8 Multi-Target 
Therapeutics 

Sunitinib, Pazopanib, 
Sorafenib and Axitinib 

Intracellular Targeted Therapeutic: 
Receptor tyrosine kinase catalytic 
inhibitors 

9 Estrogen signaling 
transduction 

-Tamoxifen 
-Letrozole 

-Anti-estrogen 
-Aromatase inhibitor 

10 UPS signaling pathway Bortezomib Proteasome inhibitor 

Table 1. A list of the action site for signal transduction inhibitors (STIs) in breast cancer. 
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Fig. 1. Simplified schematic illustration of the multiple signal transduction pathways (STPs) 
in breast cancer. 

2. Targeting signal transduction pathways in breast cancer 
The mechanisms underlying the development of breast cancer are complex and vary among 
individual tumors [13]. Altered patterns of gene expression are associated with 
corresponding variations in growth rates, cellular composition and different prognoses [14]. 
Given the complex and varied factors that influence the development of breast cancer, and 
the use of increasingly sophisticated genetic analysis techniques, it is likely that more 
refined tumor subtypes and their associated prognoses will be identified[13, 15]. Advances 
in the understanding the etiology and biology of breast cancer have identified key targets 
among multiple signaling pathways involved in the development and survival of breast 
cancer cells. Thus, targeted therapies are among the most promising new agents for the 
treatment of breast cancer. Some of these reported breast cancer signaling transduction 
pathways (STPs) & their signal transduction inhibitors (STIs) are classified as follows: 

2.1 STPs-1: Receptor Tyrosine Kinase (RTKs) 
Altered patterns of gene expression can influence the activity of specific signaling pathways. 
For example, receptor tyrosine kinases (RTKs) are often aberrantly over-expressed or 
activated in human cancers. The epidermal growth factor receptor (EGFR) family is 
composed of cell surface tyrosine kinase receptors that are involved in the regulation of 
cellular proliferation and survival of epithelial cells. The EGFR (or also called HER) family 
includes four closely related receptors: EGFR/HER1/ErbB1, HER2 neu /ErbB2, 
HER3/ErbB3 and HER4/ErbB4 [16]. 

2.1.1 HER2 receptor 
Members of the HER family are encoded by genes on different chromosomes and regulate 
normal breast growth and development. The HER family couples to multiple signaling 
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pathways that impact on all aspect of breast cancer biology. Through their interconnected 
cellular signaling network, the HER family regulates diverse biological processes, including 
cell proliferation, differentiation, and survival [16-17]. Thus, they play a key role in the 
development and progression of breast cancer [16, 18-19]. 
Variations in the pathways associated with the HER family appear to be particularly 
important, not only in tumor development but also in treatment efficacy [20-21]. For 
example, in breast cancer, constitutive activation of the epidermal growth factor receptor 
(EGFR) and HER2 is found in approximately 16%–48% and 25%–30% of breast cancer 
tumors, respectively. Moreover, expression of HER family members in breast cancer tumors 
has a significant impact on tumor aggressiveness and patient survival. Importantly, their 
expression correlates with a more aggressive disease course, shorter survival time, and 
higher risk for resistance to endocrine therapies [10, 12, 22-27]. HER-3 expression, observed 
in approximately 18% of tumors, also correlates with shorter overall survival [28]. 
Interestingly, expression of HER-4 (found in approximately 12% of tumors) has been 
associated with more favorable tumor characteristics and longer survival [27-28]. 
Each HER receptor has an extracellular domain (ECD) involved in ligand binding, a helical 
transmembrane segment, and an intracellular protein domain with tyrosine kinase activity. 
On ligand binding, the extracellular domains of the receptors undergo conformational 
changes, which allows them to form homodimers (consisting of two identical receptors) or 
heterodimers (consisting of two different receptors) of the HER family [16, 29]. Dimerization 
of HER receptors induces phosphorylation of their intracellular tyrosine kinase domains, 
which provide docking sites for adaptor proteins and signaling enzymes [29].These 
molecules act as a link between membrane receptor kinases and “downstream” intracellular 
protein kinases, which results in the activation of multiple signaling pathways, of which the 
MAPK and PI3K pathways are probably the best studied [29]. 
HER-2 is the preferred dimerization and signaling partner for all other members of the HER 
family, and it appears to function mainly as a co-receptor, increasing the affinity of ligand 
binding to dimerized receptor complexes [29-30]. With their multiple ligands, many 
dimerization combinations, and large number of downstream effectors, the HER family 
mediates an extensive range of signals, controlling a variety of cellular processes, including 
cellular proliferation, apoptosis, and angiogenesis [29, 31]. For example, HER2 receptor 
activation leads to the phosphorylation of the intracellular catalytic domains, and ultimately 
activation of signal transduction pathways that promote proliferation and survival, 
including the phosphatidylinositol 30-kinase (PI3K)/Akt/mTOR, the Erk1/2 
mitogenactivated protein kinase (MAPK) and the Jak/Stat pathway [32]. 

2.1.2 Src-family tyrosine kinases 
The v-Src (Rous sarcoma virus) tyrosine kinase was the first oncogenic gene discovered [33]. 
The corresponding cellular gene, c-Src, is a non-receptor signaling kinase that functions as a 
hub of a vast array of signal transduction pathways that influence cellular proliferation, 
differentiation, motility and survival [34]. Several mechanisms lead to increased Src activity 
in tumors. Src is downstream in signaling from a number of growth factor receptors 
including PDGF receptor (PDGFR), epidermal growth factor receptor (EGFR) and insulin-
like growth factor- 1 receptor (IGF-1R) [35].  
In many tumor types, over-expression of these receptors, their ligands or both is frequent 
[36]. For example, reported studies suggest an association between Src tyrosine kinase and 
the development, progression and metastasis of breast cancer [37-38]. In addition, it is 
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described that mice over-expressing the HER2 oncogene develop highly metastatic 
mammary tumors with elevated Src activity [37]. Further supporting the role of Src in breast 
cancer, it has been demonstrated that Src activity is profoundly increased in human breast 
cancer tissues compared with benign breast tumors or adjacent normal breast tissues[38-39] 
and that elevated c-Src tyrosine kinase activity is correlated with early systemic relapse [40]. 
Taken together, these results strongly indicate that the Src may play an important role in the 
development and progression of breast cancer [41]. 

2.2 STIs-1: Receptor Tyrosine Kinase Inhibitors (RTKIs) 
2.2.1 HER2 receptor inhibitors 
Numerous agents targeting individual members of the HER family have been developed for 
use in the treatment of breast cancer. Existing therapeutic approaches have largely focused 
on two classes of agents: 

2.2.1.1 Extracellular targeted therapies 
Monoclonal antibodies 
The first comprises monoclonal antibodies that bind to extracellular regions of HER to 
interfere with receptor function (e.g., trastuzumab, pertuzumab, and a number of pan-HER 
inhibitors). Trastuzumab binds to the juxtamembrane region of HER-2 with high specificity, 
but it is not currently known how it specifically interferes with HER-2 function [42]. 
Pertuzumab is the first in a class of HER-2 dimerization inhibitors. Binding to HER-2 
inhibits its dimerization with other HER receptors and this is thought to result in slowed 
tumor growth [43].  
Trastuzumab, an HER2 specific humanized monoclonal antibody was one of the first 
biologicals to be approved for metastatic breast cancer treatment [44]. In patients, HER2 is 
over-expressed and/or amplified in one-fourth of breast tumors and confers a more 
aggressive clinical course and a worse survival [25, 45]. The outcome of these highly 
aggressive tumors has markedly improved with the development of anti-HER2 therapies. 
Trastuzumab (Herceptin®) is a recombinant humanised monoclonal antibody that binds 
with high affinity to the extracellular juxtamembrane domain of HER2 and inhibits the 
proliferation of human tumor cells that over-express HER2 in vitro and in vivo [46-48]. 
Trastuzumab. Trastuzumab, administered as an i.v. infusion, is approved in the U.S. and 
Europe for the treatment of HER-2–over-expressing metastatic breast cancer (MBC) [7]. It is 
standard-of-care treatment for MBC patients with HER-2–over-expressing tumors, both as 
first-line treatment in combination with chemotherapy and as a single agent in women who 
have HER-2–over-expressing breast cancer that has progressed after chemotherapy for 
metastatic disease[44, 49]. Trastuzumab is approved for the adjuvant treatment of HER-2+, 
node negative (ER-/progesterone receptor [PgR-]) or node-positive breast cancer, either in 
combination with chemotherapy or as a single agent following multi-modality 
anthracycline-based treatment. 
In patients with HER2 amplified tumors, trastuzumab has single agent activity and 
improves survival in the first-line setting when combined with chemotherapy in patients 
with advanced disease [44, 50]. Recently, a number of well powered clinical trials have 
demonstrated that administration of trastuzumab in the adjuvant setting, in combination 
and/or sequentially after chemotherapy, results in an improvement in disease-free survival 
as well as overall survival [51-54]. 
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and/or sequentially after chemotherapy, results in an improvement in disease-free survival 
as well as overall survival [51-54]. 
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Trastuzumab efficacy in the metastatic setting has provided the rationale for several studies 
investigating the use of trastuzumab plus chemotherapy as adjuvant treatment for patients 
with earlystage HER-2+ breast cancer [52-53, 55-56]. Studies have evaluated a range of 
different trastuzumab-based combination regimens for the first-line treatment of MBC [50, 
57]. Additionally, a number of trials are ongoing investigating trastuzumab in combination 
with hormonal therapy in MBC patients [58-59]. When administered as a single agent, 
trastuzumab has documented efficacy as a first-line therapy, with response rates typically in 
the range of 23%–33% [60-62]. Of those patients with MBC who do achieve an initial 
response, many experience disease progression within 12 months as a result of the high 
proportion of HER-2–over-expressing tumors that have intrinsic resistance to this agent [63]. 
Given the absence of known specific ligands for HER-2, thus there is no alternative 
approach to blocking this pathway except by trastuzumab. This has clinical implications as 
this may be related to the development of resistance to HER-2 blockade [64]. 
On the other hand, changing the traditional treatment paradigm in patients progressing on 
trastuzumab and administering further trastuzumab-based therapy beyond disease 
progression may have clinical benefit [65-66].This “treatment beyond progression” approach 
is increasingly being studied in clinical trials by combining trastuzumab either with 
chemotherapy [67-68] or with another targeted agent, such as the RTKI lapatinib [69]. 
Trastuzumab-DM1 (T-DM1) is an anti–HER-2 antibody drug conjugate comprising 
trastuzumab linked to the maytansine derivative DM1. Combining these two agents 
facilitates anti–HER-2 activity as well as targeted intracellular delivery of a potent cytotoxic 
agent. Single-agent TDM1 as well tolerated, active and no dose-limiting cardiotoxicity was 
observed in a phase II study of 112 patients with pretreated MBC [7]. 
Limitations of Trastuzumab therapy 
1. Trastuzumab is an effective treatment for patients with HER-2+ disease, yet its use is 

limited to this group (approximately 25%) [25]. Thus, accurate patient selection for 
treatment is important, using an appropriate method, such as immunohistochemistry or 
fluorescence in situ hybridization, to detect HER-2 over-expression.  

2. Not all HER-2+ patients respond to treatment with trastuzumab, and the development 
of resistance is an issue. In the future, it may be possible to overcome resistance by 
combining trastuzumab with new therapies such as pertuzumab, by switching to an 
agent such as lapatinib that inhibits both HER-1 and HER-2 activity, or, if proven 
effective, the use of one of the pan-HER inhibitors currently in development.  

3. Trastuzumab is unable to penetrate the blood– brain barrier (Guy et al., 1994) and over-
expression of HER-2 is known to be associated with a greater risk for central nervous 
system (CNS) metastases [70]. Patients with HER-2+ MBC treated with trastuzumab 
appear to be at greater risk for developing CNS metastases than those who do not 
receive trastuzumab therapy [71]. However, HER-2+ patients with CNS metastases who 
are treated with trastuzumab appear to have a longer overall survival duration than 
those who are HER-2- or those unselected for HER-2 status. This may reflect greater 
control of extra-cranial disease as a result of trastuzumab therapy [72]. 

4. Treatment with trastuzumab is associated with a higher risk for cardiomyopathy (left 
ventricular dysfunction and congestive heart failure), particularly when used in 
combination with paclitaxel or anthracyclines [73]. However, these cardiotoxic effects 
appear to be reversible once trastuzumab treatment is discontinued or if they are 
managed with appropriate medical therapy [74-75]. The cellular mechanisms 
contributing to the cardiotoxicity observed with trastuzumab are still being explored. It 
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is known that HER-2 plays an important role in cardiomyocyte development and 
function, and trastuzumab- induced inhibition of HER-2 signaling in cardiomyocytes 
may be a central mechanism underlying the observed cardiomyopathy. However, the 
full explanation is likely to be more complex. Cardiotoxicity does not appear to be an 
issue with the RTKI lapatinib, which inhibits both HER-1 and HER- 2 [76] 

5. Although cardiotoxicity is the primary safety concern with trastuzumab, potentially 
severe hypersensitivity reactions to infusion have also been reported [7]. 

Other example of novel anti-HER2 agents include antibodies that interfere with HER2 
dimerisation. Pertuzumab is a recombinant, humanised MAb that targets an epitope within 
the HER2 dimerisation domain [77]. Once bound, pertuzumab inhibits ligand-activated HER 
dimerisation with HER2 and thereby inhibiting activation of intracellular signaling [78]. 
2.2.1.2 Intracellular targeted therapies  
Receptor tyrosine kinase inhibitors (RKIs) 
The second class of HER-targeted agents comprises the small molecule receptor tyrosine 
kinase inhibitors (RTKIs) that inhibit enzyme function of HER family members 
intracellularly. Oral RTKIs include lapatinib, neratinib (both inhibit HER-1 and HER-2), 
erlotinib and gefitinib that target the intracellular domain of HER-1, and the irreversible 
pan-HER inhibitors PF-00299804 and canertinib, which inhibit the kinase signaling of 
multiple HER family members [79]. 
Another strategy to target HER2 is with low molecular weight tyrosine kinase inhibitors. 
Lapatinib (Tykerb®) is a dual EGFR and HER2 inhibitor that has been studied extensively in 
multiple clinical settings. Lapatinib is approved in the U.S. (March 2007) and European 
Union (EU) (June 2008) for use (oral administration) in combination with capecitabine for 
the treatment of patients with advanced breast cancer or MBC whose tumors over-express 
HER-2 and who have received prior therapy including an anthracycline, a taxane, and 
trastuzumab [7]. 
Lapatinib increases survival in patients with advanced HER2-over-expressing breast cancer 
when given in combination with the chemotherapeutic agent capecitabine compared to 
capecitabine alone in patients that had previously failed anthracyclines and taxanes [80]. 
The incidences of adverse events (including those leading to treatment discontinuation) and 
symptomatic cardiac events were similar in both treatment groups. The observation that 
fewer patients in the lapatinib group developed central nervous system (CNS) metastases 
together with lapatinib’s low molecular weight and capacity to cross the blood-brain barrier 
has led to a clinical trial to study the role of lapatinib in the treatment of brain metastasis in 
patients with HER2-over-expressing breast cancer [25, 28]. Thus, contrary to trastuzumab, 
lapatinib has a putative activity against CNS metastases in patients with HER-2+ breast 
cancer [81]. These data suggest that, as a small molecule RTKI, it may be able to cross the 
blood– brain barrier to provide effective therapeutic concentrations in cerebrospinal fluid 
(unlike monoclonal antibodies such as trastuzumab). 
Lapatinib appears to be associated with less cardiotoxicity than trastuzumab [82]. However, 
as lapatinib development is extended to include the treatment of patients with lower-risk 
primary breast cancer, it will be increasingly important to monitor cardiotoxic effects. The 
most common adverse effects associated with lapatinib treatment are gastrointestinal; 
lapatinib-related diarrhea generally occurs early in the course of treatment, is mild to 
moderate, and does not require treatment, although monitoring is important to identify 
patients who may need intervention [7]. 
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Trastuzumab efficacy in the metastatic setting has provided the rationale for several studies 
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the range of 23%–33% [60-62]. Of those patients with MBC who do achieve an initial 
response, many experience disease progression within 12 months as a result of the high 
proportion of HER-2–over-expressing tumors that have intrinsic resistance to this agent [63]. 
Given the absence of known specific ligands for HER-2, thus there is no alternative 
approach to blocking this pathway except by trastuzumab. This has clinical implications as 
this may be related to the development of resistance to HER-2 blockade [64]. 
On the other hand, changing the traditional treatment paradigm in patients progressing on 
trastuzumab and administering further trastuzumab-based therapy beyond disease 
progression may have clinical benefit [65-66].This “treatment beyond progression” approach 
is increasingly being studied in clinical trials by combining trastuzumab either with 
chemotherapy [67-68] or with another targeted agent, such as the RTKI lapatinib [69]. 
Trastuzumab-DM1 (T-DM1) is an anti–HER-2 antibody drug conjugate comprising 
trastuzumab linked to the maytansine derivative DM1. Combining these two agents 
facilitates anti–HER-2 activity as well as targeted intracellular delivery of a potent cytotoxic 
agent. Single-agent TDM1 as well tolerated, active and no dose-limiting cardiotoxicity was 
observed in a phase II study of 112 patients with pretreated MBC [7]. 
Limitations of Trastuzumab therapy 
1. Trastuzumab is an effective treatment for patients with HER-2+ disease, yet its use is 

limited to this group (approximately 25%) [25]. Thus, accurate patient selection for 
treatment is important, using an appropriate method, such as immunohistochemistry or 
fluorescence in situ hybridization, to detect HER-2 over-expression.  

2. Not all HER-2+ patients respond to treatment with trastuzumab, and the development 
of resistance is an issue. In the future, it may be possible to overcome resistance by 
combining trastuzumab with new therapies such as pertuzumab, by switching to an 
agent such as lapatinib that inhibits both HER-1 and HER-2 activity, or, if proven 
effective, the use of one of the pan-HER inhibitors currently in development.  

3. Trastuzumab is unable to penetrate the blood– brain barrier (Guy et al., 1994) and over-
expression of HER-2 is known to be associated with a greater risk for central nervous 
system (CNS) metastases [70]. Patients with HER-2+ MBC treated with trastuzumab 
appear to be at greater risk for developing CNS metastases than those who do not 
receive trastuzumab therapy [71]. However, HER-2+ patients with CNS metastases who 
are treated with trastuzumab appear to have a longer overall survival duration than 
those who are HER-2- or those unselected for HER-2 status. This may reflect greater 
control of extra-cranial disease as a result of trastuzumab therapy [72]. 

4. Treatment with trastuzumab is associated with a higher risk for cardiomyopathy (left 
ventricular dysfunction and congestive heart failure), particularly when used in 
combination with paclitaxel or anthracyclines [73]. However, these cardiotoxic effects 
appear to be reversible once trastuzumab treatment is discontinued or if they are 
managed with appropriate medical therapy [74-75]. The cellular mechanisms 
contributing to the cardiotoxicity observed with trastuzumab are still being explored. It 
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is known that HER-2 plays an important role in cardiomyocyte development and 
function, and trastuzumab- induced inhibition of HER-2 signaling in cardiomyocytes 
may be a central mechanism underlying the observed cardiomyopathy. However, the 
full explanation is likely to be more complex. Cardiotoxicity does not appear to be an 
issue with the RTKI lapatinib, which inhibits both HER-1 and HER- 2 [76] 

5. Although cardiotoxicity is the primary safety concern with trastuzumab, potentially 
severe hypersensitivity reactions to infusion have also been reported [7]. 

Other example of novel anti-HER2 agents include antibodies that interfere with HER2 
dimerisation. Pertuzumab is a recombinant, humanised MAb that targets an epitope within 
the HER2 dimerisation domain [77]. Once bound, pertuzumab inhibits ligand-activated HER 
dimerisation with HER2 and thereby inhibiting activation of intracellular signaling [78]. 
2.2.1.2 Intracellular targeted therapies  
Receptor tyrosine kinase inhibitors (RKIs) 
The second class of HER-targeted agents comprises the small molecule receptor tyrosine 
kinase inhibitors (RTKIs) that inhibit enzyme function of HER family members 
intracellularly. Oral RTKIs include lapatinib, neratinib (both inhibit HER-1 and HER-2), 
erlotinib and gefitinib that target the intracellular domain of HER-1, and the irreversible 
pan-HER inhibitors PF-00299804 and canertinib, which inhibit the kinase signaling of 
multiple HER family members [79]. 
Another strategy to target HER2 is with low molecular weight tyrosine kinase inhibitors. 
Lapatinib (Tykerb®) is a dual EGFR and HER2 inhibitor that has been studied extensively in 
multiple clinical settings. Lapatinib is approved in the U.S. (March 2007) and European 
Union (EU) (June 2008) for use (oral administration) in combination with capecitabine for 
the treatment of patients with advanced breast cancer or MBC whose tumors over-express 
HER-2 and who have received prior therapy including an anthracycline, a taxane, and 
trastuzumab [7]. 
Lapatinib increases survival in patients with advanced HER2-over-expressing breast cancer 
when given in combination with the chemotherapeutic agent capecitabine compared to 
capecitabine alone in patients that had previously failed anthracyclines and taxanes [80]. 
The incidences of adverse events (including those leading to treatment discontinuation) and 
symptomatic cardiac events were similar in both treatment groups. The observation that 
fewer patients in the lapatinib group developed central nervous system (CNS) metastases 
together with lapatinib’s low molecular weight and capacity to cross the blood-brain barrier 
has led to a clinical trial to study the role of lapatinib in the treatment of brain metastasis in 
patients with HER2-over-expressing breast cancer [25, 28]. Thus, contrary to trastuzumab, 
lapatinib has a putative activity against CNS metastases in patients with HER-2+ breast 
cancer [81]. These data suggest that, as a small molecule RTKI, it may be able to cross the 
blood– brain barrier to provide effective therapeutic concentrations in cerebrospinal fluid 
(unlike monoclonal antibodies such as trastuzumab). 
Lapatinib appears to be associated with less cardiotoxicity than trastuzumab [82]. However, 
as lapatinib development is extended to include the treatment of patients with lower-risk 
primary breast cancer, it will be increasingly important to monitor cardiotoxic effects. The 
most common adverse effects associated with lapatinib treatment are gastrointestinal; 
lapatinib-related diarrhea generally occurs early in the course of treatment, is mild to 
moderate, and does not require treatment, although monitoring is important to identify 
patients who may need intervention [7]. 
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Other examples of RTKIs include Erlotinib and Gefitinib. Recent clinical studies have not 
demonstrated any significant clinical benefit for erlotinib or gefitinib either as single agents 
or in combination with other agents in MBC [68, 83-85]. Given their lack of activity as 
monotherapy in MBC, studies continue to investigate the efficacy of erlotinib and gefitinib 
in combination with other targeted therapies, chemotherapy, or hormonal agents; however, 
tolerability issues may limit this approach. 
Other anti-HER tyrosine kinase inhibitors in clinical development include HKI-272. 
Neratinib (HKI-272) is an orally administered, irreversible, pan-erbB kinase inhibitor [86] 
that covalently bind to the intracellular kinase domain. The observation that some patients 
with chronic myelogenous leukemia were developing resistance to the RTKI imatinib led to 
the development of neratinib. In preclinical models, neratinib has been shown to have 
promising antiproliferative activity in both HER-2–dependent cell lines and tumor 
xenografts. 
Phase I/II data have confirmed that neratinib has antitumor activity in patients with HER-
2+ MBC, either as a single agent in trastuzumab refractory patients or in combination with 
trastuzumab, and the safety profile of this agent has been manageable [87]. 

2.2.2 Src-family tyrosine kinases inhibitors 
Currently, small-molecule Src inhibitors are in early phases of clinical development either 
as single agents, in combination with cytotoxic agents, biological therapies or in 
combination with hormonal treatment. Originally, dasatinib (BMS-354825) was selected as 
a synthetic small-molecule inhibitor of Src-family kinases; then, it was found to inhibit at 
least four other protein tyrosine kinases: bcr-abl, c-Kit, EphA2, PDGF-beta. Dasatinib is 
currently studied in clinical trials for the treatment of solid tumors, including breast 
cancer. Preclinical evidence suggests that dasatinib could be effective in breast cancer cell 
lines of basal-like subtype [88]. These findings provide scientific rationale for the clinical 
development of dasatinib in the treatment of patients with ‘triple-negative’ breast cancer, 
a tumor subtype that is categorised as being aggressive and lacking effective targeted 
treatments, such as endocrine therapies and anti- HER2 strategies. More recently, AZD-
0530 a highly selective, dual-specific, orally available small-molecule inhibitor of Src 
kinase and Bcr-Abl has entered clinical trials [89]. In healthy volunteers, AZD-0530 has 
shown only mild adverse events.  
Targeting downstream effector molecules 
Targeting HER receptors with extracellular monoclonal antibodies and intracellular RTKIs 
has shown promising clinical activity. There is, however, a need for better treatment of MBC 
patients because many of these current therapies are restricted to a subset of the MBC 
patient population. Targeting cellular signaling pathways, such as the MAPK and PI3K 
pathways, downstream of HER receptors may be an attractive avenue for novel treatments. 
Additionally, there is some evidence that targeting heat shock proteins (Hsps) and the 
apoptotic pathway may be viable options for future therapeutic strategies in MBC. Recent 
developments in this field are briefly discussed in the following sections. 

2.3 STPs-2: Targeting downstream MAPK signaling pathway  
The MAPK pathway, also termed the extracellular signal-regulated kinase (ERK) pathway, 
contains downstream effectorsof the HER family and other tyrosine kinases, and is a central 
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part of the signaling networks that control fundamental cellular processes, including cell 
proliferation, differentiation, and survival [90]. 

2.4 STIs-2: Targeted therapies directed at the MAPK signaling pathway 
The farnesyl transferase inhibitor tipifarnib (R115777) was evaluated in phase III trials for 
the treatment of breast cancer, although further development has now been terminated  
[91-93]. AZD6244 (ARRY-142886) is an inhibitor of the enzyme MEK, a component of the 
MAPK pathway. AZD6244 is currently in phase I clinical studies in several cancer types, 
including breast cancer. 

2.5 STPs-3: Targeting downstream PI3K/Akt/mTOR pathway signaling pathway  
The PI3K/Akt pathway plays a central role in diverse cellular functions including 
proliferation, growth, survival and metabolism. In addition to their physiological role, 
several isoforms of the PI3K family are implicated in tumor development, including cell 
proliferation, cell growth, cell motility, cell survival, and angiogenesis [29]. The relationship 
between dysregulated PI3K activity and the onset of cancer is well documented [94]. In 
particular, members of class 1A PI3Ks are often mutated in human cancer [95-100]. As a 
result of receptor tyrosine kinase RTK activation and phosphorylation, PI3K interacts with 
the intracellular domain of the receptors. Subsequent phosphorylation event by the 
mammalian target of rapamycin (mTOR)-complex is required for maximal Akt activity [101-
102]. Akt is the central effector of the pathway. Akt reduces cell cycle inhibitors p27 and p21, 
and promotes cell cycle proteins c-Myc and cyclin D1, resulting in enhanced cellular 
proliferation. Its influence extends to a host of pro- and antiapoptotic proteins, such as the 
Bcl-2 family member Bad, limiting programmed cell death and boosting cellular survival. 
mTOR is a central regulator of cellular responses to multiple stimuli including amino acid 
availability and growth factor receptor signaling. In cells with sufficient nutrients, mTOR 
relays a signal to the translational machinery leading to an enhanced translation of mRNAs 
encoding proteins essential for cell growth and cell cycle progression [103-104]. 
There is growing evidence that uncontrolled activation of the phosphatidylinositol 3-kinase 
(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway, achieved via numerous 
genetic and epigenetic alterations, contributes to the development and progression of 
human cancers, including breast cancer [105]. In breast tumors, activating mutations in 
PIK3A, encoding the catalytic subunit of PI3K, or loss of PTEN, the negative regulator of 
PI3K activity, are very frequent and contribute to constitutive pathway activation and 
mTOR activity. Further, they may result in resistance to upstream anti-receptor agents. For 
example, trastuzumab depends on intact PTEN for its action in HER2-over-expressing 
breast cell lines, and PTEN loss predicts for trastuzumab resistance [106]. Therefore, this 
pathway is an attractive target for novel anticancer agents. Clinical trials are currently 
underway with mTOR, PI3K and Akt inhibitors. 

2.6 STIs-3: Inhibitors of the PI3K/Akt/mTOR pathway 
Therapies targeting the PI3K pathway include perifosine (KRX-0401), which inhibits Akt 
phosphorylation [107] and mTOR inhibitors are also further ahead in development within 
this class of agents. The rapamycin analogs that target mammalian target of rapamycin 
include temsirolimus (CCl-779) [108-109]. Rapamycin derivatives such as everolimus, 
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Other examples of RTKIs include Erlotinib and Gefitinib. Recent clinical studies have not 
demonstrated any significant clinical benefit for erlotinib or gefitinib either as single agents 
or in combination with other agents in MBC [68, 83-85]. Given their lack of activity as 
monotherapy in MBC, studies continue to investigate the efficacy of erlotinib and gefitinib 
in combination with other targeted therapies, chemotherapy, or hormonal agents; however, 
tolerability issues may limit this approach. 
Other anti-HER tyrosine kinase inhibitors in clinical development include HKI-272. 
Neratinib (HKI-272) is an orally administered, irreversible, pan-erbB kinase inhibitor [86] 
that covalently bind to the intracellular kinase domain. The observation that some patients 
with chronic myelogenous leukemia were developing resistance to the RTKI imatinib led to 
the development of neratinib. In preclinical models, neratinib has been shown to have 
promising antiproliferative activity in both HER-2–dependent cell lines and tumor 
xenografts. 
Phase I/II data have confirmed that neratinib has antitumor activity in patients with HER-
2+ MBC, either as a single agent in trastuzumab refractory patients or in combination with 
trastuzumab, and the safety profile of this agent has been manageable [87]. 

2.2.2 Src-family tyrosine kinases inhibitors 
Currently, small-molecule Src inhibitors are in early phases of clinical development either 
as single agents, in combination with cytotoxic agents, biological therapies or in 
combination with hormonal treatment. Originally, dasatinib (BMS-354825) was selected as 
a synthetic small-molecule inhibitor of Src-family kinases; then, it was found to inhibit at 
least four other protein tyrosine kinases: bcr-abl, c-Kit, EphA2, PDGF-beta. Dasatinib is 
currently studied in clinical trials for the treatment of solid tumors, including breast 
cancer. Preclinical evidence suggests that dasatinib could be effective in breast cancer cell 
lines of basal-like subtype [88]. These findings provide scientific rationale for the clinical 
development of dasatinib in the treatment of patients with ‘triple-negative’ breast cancer, 
a tumor subtype that is categorised as being aggressive and lacking effective targeted 
treatments, such as endocrine therapies and anti- HER2 strategies. More recently, AZD-
0530 a highly selective, dual-specific, orally available small-molecule inhibitor of Src 
kinase and Bcr-Abl has entered clinical trials [89]. In healthy volunteers, AZD-0530 has 
shown only mild adverse events.  
Targeting downstream effector molecules 
Targeting HER receptors with extracellular monoclonal antibodies and intracellular RTKIs 
has shown promising clinical activity. There is, however, a need for better treatment of MBC 
patients because many of these current therapies are restricted to a subset of the MBC 
patient population. Targeting cellular signaling pathways, such as the MAPK and PI3K 
pathways, downstream of HER receptors may be an attractive avenue for novel treatments. 
Additionally, there is some evidence that targeting heat shock proteins (Hsps) and the 
apoptotic pathway may be viable options for future therapeutic strategies in MBC. Recent 
developments in this field are briefly discussed in the following sections. 

2.3 STPs-2: Targeting downstream MAPK signaling pathway  
The MAPK pathway, also termed the extracellular signal-regulated kinase (ERK) pathway, 
contains downstream effectorsof the HER family and other tyrosine kinases, and is a central 
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part of the signaling networks that control fundamental cellular processes, including cell 
proliferation, differentiation, and survival [90]. 

2.4 STIs-2: Targeted therapies directed at the MAPK signaling pathway 
The farnesyl transferase inhibitor tipifarnib (R115777) was evaluated in phase III trials for 
the treatment of breast cancer, although further development has now been terminated  
[91-93]. AZD6244 (ARRY-142886) is an inhibitor of the enzyme MEK, a component of the 
MAPK pathway. AZD6244 is currently in phase I clinical studies in several cancer types, 
including breast cancer. 

2.5 STPs-3: Targeting downstream PI3K/Akt/mTOR pathway signaling pathway  
The PI3K/Akt pathway plays a central role in diverse cellular functions including 
proliferation, growth, survival and metabolism. In addition to their physiological role, 
several isoforms of the PI3K family are implicated in tumor development, including cell 
proliferation, cell growth, cell motility, cell survival, and angiogenesis [29]. The relationship 
between dysregulated PI3K activity and the onset of cancer is well documented [94]. In 
particular, members of class 1A PI3Ks are often mutated in human cancer [95-100]. As a 
result of receptor tyrosine kinase RTK activation and phosphorylation, PI3K interacts with 
the intracellular domain of the receptors. Subsequent phosphorylation event by the 
mammalian target of rapamycin (mTOR)-complex is required for maximal Akt activity [101-
102]. Akt is the central effector of the pathway. Akt reduces cell cycle inhibitors p27 and p21, 
and promotes cell cycle proteins c-Myc and cyclin D1, resulting in enhanced cellular 
proliferation. Its influence extends to a host of pro- and antiapoptotic proteins, such as the 
Bcl-2 family member Bad, limiting programmed cell death and boosting cellular survival. 
mTOR is a central regulator of cellular responses to multiple stimuli including amino acid 
availability and growth factor receptor signaling. In cells with sufficient nutrients, mTOR 
relays a signal to the translational machinery leading to an enhanced translation of mRNAs 
encoding proteins essential for cell growth and cell cycle progression [103-104]. 
There is growing evidence that uncontrolled activation of the phosphatidylinositol 3-kinase 
(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway, achieved via numerous 
genetic and epigenetic alterations, contributes to the development and progression of 
human cancers, including breast cancer [105]. In breast tumors, activating mutations in 
PIK3A, encoding the catalytic subunit of PI3K, or loss of PTEN, the negative regulator of 
PI3K activity, are very frequent and contribute to constitutive pathway activation and 
mTOR activity. Further, they may result in resistance to upstream anti-receptor agents. For 
example, trastuzumab depends on intact PTEN for its action in HER2-over-expressing 
breast cell lines, and PTEN loss predicts for trastuzumab resistance [106]. Therefore, this 
pathway is an attractive target for novel anticancer agents. Clinical trials are currently 
underway with mTOR, PI3K and Akt inhibitors. 

2.6 STIs-3: Inhibitors of the PI3K/Akt/mTOR pathway 
Therapies targeting the PI3K pathway include perifosine (KRX-0401), which inhibits Akt 
phosphorylation [107] and mTOR inhibitors are also further ahead in development within 
this class of agents. The rapamycin analogs that target mammalian target of rapamycin 
include temsirolimus (CCl-779) [108-109]. Rapamycin derivatives such as everolimus, 
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temsirolimus and deforolimus are potent inhibitors of mTOR and do not share the problems 
of poor solubility and chemical stability of rapamycin. 
Recent data from two phase I trials suggest that everolimus can help overcome resistance to 
trastuzumab in women with HER-2+ MBC. Everolimus plus trastuzumab and weekly 
paclitaxel was shown to slow tumor growth in 77% of patients, and the combination of 
everolimus with trastuzumab and vinorelbine halted tumor growth in 62% of patients [110-
111]. Although early indications suggest that targeting components of the PI3K pathway 
may have some activity in the treatment of MBC, additional data, including an 
understanding of combinations and patient selection, are required. 
However, in unselected patients with breast cancer these agents have modest anti-tumor 
activity in the range of around 10% [112]. There is therefore a need to identify the subset of 
patients that may benefit from it, and PI3K/Akt/mTOR-dependency genetic signatures are 
being developed. In this direction, it has been recently observed that a majority of locally 
advanced and inflammatory breast cancers over-express the translation regulatory 
protein4E-BP1 and the initiation factor eIF4G, both of them are mTOR downstream targets. 
While additional studies are planned to further dissect this interaction, it does seem 
reasonable to explore the benefits of mTOR inhibitors in the treatment of locally advanced 
breast cancer [113]. 
Another potential explanation for the limited activity of mTOR inhibitors in breast cancer 
and other tumor types may be related to a ‘collateral effect’ of mTOR blockade. mTOR 
inhibition blocks the natural negative feed-back on IGF-1R signaling exerted on PI3K [114]. 
The result is an increase in PI3K and Akt activations which could potentially counteract the 
inhibition of mTOR. Thus, dual inhibition of both IGF-1 signaling, with either MAbs against 
the receptor or tyrosine kinase inhibitors, and mTOR results in superior anti-proliferative 
effect over each single strategy.  
In the clinic there is indirect evidence that this approach may be fruitful as well. Octreotide 
has been shown to inhibit IGF-1R signaling. Although octreotide has limited activity in 
patients with refractory neuroendocrine tumors, it has been shown to that the combination 
of everolimus and octreotide has resulted in an impressive activity [115].  

2.7 STPs-4: HSP90 signaling pathway 
Heat shock protein 90 (HSP90) is a molecular chaperone required for the stability and 
function of several conditionally activated and/or expressed signaling proteins ([116-117]. 
Many of these client proteins such as Akt, HER2, Bcr-Abl, c-Kit, EGFR and PDGFR-a are 
oncoproteins and important cell-signaling proteins [118-119]. As signal transducers and 
molecular switches, these client proteins are inherently unstable. HSP90 keeps unstable 
signaling proteins poised for activation until they are stabilised by conformational changes 
associated with the formation of signal transduction complexes. As such, it is a single 
molecular target that is a central integrator of multiple pathways important to cancer. 
Activation of HSP90-dependent client proteins proceeds through an ordered sequence of 
events linked to the ATPase activity of HSP90 and involves a variety of co-chaperone 
complexes [120]. 
HER2 is among the most sensitive client proteins of HSP90, demonstrating degradation 
within 2 h of HSP90 inhibition in cell culture experiments [121]. Geldanamycin analogues 
(17-allylamino- 17-demethoxygeldanamycin [17-AAG] and 17-dimethylaminoethylamino- 
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17-demethoxygeldanamycin [17-DMAG]) have demonstrated potent inhibition of HSP90 
function in HER2-over-expressing cell lines, demonstrating significant anti-tumor activity in 
both cell culture and animal studies [121-122]. 

2.8 STIs-4: HSP90 inhibitors 
(HSP90) is an exciting new therapeutic target, inhibition of which delivers a combinatorial 
attack on multiple oncogenic targets and pathways and on all of the hallmark traits of 
malignancy [123]. In the clinic, initial studies with the HSP90 inhibitor have demonstrated 
safety and anti-tumor activity and tolerability in combination with trastuzumab in patients 
with trastuzumab-refractory HER2- positive metastatic breast cancer patients [120]. It will be 
important to determine whether HSP90 inhibitors will have clinical activity as single agents 
in breast cancer patients. 

2.9 STPs-5: PARP signaling pathway 
Poly (ADP-ribose) polymerase 1 (PARP-1) is the initial and best characterised member of a 
family of enzymes largely associated with the maintenance of genomic stability. Activation 
of PARP-1 is part of the immediate cellular response to DNA strand breaks, converting them 
into an intracellular signal via poly (ADP-ribosylation) of nuclear proteins [124-125]. This 
results in a highly negatively charged target, which in turn leads to the unwinding and 
repair of the damaged DNA through the base excision repair pathway. In addition, PARP-1 
is also known to bind dsDNA breaks (DSB) preventing accidental recombination of 
homologous DNA [126]. Upon binding DNA breaks, the catalytic activity of PARP-1 is 
stimulated >500- fold [127]. Enhanced PARP-1 expression or activity has been also observed 
in a number of different tumor cell lines and could provide a greater level of resistance to 
both endogenous genotoxic stress and to DNA damage-inducing therapeutic agents. 
Studies of PARP expression in various tumor types identified that breast cancers with 
negative estrogen receptor, progesterone receptor and HER2 expression were much more 
likely to over-express PARP [128]. Additionally, it has been recently shown that BRCA1 and 
BRCA2 dysfunction sensitises cells to the inhibition of PARP enzymatic activity, resulting in 
chromosomal instability, cell cycle arrest and subsequent apoptosis. This seems to develop 
because the inhibition of PARP leads to the persistence of DNA lesions normally repaired by 
homologous recombination [128]. 

2.10 STIs-5: PARP inhibitors 
PARP inhibitors have been developed to investigate the role of PARP-1 in cell biology and 
to overcome DNA repair-mediated resistance of cancer cells to genotoxic agents [129]. These 
novel PARP inhibitors have been shown to enhance the anti-tumor activity of DNA-
methylating agents, such as temozolomide, topoisomerase poisons and ionising radiation in 
preclinical studies [130], and to restore sensitivity of resistant tumors to methylating agents 
or topoisomerase I inhibitors, agents presently used for the treatment of breast cancer.  

2.11 STPs-6: Apoptosis & autophagy signaling pathways  
Apoptosis, the process of programmed cell death, is governed by complex, gene-directed 
pathways [131-133]. Dysregulation of apoptosis plays a key role in tumorigenesis and can 
allow tumor cells to become resistant to anticancer treatments [132-133]. Rationale for 
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temsirolimus and deforolimus are potent inhibitors of mTOR and do not share the problems 
of poor solubility and chemical stability of rapamycin. 
Recent data from two phase I trials suggest that everolimus can help overcome resistance to 
trastuzumab in women with HER-2+ MBC. Everolimus plus trastuzumab and weekly 
paclitaxel was shown to slow tumor growth in 77% of patients, and the combination of 
everolimus with trastuzumab and vinorelbine halted tumor growth in 62% of patients [110-
111]. Although early indications suggest that targeting components of the PI3K pathway 
may have some activity in the treatment of MBC, additional data, including an 
understanding of combinations and patient selection, are required. 
However, in unselected patients with breast cancer these agents have modest anti-tumor 
activity in the range of around 10% [112]. There is therefore a need to identify the subset of 
patients that may benefit from it, and PI3K/Akt/mTOR-dependency genetic signatures are 
being developed. In this direction, it has been recently observed that a majority of locally 
advanced and inflammatory breast cancers over-express the translation regulatory 
protein4E-BP1 and the initiation factor eIF4G, both of them are mTOR downstream targets. 
While additional studies are planned to further dissect this interaction, it does seem 
reasonable to explore the benefits of mTOR inhibitors in the treatment of locally advanced 
breast cancer [113]. 
Another potential explanation for the limited activity of mTOR inhibitors in breast cancer 
and other tumor types may be related to a ‘collateral effect’ of mTOR blockade. mTOR 
inhibition blocks the natural negative feed-back on IGF-1R signaling exerted on PI3K [114]. 
The result is an increase in PI3K and Akt activations which could potentially counteract the 
inhibition of mTOR. Thus, dual inhibition of both IGF-1 signaling, with either MAbs against 
the receptor or tyrosine kinase inhibitors, and mTOR results in superior anti-proliferative 
effect over each single strategy.  
In the clinic there is indirect evidence that this approach may be fruitful as well. Octreotide 
has been shown to inhibit IGF-1R signaling. Although octreotide has limited activity in 
patients with refractory neuroendocrine tumors, it has been shown to that the combination 
of everolimus and octreotide has resulted in an impressive activity [115].  

2.7 STPs-4: HSP90 signaling pathway 
Heat shock protein 90 (HSP90) is a molecular chaperone required for the stability and 
function of several conditionally activated and/or expressed signaling proteins ([116-117]. 
Many of these client proteins such as Akt, HER2, Bcr-Abl, c-Kit, EGFR and PDGFR-a are 
oncoproteins and important cell-signaling proteins [118-119]. As signal transducers and 
molecular switches, these client proteins are inherently unstable. HSP90 keeps unstable 
signaling proteins poised for activation until they are stabilised by conformational changes 
associated with the formation of signal transduction complexes. As such, it is a single 
molecular target that is a central integrator of multiple pathways important to cancer. 
Activation of HSP90-dependent client proteins proceeds through an ordered sequence of 
events linked to the ATPase activity of HSP90 and involves a variety of co-chaperone 
complexes [120]. 
HER2 is among the most sensitive client proteins of HSP90, demonstrating degradation 
within 2 h of HSP90 inhibition in cell culture experiments [121]. Geldanamycin analogues 
(17-allylamino- 17-demethoxygeldanamycin [17-AAG] and 17-dimethylaminoethylamino- 
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17-demethoxygeldanamycin [17-DMAG]) have demonstrated potent inhibition of HSP90 
function in HER2-over-expressing cell lines, demonstrating significant anti-tumor activity in 
both cell culture and animal studies [121-122]. 

2.8 STIs-4: HSP90 inhibitors 
(HSP90) is an exciting new therapeutic target, inhibition of which delivers a combinatorial 
attack on multiple oncogenic targets and pathways and on all of the hallmark traits of 
malignancy [123]. In the clinic, initial studies with the HSP90 inhibitor have demonstrated 
safety and anti-tumor activity and tolerability in combination with trastuzumab in patients 
with trastuzumab-refractory HER2- positive metastatic breast cancer patients [120]. It will be 
important to determine whether HSP90 inhibitors will have clinical activity as single agents 
in breast cancer patients. 

2.9 STPs-5: PARP signaling pathway 
Poly (ADP-ribose) polymerase 1 (PARP-1) is the initial and best characterised member of a 
family of enzymes largely associated with the maintenance of genomic stability. Activation 
of PARP-1 is part of the immediate cellular response to DNA strand breaks, converting them 
into an intracellular signal via poly (ADP-ribosylation) of nuclear proteins [124-125]. This 
results in a highly negatively charged target, which in turn leads to the unwinding and 
repair of the damaged DNA through the base excision repair pathway. In addition, PARP-1 
is also known to bind dsDNA breaks (DSB) preventing accidental recombination of 
homologous DNA [126]. Upon binding DNA breaks, the catalytic activity of PARP-1 is 
stimulated >500- fold [127]. Enhanced PARP-1 expression or activity has been also observed 
in a number of different tumor cell lines and could provide a greater level of resistance to 
both endogenous genotoxic stress and to DNA damage-inducing therapeutic agents. 
Studies of PARP expression in various tumor types identified that breast cancers with 
negative estrogen receptor, progesterone receptor and HER2 expression were much more 
likely to over-express PARP [128]. Additionally, it has been recently shown that BRCA1 and 
BRCA2 dysfunction sensitises cells to the inhibition of PARP enzymatic activity, resulting in 
chromosomal instability, cell cycle arrest and subsequent apoptosis. This seems to develop 
because the inhibition of PARP leads to the persistence of DNA lesions normally repaired by 
homologous recombination [128]. 

2.10 STIs-5: PARP inhibitors 
PARP inhibitors have been developed to investigate the role of PARP-1 in cell biology and 
to overcome DNA repair-mediated resistance of cancer cells to genotoxic agents [129]. These 
novel PARP inhibitors have been shown to enhance the anti-tumor activity of DNA-
methylating agents, such as temozolomide, topoisomerase poisons and ionising radiation in 
preclinical studies [130], and to restore sensitivity of resistant tumors to methylating agents 
or topoisomerase I inhibitors, agents presently used for the treatment of breast cancer.  

2.11 STPs-6: Apoptosis & autophagy signaling pathways  
Apoptosis, the process of programmed cell death, is governed by complex, gene-directed 
pathways [131-133]. Dysregulation of apoptosis plays a key role in tumorigenesis and can 
allow tumor cells to become resistant to anticancer treatments [132-133]. Rationale for 
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targeting apoptosis in the treatment of breast cancer includes the over-expression of the 
Bcl-2 protein in 40%–80% of human breast tumors, which is associated with both 
resistance to chemotherapy [134] and a better prognosis after chemotherapy [135]. 
Additionally, the association of Bcl-2 with ER and/or PgR, loss of expression of the gene 
for the pro-apoptotic protein Bax, and differential expression of tumor necrosis factor–
related apoptosis-inducing ligand-receptor 2 have all been correlated with prognosis in 
breast cancer patients [134-137]. 
On the other hand, autophagy is an evolutionarily conserved lysosomal pathway for 
degrading cytoplasmic proteins, macromolecules, and organelles [138]. Many studies have 
described the role of autophagy as a protective mechanism for cell survival that is initiated 
in response to metabolic or therapeutic stress. Furthermore, autophagy may delay apoptotic 
cell death caused by DNA damaging agents and hormonal therapies [139-141]. 

2.12 STIs-6: Targeted therapies directed at the apoptotic & autophagic pathways 
Anticancer agents targeting the components of apoptotic pathways are in the early  
stages of development, and no agent specifically targeting apoptosis has yet been 
approved for use in cancer treatment. A range of approaches is being tested, including 
antisense DNA oligonucleotides and antibody and small molecule inhibitors of the 
components of apoptotic pathways. Few clinical data are currently available in breast 
cancer; however, preclinical studies show that such agents do have anticancer activity, 
suggesting that this may be a promising approach, particularly when used in combination 
with chemotherapy [7]. 
On the other hand, recent studies have demonstrated that the inhibition of autophagy in 
cancer cells may be therapeutically beneficial in some circumstances, as it can sensitize 
cancer cells to different therapies, including DNA-damaging agents, antihormone therapies 
(e.g., tamoxifen), and radiation therapy. This supports the hypothesis that inhibiting 
autophagy can increase cell death when combined with anticancer agents, providing a 
therapeutic advantage against cancer proliferation & drug resistance [139-141]. 

2.13 STPs-7: Targeting the angiogenesis pathway 
It is increasingly being accepted that tumor cell proliferation alone is insufficient to result in 
a substantial tumor mass. Angiogenesis is essential for tumors to develop into detectable 
localized masses, and for metastasis to occur [142-143]. The process of angiogenesis (the 
formation of new blood vessels from a pre-existing vascular bed) is complex and dynamic, 
and it is regulated by a range of pro- and anti-angiogenic molecules [144]. The VEGF and 
platelet-derived growth factor (PDGF) families of proteins and their receptors (VEGFR-1, 
VEGFR-2, VEGFR-3, PDGFR-α, and PDGFR-β) appear central to the process [144]. 
Activation of VEGFRs and PDGFRs initiates signaling that results in numerous cellular 
responses, including survival, mitogenesis, migration, proliferation, and differentiation [144-
145]. Activation of the VEGF pathway also increases vascular permeability and the 
movement of endothelial progenitor cells from the bone marrow into the peripheral 
circulation [144]. Primary breast tumors express a variety of different angiogenic factors, 
with VEGF being the most abundant. 
High VEGF expression appears to be correlated with poor clinical prognosis and response 
[146]. Levels of VEGF in breast cancer tumors are a prognostic factor for relapse-free and 
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overall survival in patients with both lymph node–negative and lymph node–positive 
disease [147-148], and they predict response to both tamoxifen and chemotherapy in 
advanced disease [149]. Similarly, a proportion of invasive breast cancers that over-express 
PDGFR-α have been associated with greater biological aggressiveness and a higher 
likelihood of lymph node metastasis [150]. 
Given their central roles in tumor angiogenesis and growth, the VEGF and PDGF signaling 
pathways are key targets for breast cancer therapy. However, with considerable redundancy 
in angiogenic signaling pathways, the inhibition of more than one receptor is likely 
necessary to block angiogenesis. It has been hypothesized that anti-VEGF agents may 
prevent the development of new tumor vasculature and induce normalization of existing, 
inefficient tumor vasculature (resulting from over-expression of VEGF) [151]. These agents, 
then, may allow better delivery of cytotoxic therapies to the tumor, suggesting a potential 
role for anti-VEGF therapy in conjunction with chemotherapy [151-152]. 

2.14 STIs-7: Targeted therapies directed at angiogenesis 
Several therapies targeting angiogenesis are in development for breast cancer. These include 
monoclonal antibodies that act extracellularly by binding to receptors or their ligands, such 
as bevacizumab (Avastin®), and RTKIs that act intracellularly, such as sunitinib (Sutent®). 
Intracellular VEGF targeting therapeutics will be discussed later as they were proven to be 
targeting multiple sites. 

Monoclonal antibodies: Bevacizumab 
Bevacizumab is an anti-VEGF humanized monoclonal antibody administered as an i.v. 
infusion. It acts by binding to all VEGF isoforms, thus removing VEGF from the circulation 
and preventing activation of VEGFRs [153]. In 2008, the U.S. Food and Drug Administration 
(FDA) approved bevacizumab in combination with paclitaxel for the first-line treatment of 
locally recurrent breast cancer or MBC [7].  
Although bevacizumab has shown little activity as a single agent in MBC patients, 
combination therapy with chemotherapeutic agents has been associated with clinical 
activity in this patient population. Several phase III studies have investigated 
bevacizumab combined with chemotherapy [154-155]. These data suggest that VEGF 
inhibition combined with chemotherapy is a promising treatment strategy in this setting. 
Further studies are under way to explore the use of bevacizumab with different 
chemotherapeutic regimens, hormonal treatments, and other targeted therapies (including 
lapatinib and trastuzumab) in patients with MBC. Additionally, trials of bevacizumab are 
ongoing in the adjuvant and neoadjuvant settings, and preliminary reports suggest that 
this approach may be feasible.  
Hypertension, bleeding, and thrombosis remain potential safety concerns with a number of 
anti-VEGF therapies, and this area requires further study. Future trials should focus on 
identifying those patients who will derive the most benefit from bevacizumab- based 
regimens and how best to combine bevacizumab with other cancer therapies (which 
therapies should be combined and whether sequential or concurrent administration is most 
effective). Overall, growing clinical experience with agents targeting angiogenic processes, 
such as bevacizumab, has provided proof of concept for the use of these treatments in MBC 
patients [7]. 
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targeting apoptosis in the treatment of breast cancer includes the over-expression of the 
Bcl-2 protein in 40%–80% of human breast tumors, which is associated with both 
resistance to chemotherapy [134] and a better prognosis after chemotherapy [135]. 
Additionally, the association of Bcl-2 with ER and/or PgR, loss of expression of the gene 
for the pro-apoptotic protein Bax, and differential expression of tumor necrosis factor–
related apoptosis-inducing ligand-receptor 2 have all been correlated with prognosis in 
breast cancer patients [134-137]. 
On the other hand, autophagy is an evolutionarily conserved lysosomal pathway for 
degrading cytoplasmic proteins, macromolecules, and organelles [138]. Many studies have 
described the role of autophagy as a protective mechanism for cell survival that is initiated 
in response to metabolic or therapeutic stress. Furthermore, autophagy may delay apoptotic 
cell death caused by DNA damaging agents and hormonal therapies [139-141]. 

2.12 STIs-6: Targeted therapies directed at the apoptotic & autophagic pathways 
Anticancer agents targeting the components of apoptotic pathways are in the early  
stages of development, and no agent specifically targeting apoptosis has yet been 
approved for use in cancer treatment. A range of approaches is being tested, including 
antisense DNA oligonucleotides and antibody and small molecule inhibitors of the 
components of apoptotic pathways. Few clinical data are currently available in breast 
cancer; however, preclinical studies show that such agents do have anticancer activity, 
suggesting that this may be a promising approach, particularly when used in combination 
with chemotherapy [7]. 
On the other hand, recent studies have demonstrated that the inhibition of autophagy in 
cancer cells may be therapeutically beneficial in some circumstances, as it can sensitize 
cancer cells to different therapies, including DNA-damaging agents, antihormone therapies 
(e.g., tamoxifen), and radiation therapy. This supports the hypothesis that inhibiting 
autophagy can increase cell death when combined with anticancer agents, providing a 
therapeutic advantage against cancer proliferation & drug resistance [139-141]. 

2.13 STPs-7: Targeting the angiogenesis pathway 
It is increasingly being accepted that tumor cell proliferation alone is insufficient to result in 
a substantial tumor mass. Angiogenesis is essential for tumors to develop into detectable 
localized masses, and for metastasis to occur [142-143]. The process of angiogenesis (the 
formation of new blood vessels from a pre-existing vascular bed) is complex and dynamic, 
and it is regulated by a range of pro- and anti-angiogenic molecules [144]. The VEGF and 
platelet-derived growth factor (PDGF) families of proteins and their receptors (VEGFR-1, 
VEGFR-2, VEGFR-3, PDGFR-α, and PDGFR-β) appear central to the process [144]. 
Activation of VEGFRs and PDGFRs initiates signaling that results in numerous cellular 
responses, including survival, mitogenesis, migration, proliferation, and differentiation [144-
145]. Activation of the VEGF pathway also increases vascular permeability and the 
movement of endothelial progenitor cells from the bone marrow into the peripheral 
circulation [144]. Primary breast tumors express a variety of different angiogenic factors, 
with VEGF being the most abundant. 
High VEGF expression appears to be correlated with poor clinical prognosis and response 
[146]. Levels of VEGF in breast cancer tumors are a prognostic factor for relapse-free and 
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overall survival in patients with both lymph node–negative and lymph node–positive 
disease [147-148], and they predict response to both tamoxifen and chemotherapy in 
advanced disease [149]. Similarly, a proportion of invasive breast cancers that over-express 
PDGFR-α have been associated with greater biological aggressiveness and a higher 
likelihood of lymph node metastasis [150]. 
Given their central roles in tumor angiogenesis and growth, the VEGF and PDGF signaling 
pathways are key targets for breast cancer therapy. However, with considerable redundancy 
in angiogenic signaling pathways, the inhibition of more than one receptor is likely 
necessary to block angiogenesis. It has been hypothesized that anti-VEGF agents may 
prevent the development of new tumor vasculature and induce normalization of existing, 
inefficient tumor vasculature (resulting from over-expression of VEGF) [151]. These agents, 
then, may allow better delivery of cytotoxic therapies to the tumor, suggesting a potential 
role for anti-VEGF therapy in conjunction with chemotherapy [151-152]. 

2.14 STIs-7: Targeted therapies directed at angiogenesis 
Several therapies targeting angiogenesis are in development for breast cancer. These include 
monoclonal antibodies that act extracellularly by binding to receptors or their ligands, such 
as bevacizumab (Avastin®), and RTKIs that act intracellularly, such as sunitinib (Sutent®). 
Intracellular VEGF targeting therapeutics will be discussed later as they were proven to be 
targeting multiple sites. 

Monoclonal antibodies: Bevacizumab 
Bevacizumab is an anti-VEGF humanized monoclonal antibody administered as an i.v. 
infusion. It acts by binding to all VEGF isoforms, thus removing VEGF from the circulation 
and preventing activation of VEGFRs [153]. In 2008, the U.S. Food and Drug Administration 
(FDA) approved bevacizumab in combination with paclitaxel for the first-line treatment of 
locally recurrent breast cancer or MBC [7].  
Although bevacizumab has shown little activity as a single agent in MBC patients, 
combination therapy with chemotherapeutic agents has been associated with clinical 
activity in this patient population. Several phase III studies have investigated 
bevacizumab combined with chemotherapy [154-155]. These data suggest that VEGF 
inhibition combined with chemotherapy is a promising treatment strategy in this setting. 
Further studies are under way to explore the use of bevacizumab with different 
chemotherapeutic regimens, hormonal treatments, and other targeted therapies (including 
lapatinib and trastuzumab) in patients with MBC. Additionally, trials of bevacizumab are 
ongoing in the adjuvant and neoadjuvant settings, and preliminary reports suggest that 
this approach may be feasible.  
Hypertension, bleeding, and thrombosis remain potential safety concerns with a number of 
anti-VEGF therapies, and this area requires further study. Future trials should focus on 
identifying those patients who will derive the most benefit from bevacizumab- based 
regimens and how best to combine bevacizumab with other cancer therapies (which 
therapies should be combined and whether sequential or concurrent administration is most 
effective). Overall, growing clinical experience with agents targeting angiogenic processes, 
such as bevacizumab, has provided proof of concept for the use of these treatments in MBC 
patients [7]. 
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2.15 STPs-8: Multi-target therapeutics 
There appears to be extensive crosstalk between the pathways driving tumorigenic 
processes, and this provides a good rationale for inhibiting multiple pathways and 
processes with multi-targeted agents, either as single agents or in combination [7]. A 
number of single-agent RTKIs with multiple molecular targets have been developed as an 
alternative to combining multiple agents. These were developed based on previous studies 
showing that combining agents that target different pathways may have synergistic activity 
and delay or reverse resistance [156-158]. 

2.16 STIs-8: Multi-target inhibitors 
A range of oral, antiangiogenic RTKIs with multiple targets is currently in development for 
MBC. These include sunitinib, pazopanib, sorafenib (Nexavar®) and axitinib. 
Sunitinib selectively inhibits several receptor tyrosine kinases (VEGFR-1, VEGFR-2, 
VEGFR-3, PDGFR- α, PDGFR-β, Kit, FMS-like tyrosine kinase [FLT]-3, and colony-
stimulating factor 1 receptor). It has both anti-angiogenic and anti-tumor activities. Sunitinib 
has been shown to have antitumor activity in breast cancer preclinical studies, both as a 
single agent and in combination with chemotherapy [159-163]. 
Data from a phase II study of sunitinib monotherapy in patients with refractory MBC 
reported single-agent activity in heavily pretreated patients, previously exposed to an 
anthracycline and a taxane [164]. The toxicities were manageable [164]. Studies and case 
series evaluating sunitinib given in combination with taxane therapy for MBC have reported 
antitumor activity and a manageable and tolerable safety profile [165-166]. Phase III trials of 
sunitinib in combination with a variety of cytotoxic agents are under way in first- and 
second-line MBC therapy [7].  
Pazopanib targets VEGFR, PDGFR, and Kit and is currently in development in a number of 
tumor types, including breast cancer. Although originally developed as a Raf inhibitor, 
sorafenib also inhibits the activity of VEGFR-2 and VEGFR-3, PDGFR-β, FLT-3, and Kit; 
thus, it may inhibit tumor growth both directly (through Raf and Kit) and indirectly, 
through inhibition of angiogenesis [167-168].  
Sorafenib inhibited MAPK activity in breast cancer cell lines expressing mutations of K-
Ras or B-Raf, and showed antitumor and antiangiogenic activity in a human breast cancer 
xenograft model [168]. Significant and sustained increases in blood pressure were 
reported in a study of sorafenib monotherapy in patients with metastatic solid tumors 
[169]. Current data suggest little activity for sorafenib as a single agent in MBC patients; 
ongoing studies are exploring combination treatment with paclitaxel and with anastrozole 
in MBC. 
Axitinib inhibits all known VEGFRs, in addition to PDGFR-β and the stem cell factor 
receptor Kit, and is currently being investigated in a range of tumor types, including breast 
cancer. In preclinical studies, axitinib was shown to selectively block VEGF-stimulated 
receptor phosphorylation in vitro, resulting in the inhibition of endothelial cell proliferation 
and survival. In a human breast cancer xenograft model, it significantly inhibited tumor 
growth and disrupted tumor microvasculature as assessed by dynamic contrast-enhanced 
magnetic resonance imaging [170].  
To date, the mult-itargeted RTKIs discussed have not been validated in phase III trials in 
MBC patients, although there is preliminary evidence of clinical activity. Of the four agents 
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described above, three (pazopanib, sunitinib, and axitinib) appear to have the most clinical 
activity to date. Based on experience with other targeted agents in breast cancer, and with 
these RTKIs in other indications, combinations will hopefully show greater efficacy in the 
treatment of breast cancer [7]. 

2.17 STPs-9: Estrogen signaling transduction 
Two of the genetic subtypes in breast cancer so far identified are those with gene expression 
characteristics typical of basal epithelial cells (which are predominantly estrogen receptor 
[ER-) and those with gene expression characteristics typical of luminal epithelial cells (which 
are predominantly ER+) [14, 171]. Typically, tumors of the ER-, basal subtype are associated 
with shorter relapse-free and overall survival times than those of the ER+, luminal subtype 
[171]. 

2.18 STIs-9: Estrogen signaling inhibitors 
Endocrine therapy is widely used in the treatment of both early stage and recurrent/metastatic 
breast cancer. Tamoxifen and estrogen deprivation therapies such as aromatase inhibitors 
(AIs) and ovarian suppression have proved clinically effective and are generally well tolerated; 
they are the primary reason for the sustained improvement in survival for patients with early-
stage [ER+] breast cancer [172]. Their long-term efficacy, however, is limited by relapse of 
disease and development of resistance following adjuvant endocrine therapy. This provides a 
strong rationale for using targeted agents against various growth factor and signaling 
pathways that are activated during endocrine resistance and for combining these targeted 
agents with ongoing endocrine therapy to either overcome endocrine resistance and enhance 
the efficacy of therapy for ER-positive breast cancer [173-174]. 
In this context, several selected targeted agents are being investigated in combination with 
endocrine therapy for patients with breast cancer in an attempt to overcome or prevent 
endocrine resistance. The role of EGFR/HER2 cross-talk with estrogen receptor (ER) 
signaling has been confirmed in preclinical studies [175] in which various inhibitors have 
yielded additive or synergistic effects when combined with endocrine agents. Recently, 
several results from clinical trials investigating this concept have been reported [59, 92]. 

2.19 STPs-10 
Cancer progression is a multi-step process that enables tumor cells to invade through 
extracellular tissues and metastasize to distal organs [8]. Compelling recent evidence 
demonstrates that cooperation between signals from the extracellular matrix (ECM) and 
growth factors enhances malignant behaviors of aggressive cancer cells, such as proliferation, 
migration, survival, and invasion [176]. Examples of such cross talk signals include: 
a. The STATs are a family of transcription factors that relay the interactions of cytokines 

and growth factors with their receptors at the cell surface to mediate changes in gene 
expression. In normal situations STATs are transiently activated; however, in many 
tumors tyrosine-phosphorylated STATs, mainly STAT3 and STAT5, can be detected, 
suggesting constitutive pathway activation [6].  

b. The NF-κB pathway is triggered in response to microbial and viral infections and to 
pro-inflammatory cytokines. These agents activate the IκB kinase, which phosphoylates 
IκB allowing the liberated NF-κB family transcription factors to enter the nucleus. The 
pathway has an ever increasing interest for its role in human cancer [177]. The 
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2.15 STPs-8: Multi-target therapeutics 
There appears to be extensive crosstalk between the pathways driving tumorigenic 
processes, and this provides a good rationale for inhibiting multiple pathways and 
processes with multi-targeted agents, either as single agents or in combination [7]. A 
number of single-agent RTKIs with multiple molecular targets have been developed as an 
alternative to combining multiple agents. These were developed based on previous studies 
showing that combining agents that target different pathways may have synergistic activity 
and delay or reverse resistance [156-158]. 

2.16 STIs-8: Multi-target inhibitors 
A range of oral, antiangiogenic RTKIs with multiple targets is currently in development for 
MBC. These include sunitinib, pazopanib, sorafenib (Nexavar®) and axitinib. 
Sunitinib selectively inhibits several receptor tyrosine kinases (VEGFR-1, VEGFR-2, 
VEGFR-3, PDGFR- α, PDGFR-β, Kit, FMS-like tyrosine kinase [FLT]-3, and colony-
stimulating factor 1 receptor). It has both anti-angiogenic and anti-tumor activities. Sunitinib 
has been shown to have antitumor activity in breast cancer preclinical studies, both as a 
single agent and in combination with chemotherapy [159-163]. 
Data from a phase II study of sunitinib monotherapy in patients with refractory MBC 
reported single-agent activity in heavily pretreated patients, previously exposed to an 
anthracycline and a taxane [164]. The toxicities were manageable [164]. Studies and case 
series evaluating sunitinib given in combination with taxane therapy for MBC have reported 
antitumor activity and a manageable and tolerable safety profile [165-166]. Phase III trials of 
sunitinib in combination with a variety of cytotoxic agents are under way in first- and 
second-line MBC therapy [7].  
Pazopanib targets VEGFR, PDGFR, and Kit and is currently in development in a number of 
tumor types, including breast cancer. Although originally developed as a Raf inhibitor, 
sorafenib also inhibits the activity of VEGFR-2 and VEGFR-3, PDGFR-β, FLT-3, and Kit; 
thus, it may inhibit tumor growth both directly (through Raf and Kit) and indirectly, 
through inhibition of angiogenesis [167-168].  
Sorafenib inhibited MAPK activity in breast cancer cell lines expressing mutations of K-
Ras or B-Raf, and showed antitumor and antiangiogenic activity in a human breast cancer 
xenograft model [168]. Significant and sustained increases in blood pressure were 
reported in a study of sorafenib monotherapy in patients with metastatic solid tumors 
[169]. Current data suggest little activity for sorafenib as a single agent in MBC patients; 
ongoing studies are exploring combination treatment with paclitaxel and with anastrozole 
in MBC. 
Axitinib inhibits all known VEGFRs, in addition to PDGFR-β and the stem cell factor 
receptor Kit, and is currently being investigated in a range of tumor types, including breast 
cancer. In preclinical studies, axitinib was shown to selectively block VEGF-stimulated 
receptor phosphorylation in vitro, resulting in the inhibition of endothelial cell proliferation 
and survival. In a human breast cancer xenograft model, it significantly inhibited tumor 
growth and disrupted tumor microvasculature as assessed by dynamic contrast-enhanced 
magnetic resonance imaging [170].  
To date, the mult-itargeted RTKIs discussed have not been validated in phase III trials in 
MBC patients, although there is preliminary evidence of clinical activity. Of the four agents 
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described above, three (pazopanib, sunitinib, and axitinib) appear to have the most clinical 
activity to date. Based on experience with other targeted agents in breast cancer, and with 
these RTKIs in other indications, combinations will hopefully show greater efficacy in the 
treatment of breast cancer [7]. 

2.17 STPs-9: Estrogen signaling transduction 
Two of the genetic subtypes in breast cancer so far identified are those with gene expression 
characteristics typical of basal epithelial cells (which are predominantly estrogen receptor 
[ER-) and those with gene expression characteristics typical of luminal epithelial cells (which 
are predominantly ER+) [14, 171]. Typically, tumors of the ER-, basal subtype are associated 
with shorter relapse-free and overall survival times than those of the ER+, luminal subtype 
[171]. 

2.18 STIs-9: Estrogen signaling inhibitors 
Endocrine therapy is widely used in the treatment of both early stage and recurrent/metastatic 
breast cancer. Tamoxifen and estrogen deprivation therapies such as aromatase inhibitors 
(AIs) and ovarian suppression have proved clinically effective and are generally well tolerated; 
they are the primary reason for the sustained improvement in survival for patients with early-
stage [ER+] breast cancer [172]. Their long-term efficacy, however, is limited by relapse of 
disease and development of resistance following adjuvant endocrine therapy. This provides a 
strong rationale for using targeted agents against various growth factor and signaling 
pathways that are activated during endocrine resistance and for combining these targeted 
agents with ongoing endocrine therapy to either overcome endocrine resistance and enhance 
the efficacy of therapy for ER-positive breast cancer [173-174]. 
In this context, several selected targeted agents are being investigated in combination with 
endocrine therapy for patients with breast cancer in an attempt to overcome or prevent 
endocrine resistance. The role of EGFR/HER2 cross-talk with estrogen receptor (ER) 
signaling has been confirmed in preclinical studies [175] in which various inhibitors have 
yielded additive or synergistic effects when combined with endocrine agents. Recently, 
several results from clinical trials investigating this concept have been reported [59, 92]. 

2.19 STPs-10 
Cancer progression is a multi-step process that enables tumor cells to invade through 
extracellular tissues and metastasize to distal organs [8]. Compelling recent evidence 
demonstrates that cooperation between signals from the extracellular matrix (ECM) and 
growth factors enhances malignant behaviors of aggressive cancer cells, such as proliferation, 
migration, survival, and invasion [176]. Examples of such cross talk signals include: 
a. The STATs are a family of transcription factors that relay the interactions of cytokines 

and growth factors with their receptors at the cell surface to mediate changes in gene 
expression. In normal situations STATs are transiently activated; however, in many 
tumors tyrosine-phosphorylated STATs, mainly STAT3 and STAT5, can be detected, 
suggesting constitutive pathway activation [6].  

b. The NF-κB pathway is triggered in response to microbial and viral infections and to 
pro-inflammatory cytokines. These agents activate the IκB kinase, which phosphoylates 
IκB allowing the liberated NF-κB family transcription factors to enter the nucleus. The 
pathway has an ever increasing interest for its role in human cancer [177]. The 
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association of NF-κB pathway activity with inflammation-associated tumor progression 
is well documented in mouse tumor models [178] and in human cancer cells [179]. 

c. The Notch network in mammals consists of four Notch receptors and five ligands. 
Once activated, the receptor undergoes intramembrane proteolysis leading to release 
and nuclear translocation of the intracellular domain, which has transcriptional activity. 
The Notch-4 gene is frequently rearranged in mammary glands by MMTV proviral 
integration. This rearrangement leads to expression of the intracellular domain under 
MMTV promoter control [180] an early demonstration of Notch’s ability to induce 
mammary cancer. 

d. The UPS pathway: The ubiquitin proteasome system (UPS) consists of several crucial 
enzymes contributing to most, if not all, cellular events. During the past decade, 
progress in endocrine therapy and the use of trastuzumab has significantly contributed 
to the decline in breast cancer mortality for hormone receptor-positive and HER2-
positive cases, respectively. As a result of these advances, a breast cancer cluster with 
poor prognosis that is negative for the estrogen receptor (ER1), the progesterone 
receptor (PRGR) and HER2 (triple negative; basal like phenotype) has come to the 
forefront of medical therapeutic attention. DNA microarray analyses have revealed that 
this cluster is phenotypically most like the basal-like breast cancer that is caused by 
deficiencies in the BRCA1 pathways. BRCA1 acts as a hub protein that coordinates a 
diverse range of cellular pathways to maintain genomic stability [181]. Indeed, BRCA1 
dysfunction in sporadic basal-like cancers has been reported [182]. Thus, investigating 
the BRCA1 pathway could be an important approach for the treatment of basal-like 
breast cancer. 

2.20 STIs-10 
To gain further improvements in breast cancer survival, new types of drugs might be 
required, and small molecules targeting the ubiquitin proteasome system have moved into 
the spotlight. The success of bortezomib in the treatment of multiple myeloma has sent 
encouraging signals that proteasome inhibitors could be used to treat other types of cancers 
[183]. In addition, ubiquitin enzymes involved in ER1, HER2 or BRCA1 pathways could be 
ideal targets for therapeutic intervention. The therapeutic effect of proteasome inhibitors on 
breast cancer remains to be determined but is greatly anticipated [184]. 

3. Targeting molecular signal in breast cancer stem cells responsible for 
development of multi-drug resistance (MDR) 
Success in Breast cancer chemotherapy is challenged by the development of tumors having a 
multi-drug resistance (MDR) phenotype [185]. It is one of the major causes of failures to 
cancer chemotherapy. This phenotype is most prevalent in aggressive carcinomas as breast 
and ovarian carcinomas. By definition, MDR is a term used to describe the resistance 
developed by some tumors to protect themselves against a number of structurally and 
functionally unrelated chemotherapeutic agents. MDR is not only referred to the drug with 
which the patient has been treated but also to a wide range of other drugs used in cancer 
chemotherapy [186].  
Acquired drug resistance arises from exposure of tumor cells to chemotherapeutic agents. 
Random spontaneous mutations, acceleration of proliferation rate and alteration of cell  
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sensitivity to growth factors can occur in tumor cells under the influence of cytotoxic drugs. 
On the other hand, MDR does not only develop as the result of treatment of tumor cells by a 
drug. It may be intrinsic, i.e. connected with the type of cell differentiation or genetic profile 
of tumor cells [187].  
Studies of resistance of tumor cells to cytotoxic drugs are necessary for understanding the 
mechanisms for restoring back their sensitivity. Although, MDR is a multi-factorial problem 
i.e. multiple mechanisms were hypothesized to account for this phenomenon, some of them 
were frequently observed and their clinical significance was determined. These mechanisms 
are acting either alone or in concert with each other for the development of the MDR 
phenotype in breast cancer cells [188]. Over-expression of ABC transporters, detoxification 
enzymes (aldehyde dehydrogenase), low cell turn over rate and the ability to activate the 
DNA check point response are possibly all involved and previously described with other 
mechanisms [189]. Innovative therapies, based on a better understanding of cancer stem 
cells, should lead to enhanced and long-term cure rates in breast cancer. 
Given that tumor resistance to chemotherapy is believed to account for the majority of 
treatment failure in breast cancer, research attention in the last two decades focused on 
developing agents to reverse MDR and enhance the response of tumors to chemotherapeutic 
agents. Although hundreds of compounds have been found in-vitro to be able to modulate 
the MDR phenotype, their clinical application was limited owing to their high toxicity in-
vivo [190-191]. Accordingly, searching for compounds able to modulate the MDR phenotype 
and have low toxicity continues to be an important challenge for optimizing cancer 
chemotherapy. The development of several therapeutics targeting the MDR phenotype in 
breast cancer cells have been previously reviewed [189].  
Recently, the possible roles of cancer stem cells in carcinogenesis have become more 
obvious. Numerous investigations have recently provided evidence that the genetic 
alterations occurring in the multi-potent tissue-specific adult stem cells and/or their early 
progenies may lead to their malignant transformation into cancer progenitor cells also 
designated as cancer stem cells or cancer-initiating cells [192]. A small population of 
undifferentiated- or poorly differentiated cancer progenitor cells, which possesses the stem 
cell-like properties including their self-renewal ability and capacity to give rise to the bulk 
mass of further differentiated malignant cells, appears to represent the principal cancer cells 
that are responsible for tumor formation [193]. Accumulating genetic alterations in 
tumorigenic cancer progenitor cells occurring during cancer progression may also confer to 
them the invasive and resistant properties that are essential for their remission and 
migration to distant metastatic sites [194-195].  
The role of cancer stem cells in breast cancer chemoresistance was recently reviewed [196]. 
One characteristic of cancer stem cells that differentiates them from other normal cells in the 
tumor is that they have high levels of ABC transporter proteins, in particular ABCG2 [197]. 
The ABC transporter molecules are responsible for protecting cells from drug damage via 
efflux pumping mechanisms. Thus, cancer stem cells, as a result of these biological 
properties, are rendered resistant to drug treatment, including chemotherapeutic drugs 
[198]. 
Since all the stem cell-like properties attributed to cancer progenitor cells may provide them 
with a higher resistance to current cancer therapies, thus they constitute a substantial 
obstacle to the successful treatment of cancer patients [196]. This finding underlines the 
critical importance of targeting the cancer progenitor cells and their early progenies as well 
as their local microenvironment in the earlier stages of cancer treatment to counteract the 
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association of NF-κB pathway activity with inflammation-associated tumor progression 
is well documented in mouse tumor models [178] and in human cancer cells [179]. 

c. The Notch network in mammals consists of four Notch receptors and five ligands. 
Once activated, the receptor undergoes intramembrane proteolysis leading to release 
and nuclear translocation of the intracellular domain, which has transcriptional activity. 
The Notch-4 gene is frequently rearranged in mammary glands by MMTV proviral 
integration. This rearrangement leads to expression of the intracellular domain under 
MMTV promoter control [180] an early demonstration of Notch’s ability to induce 
mammary cancer. 

d. The UPS pathway: The ubiquitin proteasome system (UPS) consists of several crucial 
enzymes contributing to most, if not all, cellular events. During the past decade, 
progress in endocrine therapy and the use of trastuzumab has significantly contributed 
to the decline in breast cancer mortality for hormone receptor-positive and HER2-
positive cases, respectively. As a result of these advances, a breast cancer cluster with 
poor prognosis that is negative for the estrogen receptor (ER1), the progesterone 
receptor (PRGR) and HER2 (triple negative; basal like phenotype) has come to the 
forefront of medical therapeutic attention. DNA microarray analyses have revealed that 
this cluster is phenotypically most like the basal-like breast cancer that is caused by 
deficiencies in the BRCA1 pathways. BRCA1 acts as a hub protein that coordinates a 
diverse range of cellular pathways to maintain genomic stability [181]. Indeed, BRCA1 
dysfunction in sporadic basal-like cancers has been reported [182]. Thus, investigating 
the BRCA1 pathway could be an important approach for the treatment of basal-like 
breast cancer. 

2.20 STIs-10 
To gain further improvements in breast cancer survival, new types of drugs might be 
required, and small molecules targeting the ubiquitin proteasome system have moved into 
the spotlight. The success of bortezomib in the treatment of multiple myeloma has sent 
encouraging signals that proteasome inhibitors could be used to treat other types of cancers 
[183]. In addition, ubiquitin enzymes involved in ER1, HER2 or BRCA1 pathways could be 
ideal targets for therapeutic intervention. The therapeutic effect of proteasome inhibitors on 
breast cancer remains to be determined but is greatly anticipated [184]. 

3. Targeting molecular signal in breast cancer stem cells responsible for 
development of multi-drug resistance (MDR) 
Success in Breast cancer chemotherapy is challenged by the development of tumors having a 
multi-drug resistance (MDR) phenotype [185]. It is one of the major causes of failures to 
cancer chemotherapy. This phenotype is most prevalent in aggressive carcinomas as breast 
and ovarian carcinomas. By definition, MDR is a term used to describe the resistance 
developed by some tumors to protect themselves against a number of structurally and 
functionally unrelated chemotherapeutic agents. MDR is not only referred to the drug with 
which the patient has been treated but also to a wide range of other drugs used in cancer 
chemotherapy [186].  
Acquired drug resistance arises from exposure of tumor cells to chemotherapeutic agents. 
Random spontaneous mutations, acceleration of proliferation rate and alteration of cell  
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sensitivity to growth factors can occur in tumor cells under the influence of cytotoxic drugs. 
On the other hand, MDR does not only develop as the result of treatment of tumor cells by a 
drug. It may be intrinsic, i.e. connected with the type of cell differentiation or genetic profile 
of tumor cells [187].  
Studies of resistance of tumor cells to cytotoxic drugs are necessary for understanding the 
mechanisms for restoring back their sensitivity. Although, MDR is a multi-factorial problem 
i.e. multiple mechanisms were hypothesized to account for this phenomenon, some of them 
were frequently observed and their clinical significance was determined. These mechanisms 
are acting either alone or in concert with each other for the development of the MDR 
phenotype in breast cancer cells [188]. Over-expression of ABC transporters, detoxification 
enzymes (aldehyde dehydrogenase), low cell turn over rate and the ability to activate the 
DNA check point response are possibly all involved and previously described with other 
mechanisms [189]. Innovative therapies, based on a better understanding of cancer stem 
cells, should lead to enhanced and long-term cure rates in breast cancer. 
Given that tumor resistance to chemotherapy is believed to account for the majority of 
treatment failure in breast cancer, research attention in the last two decades focused on 
developing agents to reverse MDR and enhance the response of tumors to chemotherapeutic 
agents. Although hundreds of compounds have been found in-vitro to be able to modulate 
the MDR phenotype, their clinical application was limited owing to their high toxicity in-
vivo [190-191]. Accordingly, searching for compounds able to modulate the MDR phenotype 
and have low toxicity continues to be an important challenge for optimizing cancer 
chemotherapy. The development of several therapeutics targeting the MDR phenotype in 
breast cancer cells have been previously reviewed [189].  
Recently, the possible roles of cancer stem cells in carcinogenesis have become more 
obvious. Numerous investigations have recently provided evidence that the genetic 
alterations occurring in the multi-potent tissue-specific adult stem cells and/or their early 
progenies may lead to their malignant transformation into cancer progenitor cells also 
designated as cancer stem cells or cancer-initiating cells [192]. A small population of 
undifferentiated- or poorly differentiated cancer progenitor cells, which possesses the stem 
cell-like properties including their self-renewal ability and capacity to give rise to the bulk 
mass of further differentiated malignant cells, appears to represent the principal cancer cells 
that are responsible for tumor formation [193]. Accumulating genetic alterations in 
tumorigenic cancer progenitor cells occurring during cancer progression may also confer to 
them the invasive and resistant properties that are essential for their remission and 
migration to distant metastatic sites [194-195].  
The role of cancer stem cells in breast cancer chemoresistance was recently reviewed [196]. 
One characteristic of cancer stem cells that differentiates them from other normal cells in the 
tumor is that they have high levels of ABC transporter proteins, in particular ABCG2 [197]. 
The ABC transporter molecules are responsible for protecting cells from drug damage via 
efflux pumping mechanisms. Thus, cancer stem cells, as a result of these biological 
properties, are rendered resistant to drug treatment, including chemotherapeutic drugs 
[198]. 
Since all the stem cell-like properties attributed to cancer progenitor cells may provide them 
with a higher resistance to current cancer therapies, thus they constitute a substantial 
obstacle to the successful treatment of cancer patients [196]. This finding underlines the 
critical importance of targeting the cancer progenitor cells and their early progenies as well 
as their local microenvironment in the earlier stages of cancer treatment to counteract the 
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rapid progression of certain cancer types and prevent the metastatic spread at distant sites. 
The simultaneous blockade of several oncogenic cascades activated in cancer progenitor 
cells during cancer progression may be essential for improving the current clinical 
treatments against high-risk, metastatic or relapsed breast cancers [189, 199].  
Recent studies have revealed the possibility of using therapeutic agents targeting the EGFR, 
Wnt/β-catenin and/or Notch cascades to inhibit the ABC muli-drug efflux transporters 
and/or eliminate the cancer progenitor cells [200]. Moreover, one compound, salinomycin, 
reduces the proportion of cancer stem cells by >100-fold relative to paclitaxel, a commonly 
used breast cancer chemotherapeutic drug [201]. In addition, treatment of mice with 
salinomycin inhibits mammary tumor growth in vivo and induces increased epithelial 
differentiation of tumor cells [199]. What remains to be discovered is the extensive and in 
depth understanding of the molecular basis of cancer stem cell contribution to breast cancer 
development. Such extensive investigations enable the development of more effective and 
selective treatment strategies. 

4. Concluding remarks and perspectives 
Considerable progress has been made over the last several decades in understanding 
specific cellular, molecular and genetic mechanisms that contribute to cancer growth and 
progression [202]. In recent years, research efforts have focused on the signaling pathways 
involved in the growth and survival of breast cancer cells, leading to the development of a 
range of targeted agents with promising clinical activity. The encouraging success of 
trastuzumab, based on the identification of HER-2 as a molecular target, has provided the 
rationale for studying the array of targeted agents currently in clinical development for 
breast cancer [7]. 
We have reviewed some of the most promising new targeted agents in breast cancer. This 
list, however, is far from complete. It should be pointed out that there are still many 
important additional classes of agents in clinical development in breast cancer. Examples 
include other tyrosine kinase inhibitors and also enhancers of apoptosis. We all hope that 
this list will keep developing. However, despite recent advances, there are still unanswered 
questions regarding the management of breast cancer with targeted agents. 
With our knowledge of the molecular modifications in breast cancer and the increasing 
number of new targeted therapeutics, the current challenge is to select the best combinations 
of the so-called signal transduction inhibitors (STIs) for every patient [6]. The development 
of these targeted therapeutics will require a new set of challenging skills & investigations of 
unresolved issues [120]. These challenges are:  
First, future studies are necessary to identify those patient subgroups likely to derive most 
benefit from a given therapy. Despite the temptation to use a targeted agent in all patients, 
identification of patient subgroups most likely to benefit must be a key goal and will be 
critical to the successful future use of these treatments [7]. These agents, unlike 
chemotherapy, will only work in the subset of tumors that show dependency on the target 
the therapy is being directed to. 
If STI would have been developed in an unselected patient population, its anti-tumor 
activity would have been missed due to a dilutional effect brought in by the non-STPs-over-
expressing population. This principle probably applies to the majority of classes of agents 
under study. The implication of this principle is that patient selection strategies will be of 
paramount importance in the development of these agents [120]. For example, accurate 
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patient selection based on HER-2 over-expression is essential for trastuzumab-based 
treatment and is likely to be important for other agents in this class. However, identifying 
suitable patients may prove more difficult for RTKIs, because receptor over-expression 
alone does not seem to predict response to treatment [16]. 
Second, future studies are necessary to determine the optimal combinations, doses, and 
schedules required to maximize clinical activity while minimizing toxicity. Also, in early 
clinical studies with these agents in addition to establishing their safety and optimal doses 
and schedules, it may prove to be instrumental to also check for the presence of the target in 
the studied tumors and to seek for indications of target engagement with the study agent 
using careful analysis of [120]2007). The need to determine target engagement is currently 
being taken into account with the majority of clinical trials with novel agents that are moved 
into the clinic. 
Third, Predictive markers are factors that are associated with upfront response or resistance 
to a particular therapy. Predictive markers are important in oncology as tumors of the same 
tissue of origin vary widely in their response to most available systemic therapies. Currently 
recommended oncological predictive markers include both estrogen and progesterone 
receptors for identifying patients with breast cancers likely to benefit from hormone 
therapy, HER-2 for the identification of breast cancer patients likely to benefit from 
trastuzumab [203]. Thus, the drive to identify new biomarkers of target engagement and 
sensitivity with these novel agents is also promoting the search for new clinical study 
designs in a minimally pre-treated population [120]. 
Fourth, future studies will need to address how best to incorporate these agents into 
existing treatment regimens and to determine when and in which combinations targeted 
therapy should be administered [7]. Some of these agents will have limited activity by 
themselves and yet have the capacity to markedly enhance the anti-tumor activity of 
conventional agents like chemotherapy or even other biological agents. For example, anti 
angiogenesis MAb bevacizumab that has no activity as a single agent and yet is clinically 
active when combined with chemotherapy. Furthermore, HER-targeted agents may need to 
be used in combination with chemotherapy to provide clinically relevant activity. 
Fifth, the therapy end-points with these agents also need to be revisited. Some of these 
agents are not expected to result in tumor shrinkage (or response), and therefore we cannot 
propose a unified definition of clinical benefit as it has been done with chemotherapy in the 
past. Furthermore, genetic assay techniques used to provide information on clinical 
outcomes, including the risk for tumor recurrence and individual benefit from a particular 
chemotherapy also needs further critical development [204]. 
Sixth, Targeting HER-2 is associated with cardiac toxicity, which is an especially important 
consideration in the adjuvant setting and when combining anti–HER-2 agents with 
cardiotoxic chemotherapeutic drugs. Targeting HER-1 in combination with HER-2, as with 
the RTKIs lapatinib and neratinib, appears to reduce the risk for cardiotoxicity, although the 
exact mechanisms underlying this observation remain unclear [7]. 
Finally, with the increase in the number of available lines of therapy in breast cancer, there 
is a danger that novel agents will be tested in a heavily pre-treated patient population. 
While there is little debate if patients with advanced disease receiving multiple lines of 
therapy may be appropriate study participants in early clinical studies. There is also a 
growing concern that patients with advanced disease may not be the ideal population to 
detect the anti-tumor activity of novel agents since their tumors may have become highly 
resistant to any type of therapy [120]. 
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rapid progression of certain cancer types and prevent the metastatic spread at distant sites. 
The simultaneous blockade of several oncogenic cascades activated in cancer progenitor 
cells during cancer progression may be essential for improving the current clinical 
treatments against high-risk, metastatic or relapsed breast cancers [189, 199].  
Recent studies have revealed the possibility of using therapeutic agents targeting the EGFR, 
Wnt/β-catenin and/or Notch cascades to inhibit the ABC muli-drug efflux transporters 
and/or eliminate the cancer progenitor cells [200]. Moreover, one compound, salinomycin, 
reduces the proportion of cancer stem cells by >100-fold relative to paclitaxel, a commonly 
used breast cancer chemotherapeutic drug [201]. In addition, treatment of mice with 
salinomycin inhibits mammary tumor growth in vivo and induces increased epithelial 
differentiation of tumor cells [199]. What remains to be discovered is the extensive and in 
depth understanding of the molecular basis of cancer stem cell contribution to breast cancer 
development. Such extensive investigations enable the development of more effective and 
selective treatment strategies. 

4. Concluding remarks and perspectives 
Considerable progress has been made over the last several decades in understanding 
specific cellular, molecular and genetic mechanisms that contribute to cancer growth and 
progression [202]. In recent years, research efforts have focused on the signaling pathways 
involved in the growth and survival of breast cancer cells, leading to the development of a 
range of targeted agents with promising clinical activity. The encouraging success of 
trastuzumab, based on the identification of HER-2 as a molecular target, has provided the 
rationale for studying the array of targeted agents currently in clinical development for 
breast cancer [7]. 
We have reviewed some of the most promising new targeted agents in breast cancer. This 
list, however, is far from complete. It should be pointed out that there are still many 
important additional classes of agents in clinical development in breast cancer. Examples 
include other tyrosine kinase inhibitors and also enhancers of apoptosis. We all hope that 
this list will keep developing. However, despite recent advances, there are still unanswered 
questions regarding the management of breast cancer with targeted agents. 
With our knowledge of the molecular modifications in breast cancer and the increasing 
number of new targeted therapeutics, the current challenge is to select the best combinations 
of the so-called signal transduction inhibitors (STIs) for every patient [6]. The development 
of these targeted therapeutics will require a new set of challenging skills & investigations of 
unresolved issues [120]. These challenges are:  
First, future studies are necessary to identify those patient subgroups likely to derive most 
benefit from a given therapy. Despite the temptation to use a targeted agent in all patients, 
identification of patient subgroups most likely to benefit must be a key goal and will be 
critical to the successful future use of these treatments [7]. These agents, unlike 
chemotherapy, will only work in the subset of tumors that show dependency on the target 
the therapy is being directed to. 
If STI would have been developed in an unselected patient population, its anti-tumor 
activity would have been missed due to a dilutional effect brought in by the non-STPs-over-
expressing population. This principle probably applies to the majority of classes of agents 
under study. The implication of this principle is that patient selection strategies will be of 
paramount importance in the development of these agents [120]. For example, accurate 
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patient selection based on HER-2 over-expression is essential for trastuzumab-based 
treatment and is likely to be important for other agents in this class. However, identifying 
suitable patients may prove more difficult for RTKIs, because receptor over-expression 
alone does not seem to predict response to treatment [16]. 
Second, future studies are necessary to determine the optimal combinations, doses, and 
schedules required to maximize clinical activity while minimizing toxicity. Also, in early 
clinical studies with these agents in addition to establishing their safety and optimal doses 
and schedules, it may prove to be instrumental to also check for the presence of the target in 
the studied tumors and to seek for indications of target engagement with the study agent 
using careful analysis of [120]2007). The need to determine target engagement is currently 
being taken into account with the majority of clinical trials with novel agents that are moved 
into the clinic. 
Third, Predictive markers are factors that are associated with upfront response or resistance 
to a particular therapy. Predictive markers are important in oncology as tumors of the same 
tissue of origin vary widely in their response to most available systemic therapies. Currently 
recommended oncological predictive markers include both estrogen and progesterone 
receptors for identifying patients with breast cancers likely to benefit from hormone 
therapy, HER-2 for the identification of breast cancer patients likely to benefit from 
trastuzumab [203]. Thus, the drive to identify new biomarkers of target engagement and 
sensitivity with these novel agents is also promoting the search for new clinical study 
designs in a minimally pre-treated population [120]. 
Fourth, future studies will need to address how best to incorporate these agents into 
existing treatment regimens and to determine when and in which combinations targeted 
therapy should be administered [7]. Some of these agents will have limited activity by 
themselves and yet have the capacity to markedly enhance the anti-tumor activity of 
conventional agents like chemotherapy or even other biological agents. For example, anti 
angiogenesis MAb bevacizumab that has no activity as a single agent and yet is clinically 
active when combined with chemotherapy. Furthermore, HER-targeted agents may need to 
be used in combination with chemotherapy to provide clinically relevant activity. 
Fifth, the therapy end-points with these agents also need to be revisited. Some of these 
agents are not expected to result in tumor shrinkage (or response), and therefore we cannot 
propose a unified definition of clinical benefit as it has been done with chemotherapy in the 
past. Furthermore, genetic assay techniques used to provide information on clinical 
outcomes, including the risk for tumor recurrence and individual benefit from a particular 
chemotherapy also needs further critical development [204]. 
Sixth, Targeting HER-2 is associated with cardiac toxicity, which is an especially important 
consideration in the adjuvant setting and when combining anti–HER-2 agents with 
cardiotoxic chemotherapeutic drugs. Targeting HER-1 in combination with HER-2, as with 
the RTKIs lapatinib and neratinib, appears to reduce the risk for cardiotoxicity, although the 
exact mechanisms underlying this observation remain unclear [7]. 
Finally, with the increase in the number of available lines of therapy in breast cancer, there 
is a danger that novel agents will be tested in a heavily pre-treated patient population. 
While there is little debate if patients with advanced disease receiving multiple lines of 
therapy may be appropriate study participants in early clinical studies. There is also a 
growing concern that patients with advanced disease may not be the ideal population to 
detect the anti-tumor activity of novel agents since their tumors may have become highly 
resistant to any type of therapy [120]. 
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In summary, the contribution of STIs in cancer chemotherapy continues to be encouraging, 
and clinical trials are currently addressing whether the promising preclinical activities of 
STIs will translate into benefits for patients. Hopefully, the previously mentioned 
suggestions and mechanisms will ultimately be put into practice. Moreover, cellular 
responses to cancer chemotherapeutic agents are complex and several mechanisms are 
commonly associated with the resistance of laboratory human breast cancer cell lines. 
Clinical testing of breast cancer STIs like other modern day targeted therapeutics must be 
rationally developed with a firm basis in the lessons learned in the laboratory and with 
proper selection of patient populations in which the predictive power and the potential for 
benefit is greatest.  
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In summary, the contribution of STIs in cancer chemotherapy continues to be encouraging, 
and clinical trials are currently addressing whether the promising preclinical activities of 
STIs will translate into benefits for patients. Hopefully, the previously mentioned 
suggestions and mechanisms will ultimately be put into practice. Moreover, cellular 
responses to cancer chemotherapeutic agents are complex and several mechanisms are 
commonly associated with the resistance of laboratory human breast cancer cell lines. 
Clinical testing of breast cancer STIs like other modern day targeted therapeutics must be 
rationally developed with a firm basis in the lessons learned in the laboratory and with 
proper selection of patient populations in which the predictive power and the potential for 
benefit is greatest.  
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1. Introduction 
ErbB2, one of the receptor tyrosine kinase superfamily has attracted the attention of cancer 
researchers since its discovery. Thirty years ago, ErbB2 was discovered as an oncogene that 
transforms NIH3T3 cells. The first decade of ErbB2 research revealed that it is a member of 
the ErbB receptor family and is deregulated in various types of human cancer. In the second 
decade, one significant discovery came from the crystallography with the rational theory 
that explains why no ligands specific for ErbB2 have been identified so far, and the other 
breakthrough came from the clinical field with the appearance of ErbB-targeted 
therapeutics. Today, cancer researchers strive to describe the elaborate signaling network of 
ErbB receptors by proteomic analysis, and our knowledge of their function, which is far 
from complete, is being applied to develop more efficient ErbB-targeted therapeutics for 
cancer patients. 
We will begin the story of ErbB2 with its discovery as an oncogene called neu. In the dawn of 
oncogene research, this gene, derived from a rat tumor, was classified as one of the most 
pivotal genes in human cancer, along with the oncogenes Ras and Myc and the tumor 
suppressor gene p53. This is because ErbB2 is frequently amplified and overexpressed in 
certain human cancers, such as breast carcinoma. Similar to other oncogenes, subsequent 
research demonstrated its indispensable role in development. Now, our interest is whether 
ErbB2 acts on the same target proteins in cancer and in normal development. 
The signaling networks downstream of ErbB receptors are complex because there are 
various ligands for each receptor, except ErbB2, and the composition of the ErbB dimer 
seems to define downstream signaling targets. For example, EGFR (epidermal growth factor 
receptor)-containing heterodimers prefer to stimulate the mitogen-activated protein kinase 
(MAPK) cascade, while ErbB3-containing dimers preferably activate phosphatidylinositol 3-
kinase (PI3K). This characteristic is reflected in the difficulty in choosing the best 
therapeutics corresponding to each case in the clinic. 
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Our passion for determining the function of ErbB2 in cancer has inspired us to develop 
experimental methods to reveal mechanisms of tumorigenesis in humans. One such method 
is the MCF10A morphogenesis assay, which will be useful for identifying new oncogenes. 

2. Discovery of ErbB2 

This section describes the history of the discovery of ErbB2/HER2/neu. The ErbB2 gene was 
initially identified as an oncogene named neu in NIH3T3 cells. Soon after, several groups, 
including our laboratory revealed that this gene was the second member of the EGFR 
family. Initial studies showed that this gene was amplified in human cancer cell lines and 
tissues, indicating its importance in human cancer. This finding prompted the extensive 
studies of ErbB2 in human cancer. By the way, official NCBI gene symbol is ERBB2 (human), 
however, for simplicity, we will use one term “ErbB2” in this article. 

2.1 Neu, an oncogene cloned from murine brain tumors 
The origin of ErbB2/HER2/neu research can be traced back to the 1980s, when virtually all 
cancer researchers were hunting for novel oncogenes. Cancer researchers, using the tools for 
introducing foreign DNA into mammalian cells, were seeking genes that render normal cells 
cancerous, what we call “oncogenes.” Scientists introduced genomic DNA that was isolated 
from mouse or human tumor cells into NIH3T3 mouse fibroblast cells (Shih et al., 1979) 
using the calcium-phosphate DNA precipitation technique (Graham & van der Eb, 1973) 
and examined their morphological changes, or their “transformation”. This transformation 
assay described in detail in section 6 produced several fruitful discoveries. For us, the most 
significant was the discovery of neu. 
The first report about neu came in 1981 when Shih et al. indicated that DNA prepared from 
rat neuro-/glioblastoma cell lines transformed NIH3T3 cells (Shih et al., 1981). In 1984, 
Schechter et al. demonstrated that several independently isolated transformed cells 
contained the same oncogene, based on resistance to inactivation by restriction enzyme 
cleavage, and thus named the oncogene “neu” (Schechter et al., 1984). They also showed that 
the neu gene encoded a protein of relative molecular mass 185,000 (p185), and it was related 
to EGFR serologically. This finding was consistent with the fact that neu showed significant 
similarity to v-erbB, a retroviral oncogene of avian erythroblastosis virus (Vennstrom & 
Bishop, 1982; Yamamoto et al., 1983), and was homologous with the cellular gene (c-erbB) 
encoding EGFR (Downward et al., 1984). 

2.2 A second member of the ErbB family, c-erbB2/HER2 
After the initial discoveries regarding neu, neu blossomed out into one of the most famous 
oncogenes. In 1985, Schechter et al. demonstrated that the homology between neu and erbB 
was limited to the region of the kinase domain of EGFR and that neu mapped to human 
chromosome 17, distinct from c-erbB on chromosome 7 (Schechter et al., 1985). Semba et al. 
identified the human v-erbB–related sequence as distinct from the EGFR gene and its 
amplification in the human adenocarcinoma of the salivary gland (Semba et al., 1985), and 
they named the gene c-erbB2, as a separate gene from c-erbB1, encoding EGFR. Soon after, 
several groups cloned this human version of the neu oncogene and designated it c-erbB2 or 
HER2 (Bargmann et al., 1986b; Coussens et al., 1985; Yamamoto et al., 1986), and cDNA 
clones of the neu oncogene itself were also isolated (Hung et al., 1986). Subsequent studies 
revealed that ErbB2 encodes a 185-kDa transmembrane glycoprotein that is highly similar to 
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EGFR (Akiyama et al., 1986; Bargmann et al., 1986b). To date, there are four ErbB family 
receptors: EGFR (also ErbB1, HER1), ErbB2(HER2, Neu), ErbB3(HER3) (Kraus et al., 1989), 
and ErbB4(HER4) (Plowman et al., 1993). We will describe their structural similarities and 
differences in section 3. 
In what ways does the neu oncogene cause murine neuro-/glioblastoma? In the case of the 
v-erbB oncogene, encoding the truncated form of EGFR, we could assume that its aberrant 
protein, which has no ligand binding domain, phosphorylates its substrates independently 
of ligand binding, resulting in hyperproliferation (Khazaie et al., 1988). The neu proto-
oncogene, however, is activated by a single point mutation, V664E, in the transmembrane 
domain (Bargmann et al., 1986a), and not by gross rearrangements as seen in v-erbB. Does 
this single point mutation, which causes neuro-/glioblastoma in rats, also occur in humans? 
Interestingly, such a single point mutation of c-erbB2 has never been observed in cancer 
patients. Instead, gene amplification and overexpression of its protein product are 
frequently observed in various types of human cancer, especially breast cancer (Slamon et 
al., 1989), as described in section 4. 

3. Regulation of ErbB receptors and downstream signaling pathways 
The ErbB receptors are closely related, single-chain glycoproteins. ErbB receptors are 
activated by binding to their specific ligands. Activated ErbB receptors then transmit signals 
to downstream signal transducers. In this section, we describe structural features of ErbB 
receptors and focus on recent observations of ErbB2 signal transduction pathways.  

3.1 ErbB ligands 
ErbB ligands act in a paracrine or autocrine fashion. Whereas paracrine ErbB ligands are 
derived from stromal cells, autocrine ErbB ligands are produced as transmembrane 
precursors that are subsequently cleaved by proteases to be released as soluble ligands 
when cells are stimulated (Hynes & Lane, 2005).  
At least ten ErbB ligands are known (Figure 1) and are divided into three groups with 
respect to binding specificity. The first group includes EGF, amphiregulin (AR) and 
transforming growth factor- (TGF-), which bind specifically to ErbB1. The second group 
includes betacellulin (BTC), heparin-binding EGF (HB-EGF) and epiregulin (EPR), which 
show dual specificity, binding to both ErbB1 and ErbB4. The third group includes 
neuregulins (NRGs). They are composed of two subgroups. NRG1 and NRG2 bind 
specifically to both ErbB3 and ErbB4, whereas NRG3 and NRG4 bind specifically to only 
ErbB4 (Hynes & Lane, 2005). 
None of these ErbB ligands bind and activate ErbB2. However, the mucin MUC4, a 
transmembrane glycoprotein, modulates the ErbB2 signaling pathway. MUC4 is composed of 
two subunits, ASGP-1, an O-glycosylated mucin subunit, and ASGP-2, an N-glycosylated 
transmembrane subunit. ASGP-2 possesses two EGF-like domains, EGF-1 and EGF-2, and 
interacts specifically with ErbB2, inducing its phosphorylation. MUC4 retains ErbB2 and ErbB3 
on the cell membrane by suppressing their ligand-induced internalization. However, the 
mechanisms of ErbB2 signaling activation by MUC4 are largely unknown (Singh et al., 2007). 

3.2 ErbB receptors 
3.2.1 Structures of ErbB receptors and their conformational changes on ligand binding 
Each ErbB receptor comprises five functional domains, the extracellular domain for ligand 
binding (~620 residues), the -helical transmembrane segment (~23 residues), and  



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 140 

Our passion for determining the function of ErbB2 in cancer has inspired us to develop 
experimental methods to reveal mechanisms of tumorigenesis in humans. One such method 
is the MCF10A morphogenesis assay, which will be useful for identifying new oncogenes. 

2. Discovery of ErbB2 

This section describes the history of the discovery of ErbB2/HER2/neu. The ErbB2 gene was 
initially identified as an oncogene named neu in NIH3T3 cells. Soon after, several groups, 
including our laboratory revealed that this gene was the second member of the EGFR 
family. Initial studies showed that this gene was amplified in human cancer cell lines and 
tissues, indicating its importance in human cancer. This finding prompted the extensive 
studies of ErbB2 in human cancer. By the way, official NCBI gene symbol is ERBB2 (human), 
however, for simplicity, we will use one term “ErbB2” in this article. 

2.1 Neu, an oncogene cloned from murine brain tumors 
The origin of ErbB2/HER2/neu research can be traced back to the 1980s, when virtually all 
cancer researchers were hunting for novel oncogenes. Cancer researchers, using the tools for 
introducing foreign DNA into mammalian cells, were seeking genes that render normal cells 
cancerous, what we call “oncogenes.” Scientists introduced genomic DNA that was isolated 
from mouse or human tumor cells into NIH3T3 mouse fibroblast cells (Shih et al., 1979) 
using the calcium-phosphate DNA precipitation technique (Graham & van der Eb, 1973) 
and examined their morphological changes, or their “transformation”. This transformation 
assay described in detail in section 6 produced several fruitful discoveries. For us, the most 
significant was the discovery of neu. 
The first report about neu came in 1981 when Shih et al. indicated that DNA prepared from 
rat neuro-/glioblastoma cell lines transformed NIH3T3 cells (Shih et al., 1981). In 1984, 
Schechter et al. demonstrated that several independently isolated transformed cells 
contained the same oncogene, based on resistance to inactivation by restriction enzyme 
cleavage, and thus named the oncogene “neu” (Schechter et al., 1984). They also showed that 
the neu gene encoded a protein of relative molecular mass 185,000 (p185), and it was related 
to EGFR serologically. This finding was consistent with the fact that neu showed significant 
similarity to v-erbB, a retroviral oncogene of avian erythroblastosis virus (Vennstrom & 
Bishop, 1982; Yamamoto et al., 1983), and was homologous with the cellular gene (c-erbB) 
encoding EGFR (Downward et al., 1984). 

2.2 A second member of the ErbB family, c-erbB2/HER2 
After the initial discoveries regarding neu, neu blossomed out into one of the most famous 
oncogenes. In 1985, Schechter et al. demonstrated that the homology between neu and erbB 
was limited to the region of the kinase domain of EGFR and that neu mapped to human 
chromosome 17, distinct from c-erbB on chromosome 7 (Schechter et al., 1985). Semba et al. 
identified the human v-erbB–related sequence as distinct from the EGFR gene and its 
amplification in the human adenocarcinoma of the salivary gland (Semba et al., 1985), and 
they named the gene c-erbB2, as a separate gene from c-erbB1, encoding EGFR. Soon after, 
several groups cloned this human version of the neu oncogene and designated it c-erbB2 or 
HER2 (Bargmann et al., 1986b; Coussens et al., 1985; Yamamoto et al., 1986), and cDNA 
clones of the neu oncogene itself were also isolated (Hung et al., 1986). Subsequent studies 
revealed that ErbB2 encodes a 185-kDa transmembrane glycoprotein that is highly similar to 

ErbB2/HER2: Its Contribution to Basic Cancer  
Biology and the Development of Molecular Targeted Therapy 141 

EGFR (Akiyama et al., 1986; Bargmann et al., 1986b). To date, there are four ErbB family 
receptors: EGFR (also ErbB1, HER1), ErbB2(HER2, Neu), ErbB3(HER3) (Kraus et al., 1989), 
and ErbB4(HER4) (Plowman et al., 1993). We will describe their structural similarities and 
differences in section 3. 
In what ways does the neu oncogene cause murine neuro-/glioblastoma? In the case of the 
v-erbB oncogene, encoding the truncated form of EGFR, we could assume that its aberrant 
protein, which has no ligand binding domain, phosphorylates its substrates independently 
of ligand binding, resulting in hyperproliferation (Khazaie et al., 1988). The neu proto-
oncogene, however, is activated by a single point mutation, V664E, in the transmembrane 
domain (Bargmann et al., 1986a), and not by gross rearrangements as seen in v-erbB. Does 
this single point mutation, which causes neuro-/glioblastoma in rats, also occur in humans? 
Interestingly, such a single point mutation of c-erbB2 has never been observed in cancer 
patients. Instead, gene amplification and overexpression of its protein product are 
frequently observed in various types of human cancer, especially breast cancer (Slamon et 
al., 1989), as described in section 4. 

3. Regulation of ErbB receptors and downstream signaling pathways 
The ErbB receptors are closely related, single-chain glycoproteins. ErbB receptors are 
activated by binding to their specific ligands. Activated ErbB receptors then transmit signals 
to downstream signal transducers. In this section, we describe structural features of ErbB 
receptors and focus on recent observations of ErbB2 signal transduction pathways.  

3.1 ErbB ligands 
ErbB ligands act in a paracrine or autocrine fashion. Whereas paracrine ErbB ligands are 
derived from stromal cells, autocrine ErbB ligands are produced as transmembrane 
precursors that are subsequently cleaved by proteases to be released as soluble ligands 
when cells are stimulated (Hynes & Lane, 2005).  
At least ten ErbB ligands are known (Figure 1) and are divided into three groups with 
respect to binding specificity. The first group includes EGF, amphiregulin (AR) and 
transforming growth factor- (TGF-), which bind specifically to ErbB1. The second group 
includes betacellulin (BTC), heparin-binding EGF (HB-EGF) and epiregulin (EPR), which 
show dual specificity, binding to both ErbB1 and ErbB4. The third group includes 
neuregulins (NRGs). They are composed of two subgroups. NRG1 and NRG2 bind 
specifically to both ErbB3 and ErbB4, whereas NRG3 and NRG4 bind specifically to only 
ErbB4 (Hynes & Lane, 2005). 
None of these ErbB ligands bind and activate ErbB2. However, the mucin MUC4, a 
transmembrane glycoprotein, modulates the ErbB2 signaling pathway. MUC4 is composed of 
two subunits, ASGP-1, an O-glycosylated mucin subunit, and ASGP-2, an N-glycosylated 
transmembrane subunit. ASGP-2 possesses two EGF-like domains, EGF-1 and EGF-2, and 
interacts specifically with ErbB2, inducing its phosphorylation. MUC4 retains ErbB2 and ErbB3 
on the cell membrane by suppressing their ligand-induced internalization. However, the 
mechanisms of ErbB2 signaling activation by MUC4 are largely unknown (Singh et al., 2007). 

3.2 ErbB receptors 
3.2.1 Structures of ErbB receptors and their conformational changes on ligand binding 
Each ErbB receptor comprises five functional domains, the extracellular domain for ligand 
binding (~620 residues), the -helical transmembrane segment (~23 residues), and  



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 142 

 
Fig. 1. ErbB ligands and receptors. 
ErbB ligands, which act in an autocrine or paracrine fashion, are divided into three groups 
based on binding specificity. None of the ErbB ligands binds to ErbB2. However, MUC4 
modulates ErbB2 signaling activity. Ligand binding to the extracellular domain of ErbB 
receptors changes the receptor’s conformation and promotes homo- and heterodimerization. 
Its dimerization induces the tyrosine kinase activity of the intracellular domain, resulting in 
the cross-phosphorylation of specific tyrosine residues, which recruits and activates specific 
downstream signaling proteins. The intracellular domain of each ErbB receptor possesses 
unique docking sites for downstream signaling proteins, which consist of tyrosine residues 
and the surrounding amino acids (Baselga & Swain, 2009; Hynes & Lane, 2005; Olayioye et 
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al., 2000). ErbB1 has docking sites for growth factor receptor-bound 2 (GRB2) and Src 
homology 2-containing (Shc), which activate the MAPK and PI3K–Akt pathways though 
Ras activation, although it has no direct docking site for PI3K (Hynes & Lane, 2005). ErbB1 
has a docking site for Cbl, an E3 ubiquitin ligase. ErbB1 dimerization induced by ligand 
binding induces receptor internalization into endosomes, which is followed by recycling. In 
the endosome, Cbl directly binds to tyrosine residues of ErbB1 and undergoes 
ubiquitylation, resulting in its degradation in lysosomes (Citri & Yarden, 2006). ErbB2 
functions as the preferred partner of other ErbB receptors and possesses the strongest kinase 
activity. ErbB3 possesses six p85 docking sites, which effectively activate the PI3K–Akt 
pathway, although it lacks tyrosine kinase activity (Moasser, 2007). ErbB1, ErbB2 and ErbB3 
are implicated in the progression of cancer. However, ErbB4 is associated with the inhibition 
of cell proliferation, although it has docking sites for p85 and Shc (Baselga & Swain, 2009). 

a juxtamembranedomain (~40 residues), an intracellular tyrosine kinase domain (~260 
residues), and a C-terminal regulatory region (~232residues) (Burgess et al., 2003). 
Intriguingly, the structures of ErbB2 and ErbB3 are unique among the ErbB family. ErbB2 is 
an orphan receptor, but it always has a ligand-activated conformation (Garrett et al., 2003), 
while ErbB3 has impaired intrinsic tyrosine kinase activity (P.M. Guy et al., 1994). 
The ErbB family is conserved during evolution. Although we will not discuss the issue in 
detail, the biological significance of EGFR in the physiological state lies in its involvement in 
epithelial development in mammals (Miettinen et al., 1995; Sibilia & Wagner, 1995; 
Threadgill et al., 1995). EGFR has similar functions in invertebrates. For instance, both 
Caenorhabditis elegans and Drosophila melanogaster have a single EGFR homolog (Aroian et al., 
1990; Livneh et al., 1985). EGFR regulates vulva development in Caenorhabditis elegans 
(Moghal & Sternberg, 2003) and the development of various organs in Drosophila (Shilo, 
2003). In Caenorhabditis elegans, in parallel with the simplicity of the ErbB family of receptors, 
there are only one ligand for the receptors (Yarden & Sliwkowski, 2001), while humans have 
ten. The versatility of ErbB receptors and their ligands in mammals, which evolved from a 
simple cascade important for development in invertebrates, can endow signaling networks 
with not only robustness but also vulnerability, represented by tumorigenesis, a collapse of 
the regulatory circuit. The evolutional conservation of tumor-promoting ability of EGFR is 
well known, for instance, from the melanoma model of Xiphophorus (Gomez et al., 2004). 
The extracellular domain consists of domains I–IV. Domain II promotes receptor 
dimerization. In the absence of ligand binding, ErbB exists in a tethered conformation in 
which intramolecular interaction between domains II and IV blocks the function of 
dimerization domain II. Ligand binding to ErbB receptors changes the tethered 
conformation into the extended conformation, which exposes domain II, allowing them to 
undergo homo- and heterodimerization (Hynes & Lane, 2005). However, ErbB3 lacks the 
ability to homodimerize (Baselga & Swain, 2009). ErbB2 has a unique structure of the ligand-
activated conformation and is the most preferred partner for other ligand-bound ErbB 
receptors. This is because the structure of the ErbB2 extracellular domain originally 
resembles the extended conformation that exhibits no interaction between domain II and 
domain IV and exposes the dimerization domain II (Hynes & Lane, 2005). The intracellular 
domain possesses the protein tyrosine kinase activity and unique docking sites for specific 
downstream signaling proteins, which consist of tyrosine residues and surrounding amino 
acid side chains (Hynes & Lane, 2005). ErbB2 possesses the strongest tyrosine kinase activity 
among the ErbB receptors (Moasser, 2007). However, ErbB3 lacks the tyrosine kinase 
activity because it is unable to bind to ATP (Baselga & Swain, 2009). 
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3.2.2 HSP90–ErbB2 complex 
Heat shock proteins (HSPs), a large family of highly conserved molecular chaperone 
proteins, mediate the conformational maturation and folding of target proteins. HSP90 
protects the ErbB system from damage. Whereas other ErbB receptors are HSP90-
independent, ErbB2 and several downstream signaling proteins are stabilized by HSP90. A 
ternary complex of HSP90, ErbB2 and a co-chaperone, CDC37, stabilizes ErbB2 at the cell 
membrane (Baselga & Swain, 2009; Citri & Yarden, 2006) . Inhibition of HSP90 function by 
specific drugs results in ubiquitylation and proteasomal degradation of ErbB2 and its 
downstream signaling proteins (Baselga & Swain, 2009). HSP90 also controls ErbB2 
signaling activity. Binding of the complex of HSP90 and CDC37 to the tyrosine kinase 
domain of ErbB2 suppresses its tyrosine kinase activity and heterodimerization with other 
ligand-bound ErbB receptors.  

3.3 Signaling pathways activated by ErbB receptors 
Ligand-binding to the extracellular domain of ErbB receptors changes the tethered 
conformation into the extended conformation, inducing homo- and heterodimerization. 
Only ErbB2 is able to dimerize without ligand-binding. ErbB receptor dimerization results 
in phosphorylation on specific tyrosine residues of the intracellular domain. These 
phosphorylated tyrosine residues and surrounding amino acid side chains allow the 
recruitment and activation of downstream signaling proteins, which initiate multiple 
signaling pathways (Baselga & Swain, 2009). 
The combination of ligands and heterodimer partners determines which downstream 
signaling proteins are recruited and which signaling pathways are activated. The 
heterodimer of ErbB2–ErbB3 is the most active in ErbB downstream signaling (Baselga & 
Swain, 2009). 
Two main signaling pathways activated by ErbB receptors are the MAPK and the PI3K-
Akt pathways. Other important ErbB signaling proteins are the signal transducers and 
activators of transcription (STATs) and the Src tyrosine kinase (Hynes & Lane, 2005). 
Although ErbB receptors are largely known as receptor tyrosine kinases (RTKs), recent 
studies indicate they can localize to the nucleus and act as transcription factors (S.-C. 
Wang et al., 2004). 

3.3.1 MAPK pathway 
GRB2, an adaptor protein, binds to ErbB receptors either indirectly through Shc or directly 
to the phosphorylated tyrosine residues. The GRB2–son of sevenless (Sos) complex, with or 
without Shc, recruits Ras and activates the MAPK pathway, inducing cell proliferation, 
migration, differentiation and angiogenesis (Baselga & Swain, 2009). Recent analysis using 
MCF10A cells showed that Shc is required for the inhibition of apoptosis and for paclitaxel 
resistance (see also section 6 for MCF10A system). 

3.3.2 PI3K–Akt pathway 
PI3K, a heterodimer composed of a p85 regulatory subunit and p110 catalytic subunit, is 
activated by at least two ErbB-related pathways. In the first pathway, p85 directly binds to 
phosphorylated tyrosine residues, triggering the activation of the p110 catalytic subunit. In 
the second pathway, GRB2 binds to ErbB either indirectly though Shc or directly to 
phosphorylated tyrosine residues and activates Ras, which also triggers the activation of 
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p110 (Baselga & Swain, 2009; Cully et al., 2006). Activated PI3K phosphorylates 
phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate 
(PIP3), which recruits Akt and phosphatidylinositol-dependent kinase 1 (PDK1) and 
activates PDK1. PDK1 phosphorylates and activates Akt. The tumor-suppressor 
phosphatase with tensin homology (PTEN) dephosphorylates PIP3 into PIP2 and inhibits 
PI3K–Akt pathway activation (Cully et al., 2006). 
Activated Akt phosphorylates many target proteins associated with cell survival, 
proliferation (increased cell number), and growth (increased cell size). In addition, Akt 
promotes angiogenesis through vascular endothelial growth factor (VEGF) and hypoxia-
inducible factor-1 (HIF-1) (Vivanco & Sawyers, 2002).  
3.3.2.1 Survival 
Activated Akt directly phosphorylates several target proteins to suppress apoptosis. BAD, a 
pro-apoptotic member of the BCL2 family, antagonizes the survival protein BCL-XL to 
promote cell death. Activated Akt phosphorylates BAD, which prevents it from interacting 
with BCL-XL, allowing BCL-XL to function as an anti-apoptotic protein. Caspase-9, a 
member of the cysteine-dependent aspartyl-specific protease family, cleaves and activates 
pro-caspase-3, resulting in apoptosis. Activated Akt phosphorylates caspase-9 and inhibits 
its catalytic activity. Forkhead box 1 (FOXO1), a member of the forkhead family of 
transcription factors, activates several pro-apoptotic proteins, including BIM and FAS 
ligand. Activated Akt phosphorylates FOXO1 and prevents its nuclear translocation. 
Nuclear factor B (NF-B), a transcription factor, is constantly inhibited by IB. Activated 
Akt phosphorylates IB kinase (IKK), which degrades IκB, allowing NF-B to translocate to 
the nucleus and activate its target genes. Murine double minute (MDM2), a p53-binding 
protein, mediates proteasomal degradation of p53. Activated Akt phosphorylates and 
activates MDM2 (Vivanco & Sawyers, 2002). 

3.3.2.2 Proliferation 
Activated Akt directly phosphorylates several target proteins to regulate cell cycle control. 
Glycogen synthase kinase-3(GSK-3) phosphorylates cyclin D1 which mediates G1/S 
phase transition to induce its proteasomal degradation. Activated Akt directly 
phosphorylates and inhibits GSK-3, which allows cyclin D1 to accumulate (Vivanco & 
Sawyers, 2002). Activated Akt phosphorylates and inhibits p27, a CDK inhibitor (CKI), 
promoting cell cycle entry. In addition, p27 expression is regulated by the transcription 
factor FOXO3A. FOXO3A activates p27 and BIM expression, and inhibit cyclin D1 
expression. Activated Akt phosphorylates FOXO3A, which promotes its translocation from 
the nucleus. Activated Akt also modulates p21 activity by affecting its phosphorylation, 
presumably through other kinases (Cully et al., 2006). 
3.3.2.3 Growth 
Activated Akt directly phosphorylates tuberous sclerosis 2 (TSC2) to affect cell growth. 
TSC2 heterodimerizes with TSC1 to promote the GTPase activity of the Ras homolog 
enriched in brain (RHEB). Activated Akt phosphorylates TSC2 and inhibits the ability of the 
TSC1–TSC2 complex to act as RHEB-GTPase activating protein (RHEB-GAP), which allows 
GTP-bound RHEB to accumulate. Active GTP-bound RHEB promotes the kinase activity of 
the mammalian target of rapamycin (mTOR), a key regulator of cell growth. Activated 
mTOR, regulatory associated protein of TOR (raptor) and G-protein β-subunit-like (GβL)  
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3.2.2 HSP90–ErbB2 complex 
Heat shock proteins (HSPs), a large family of highly conserved molecular chaperone 
proteins, mediate the conformational maturation and folding of target proteins. HSP90 
protects the ErbB system from damage. Whereas other ErbB receptors are HSP90-
independent, ErbB2 and several downstream signaling proteins are stabilized by HSP90. A 
ternary complex of HSP90, ErbB2 and a co-chaperone, CDC37, stabilizes ErbB2 at the cell 
membrane (Baselga & Swain, 2009; Citri & Yarden, 2006) . Inhibition of HSP90 function by 
specific drugs results in ubiquitylation and proteasomal degradation of ErbB2 and its 
downstream signaling proteins (Baselga & Swain, 2009). HSP90 also controls ErbB2 
signaling activity. Binding of the complex of HSP90 and CDC37 to the tyrosine kinase 
domain of ErbB2 suppresses its tyrosine kinase activity and heterodimerization with other 
ligand-bound ErbB receptors.  

3.3 Signaling pathways activated by ErbB receptors 
Ligand-binding to the extracellular domain of ErbB receptors changes the tethered 
conformation into the extended conformation, inducing homo- and heterodimerization. 
Only ErbB2 is able to dimerize without ligand-binding. ErbB receptor dimerization results 
in phosphorylation on specific tyrosine residues of the intracellular domain. These 
phosphorylated tyrosine residues and surrounding amino acid side chains allow the 
recruitment and activation of downstream signaling proteins, which initiate multiple 
signaling pathways (Baselga & Swain, 2009). 
The combination of ligands and heterodimer partners determines which downstream 
signaling proteins are recruited and which signaling pathways are activated. The 
heterodimer of ErbB2–ErbB3 is the most active in ErbB downstream signaling (Baselga & 
Swain, 2009). 
Two main signaling pathways activated by ErbB receptors are the MAPK and the PI3K-
Akt pathways. Other important ErbB signaling proteins are the signal transducers and 
activators of transcription (STATs) and the Src tyrosine kinase (Hynes & Lane, 2005). 
Although ErbB receptors are largely known as receptor tyrosine kinases (RTKs), recent 
studies indicate they can localize to the nucleus and act as transcription factors (S.-C. 
Wang et al., 2004). 

3.3.1 MAPK pathway 
GRB2, an adaptor protein, binds to ErbB receptors either indirectly through Shc or directly 
to the phosphorylated tyrosine residues. The GRB2–son of sevenless (Sos) complex, with or 
without Shc, recruits Ras and activates the MAPK pathway, inducing cell proliferation, 
migration, differentiation and angiogenesis (Baselga & Swain, 2009). Recent analysis using 
MCF10A cells showed that Shc is required for the inhibition of apoptosis and for paclitaxel 
resistance (see also section 6 for MCF10A system). 

3.3.2 PI3K–Akt pathway 
PI3K, a heterodimer composed of a p85 regulatory subunit and p110 catalytic subunit, is 
activated by at least two ErbB-related pathways. In the first pathway, p85 directly binds to 
phosphorylated tyrosine residues, triggering the activation of the p110 catalytic subunit. In 
the second pathway, GRB2 binds to ErbB either indirectly though Shc or directly to 
phosphorylated tyrosine residues and activates Ras, which also triggers the activation of 
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p110 (Baselga & Swain, 2009; Cully et al., 2006). Activated PI3K phosphorylates 
phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate 
(PIP3), which recruits Akt and phosphatidylinositol-dependent kinase 1 (PDK1) and 
activates PDK1. PDK1 phosphorylates and activates Akt. The tumor-suppressor 
phosphatase with tensin homology (PTEN) dephosphorylates PIP3 into PIP2 and inhibits 
PI3K–Akt pathway activation (Cully et al., 2006). 
Activated Akt phosphorylates many target proteins associated with cell survival, 
proliferation (increased cell number), and growth (increased cell size). In addition, Akt 
promotes angiogenesis through vascular endothelial growth factor (VEGF) and hypoxia-
inducible factor-1 (HIF-1) (Vivanco & Sawyers, 2002).  
3.3.2.1 Survival 
Activated Akt directly phosphorylates several target proteins to suppress apoptosis. BAD, a 
pro-apoptotic member of the BCL2 family, antagonizes the survival protein BCL-XL to 
promote cell death. Activated Akt phosphorylates BAD, which prevents it from interacting 
with BCL-XL, allowing BCL-XL to function as an anti-apoptotic protein. Caspase-9, a 
member of the cysteine-dependent aspartyl-specific protease family, cleaves and activates 
pro-caspase-3, resulting in apoptosis. Activated Akt phosphorylates caspase-9 and inhibits 
its catalytic activity. Forkhead box 1 (FOXO1), a member of the forkhead family of 
transcription factors, activates several pro-apoptotic proteins, including BIM and FAS 
ligand. Activated Akt phosphorylates FOXO1 and prevents its nuclear translocation. 
Nuclear factor B (NF-B), a transcription factor, is constantly inhibited by IB. Activated 
Akt phosphorylates IB kinase (IKK), which degrades IκB, allowing NF-B to translocate to 
the nucleus and activate its target genes. Murine double minute (MDM2), a p53-binding 
protein, mediates proteasomal degradation of p53. Activated Akt phosphorylates and 
activates MDM2 (Vivanco & Sawyers, 2002). 

3.3.2.2 Proliferation 
Activated Akt directly phosphorylates several target proteins to regulate cell cycle control. 
Glycogen synthase kinase-3(GSK-3) phosphorylates cyclin D1 which mediates G1/S 
phase transition to induce its proteasomal degradation. Activated Akt directly 
phosphorylates and inhibits GSK-3, which allows cyclin D1 to accumulate (Vivanco & 
Sawyers, 2002). Activated Akt phosphorylates and inhibits p27, a CDK inhibitor (CKI), 
promoting cell cycle entry. In addition, p27 expression is regulated by the transcription 
factor FOXO3A. FOXO3A activates p27 and BIM expression, and inhibit cyclin D1 
expression. Activated Akt phosphorylates FOXO3A, which promotes its translocation from 
the nucleus. Activated Akt also modulates p21 activity by affecting its phosphorylation, 
presumably through other kinases (Cully et al., 2006). 
3.3.2.3 Growth 
Activated Akt directly phosphorylates tuberous sclerosis 2 (TSC2) to affect cell growth. 
TSC2 heterodimerizes with TSC1 to promote the GTPase activity of the Ras homolog 
enriched in brain (RHEB). Activated Akt phosphorylates TSC2 and inhibits the ability of the 
TSC1–TSC2 complex to act as RHEB-GTPase activating protein (RHEB-GAP), which allows 
GTP-bound RHEB to accumulate. Active GTP-bound RHEB promotes the kinase activity of 
the mammalian target of rapamycin (mTOR), a key regulator of cell growth. Activated 
mTOR, regulatory associated protein of TOR (raptor) and G-protein β-subunit-like (GβL)  
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complex phosphorylates S6 kinase (S6K) and the eukaryotic translation-initiatin factor 4E 
(EIF4E)-inhibitory binding protein (4E-BP) to modulate the mRNA translation and protein 
synthesis (Cully et al., 2006). 

3.3.3 ErB2–ErbB3 heterodimer and PI3K–Akt pathway 
Several lines of evidence indicate that the heterodimer ErbB2–ErbB3 is the most important 
oncogenic signaling associated with the activation of the PI3K–Akt pathway. ErbB2, which 
lacks p85-binding sites, possesses strong kinase activity, and ErbB3, which lacks tyrosine 
kinase activity, possesses six p85-binding sites. Akt is frequently activated in ErbB2-
overexpressing tumors, as well as in tumors generated in mouse mammary tumor virus 
(MMTV)-neu transgenic mice. Cell transformation by overexpressed ErbB2 in vitro is 
associated with increased ErbB3 phosphorylation and activation of the PI3K–Akt pathway. 
These results suggest the transactivation of ErbB3, and the PI3K–Akt pathway is strongly 
associated with the tumorigenic function of overexpressed ErbB2 (Moasser, 2007). 
 

 
Fig. 2. Downstream signaling pathways of ErbB2–ErbB3 heterodimer. 

The MAPK pathway and PI3K–Akt pathway are the two main pathways activated by ErbB 
receptors. GRB2–Sos complex, with or without Shc, recruits Ras and activates MAPK 
signaling, inducing cell proliferation, migration, differentiation and angiogenesis. PI3K is a 
heterodimer composed of a p85 regulatory subunit and a p110 catalytic subunit. p110 is 
activated by p85 directly binding to phosphorylated tyrosine residues or indirectly binding 
though the GRB2–Sos–Ras complex, with or without Shc, to phosphorylated tyrosine 
residues within RTKs. Activated PI3K phosphorylates PIP2 into PIP3, which recruits and 
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activates PDK1. PDK1 phosphorylates and activates PI3K. PTEN dephosphorylates PIP3 
into PIP2. Activated Akt phosphorylates many downstream proteins, inducing cell survival, 
proliferation, growth, and angiogenesis (Baselga & Swain, 2009; Cully et al., 2006; Vivanco & 
Sawyers, 2002). The heterodimer ErbB2–ErbB3 is the most oncogenic signaling activator of 
the PI3K–Akt pathway because ErbB2 possesses strong kinase activity, and ErbB3 possesses 
six p85-binding sites (Moasser, 2007). 

3.3.4 Inhibition of PI3K–Akt signaling though PTEN by trastuzumab 
Nagata et al. suggested the potency of trastuzumab (a humanized anti-ErbB2 monoclonal 
antibody, Herceptin®) is dependent on the ability to inhibit PI3K–Akt signaling pathway 
though activation of PTEN. PTEN dephosphorylates PIP3 into PIP2 and inhibits PI3K–Akt 
pathway activation. Overexpression of ErbB2 induces dimerization, resulting in 
phosphorylation on specific tyrosine residues of the intracellular domain. These 
phosphorylated tyrosine residues and surrounding amino acid side chains allow the 
recruitment and activation of downstream signaling proteins, including PI3K and Src. 
Activated PI3K activates PI3K–Akt pathway associated with cell survival, proliferation, 
growth and angiogenesis. Phosphorylated Src becomes activated and phosphorylates PTEN 
on tyrosine residues within the PTEN C2 domain, preventing PTEN from localizing to the 
cell membrane and dephosphorylating PI3K, and this also activates PI3K–Akt signaling. 
Treatment with trastuzumab keeps Src from binding ErbB2, leading to the 
dephosphorylation and inactivation of Src. PTEN is released from phosphorylation of Src 
and is localized to the cell membrane, which allows PTEN to antagonize PI3K function and 
negatively regulate the PI3K–Akt signaling pathway. However, Nagata et al. did not explore 
the mechanism that trastuzumab treatment rapidly keeps Src from ErbB2 (Crowder et al., 
2004; Nagata et al., 2004). 

3.3.5 The role of Src in the signaling pathway activated by ErbB2 
Src, a non-receptor tyrosine kinase, is a critical component of multiple signaling pathways, 
leading to proliferation, survival, metastasis and angiogenesis. Several results indicate a 
functional and physical interaction between ErbB2 and Src. Src and ErbB receptors are 
overexpressed in ~70% of breast tumors (Ishizawar & Parsons, 2004). Src and Yes are 
activated in mammary tumors of MMTV-neu transgenic mice. Activation of Src is also 
observed in mammary epithelial cells transformed by ErbB2, but not by H-Ras, indicating 
that Src is a downstream signaling protein of ErbB2. Src directly interacts with the kinase 
domain of ErbB2. ErbB2 activates Src function by stabilizing Src and promoting increased 
Src expression or by directly phosphorylating Src in its SH2 domain. Src promotes ErbB2–
ErbB3 dimerization, resulting in activation of their signaling activity. Src also 
phosphorylates the activation loop of the tyrosine kinase domain of ErbB2, which increases 
its kinase activity (Moasser, 2007). 

3.3.6 The role of Cyclin D1 in ErbB2–induced tumorigenesis 
Cyclin D1 is the key protein in ErbB2-induced tumorigenesis. ErbB2 overexpression in 
breast epithelial cells shows a short G1 phase and early S phase entry, mediated by the up-
regulation of cyclin D1, cyclin E, and Cdk6 expression and enhanced degradation and 
relocalization of p21, leading to hyperproliferation (Timms et al., 2002). Cyclin D1-deficient 
mice show resistance to breast cancers induced by the neu oncogene, whereas they remain 
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complex phosphorylates S6 kinase (S6K) and the eukaryotic translation-initiatin factor 4E 
(EIF4E)-inhibitory binding protein (4E-BP) to modulate the mRNA translation and protein 
synthesis (Cully et al., 2006). 

3.3.3 ErB2–ErbB3 heterodimer and PI3K–Akt pathway 
Several lines of evidence indicate that the heterodimer ErbB2–ErbB3 is the most important 
oncogenic signaling associated with the activation of the PI3K–Akt pathway. ErbB2, which 
lacks p85-binding sites, possesses strong kinase activity, and ErbB3, which lacks tyrosine 
kinase activity, possesses six p85-binding sites. Akt is frequently activated in ErbB2-
overexpressing tumors, as well as in tumors generated in mouse mammary tumor virus 
(MMTV)-neu transgenic mice. Cell transformation by overexpressed ErbB2 in vitro is 
associated with increased ErbB3 phosphorylation and activation of the PI3K–Akt pathway. 
These results suggest the transactivation of ErbB3, and the PI3K–Akt pathway is strongly 
associated with the tumorigenic function of overexpressed ErbB2 (Moasser, 2007). 
 

 
Fig. 2. Downstream signaling pathways of ErbB2–ErbB3 heterodimer. 

The MAPK pathway and PI3K–Akt pathway are the two main pathways activated by ErbB 
receptors. GRB2–Sos complex, with or without Shc, recruits Ras and activates MAPK 
signaling, inducing cell proliferation, migration, differentiation and angiogenesis. PI3K is a 
heterodimer composed of a p85 regulatory subunit and a p110 catalytic subunit. p110 is 
activated by p85 directly binding to phosphorylated tyrosine residues or indirectly binding 
though the GRB2–Sos–Ras complex, with or without Shc, to phosphorylated tyrosine 
residues within RTKs. Activated PI3K phosphorylates PIP2 into PIP3, which recruits and 
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activates PDK1. PDK1 phosphorylates and activates PI3K. PTEN dephosphorylates PIP3 
into PIP2. Activated Akt phosphorylates many downstream proteins, inducing cell survival, 
proliferation, growth, and angiogenesis (Baselga & Swain, 2009; Cully et al., 2006; Vivanco & 
Sawyers, 2002). The heterodimer ErbB2–ErbB3 is the most oncogenic signaling activator of 
the PI3K–Akt pathway because ErbB2 possesses strong kinase activity, and ErbB3 possesses 
six p85-binding sites (Moasser, 2007). 

3.3.4 Inhibition of PI3K–Akt signaling though PTEN by trastuzumab 
Nagata et al. suggested the potency of trastuzumab (a humanized anti-ErbB2 monoclonal 
antibody, Herceptin®) is dependent on the ability to inhibit PI3K–Akt signaling pathway 
though activation of PTEN. PTEN dephosphorylates PIP3 into PIP2 and inhibits PI3K–Akt 
pathway activation. Overexpression of ErbB2 induces dimerization, resulting in 
phosphorylation on specific tyrosine residues of the intracellular domain. These 
phosphorylated tyrosine residues and surrounding amino acid side chains allow the 
recruitment and activation of downstream signaling proteins, including PI3K and Src. 
Activated PI3K activates PI3K–Akt pathway associated with cell survival, proliferation, 
growth and angiogenesis. Phosphorylated Src becomes activated and phosphorylates PTEN 
on tyrosine residues within the PTEN C2 domain, preventing PTEN from localizing to the 
cell membrane and dephosphorylating PI3K, and this also activates PI3K–Akt signaling. 
Treatment with trastuzumab keeps Src from binding ErbB2, leading to the 
dephosphorylation and inactivation of Src. PTEN is released from phosphorylation of Src 
and is localized to the cell membrane, which allows PTEN to antagonize PI3K function and 
negatively regulate the PI3K–Akt signaling pathway. However, Nagata et al. did not explore 
the mechanism that trastuzumab treatment rapidly keeps Src from ErbB2 (Crowder et al., 
2004; Nagata et al., 2004). 

3.3.5 The role of Src in the signaling pathway activated by ErbB2 
Src, a non-receptor tyrosine kinase, is a critical component of multiple signaling pathways, 
leading to proliferation, survival, metastasis and angiogenesis. Several results indicate a 
functional and physical interaction between ErbB2 and Src. Src and ErbB receptors are 
overexpressed in ~70% of breast tumors (Ishizawar & Parsons, 2004). Src and Yes are 
activated in mammary tumors of MMTV-neu transgenic mice. Activation of Src is also 
observed in mammary epithelial cells transformed by ErbB2, but not by H-Ras, indicating 
that Src is a downstream signaling protein of ErbB2. Src directly interacts with the kinase 
domain of ErbB2. ErbB2 activates Src function by stabilizing Src and promoting increased 
Src expression or by directly phosphorylating Src in its SH2 domain. Src promotes ErbB2–
ErbB3 dimerization, resulting in activation of their signaling activity. Src also 
phosphorylates the activation loop of the tyrosine kinase domain of ErbB2, which increases 
its kinase activity (Moasser, 2007). 

3.3.6 The role of Cyclin D1 in ErbB2–induced tumorigenesis 
Cyclin D1 is the key protein in ErbB2-induced tumorigenesis. ErbB2 overexpression in 
breast epithelial cells shows a short G1 phase and early S phase entry, mediated by the up-
regulation of cyclin D1, cyclin E, and Cdk6 expression and enhanced degradation and 
relocalization of p21, leading to hyperproliferation (Timms et al., 2002). Cyclin D1-deficient 
mice show resistance to breast cancers induced by the neu oncogene, whereas they remain 
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fully sensitive to other oncogenic pathways, such as c-myc or Wnt1 (Yu et al., 2001). Ectopic 
expression of neu or Wnt oncogene in the mammary glands of mice deficient in Cdk4, the 
partner of cyclin D1, shows Cdk4 expression is required for efficient neu-induced 
tumorigenesis, whereas it is not required for Wnt-induced tumorigenesis (Reddy, 2005). p16, 
a CKI, blocks Cdk4 and Cdk6 activity, and the MMTV-p16 transgene blocks ErbB2-induced 
tumorigenesis. These results suggest the importance of cyclin D1 in ErbB2-induced 
tumorigenesis and cell cycle control (Yang et al., 2004). Furthermore, cyclin D1 kinase 
activity is required for the self-renewal of mammary stem and progenitor cells that are 
targets of MMTV-ErbB2 tumorigenesis (Jeselsohn et al., 2010). 

3.3.7 Cooperation of ErbB2 and 6β4 integrin to promote breast cancers 
Integrins, heterodimeric cell surface proteins mediate adhesion between cells and the 
extracellular matrix (ECM) and also regulate signaling pathways. Guo et al. suggested β4 
integrin amplifies ErbB2 signaling, promoting mammary tumorigenesis, by studying a 
targeted deletion of the 4 signaling domain in MMTV-neu mice. A complex of ErbB2, Src, 
and 4 integrin induces phosphorylation of the signaling domain of 4 integrin and the P 
loop kinase domain of ErbB2, which enhances ErbB2 kinase activity through activation of 
Src. Cooperative signaling by ErbB2 and 6β4 integrins activates Jun and STAT3. JNK-
mediated phosphorylation of Jun promotes oncogenic hyperproliferation. STAT3 promotes 
the loss of epithelial adhesion and acquisition of an invasive phenotype (W. Guo et al., 2006; 
Muthuswamy, 2006).  

3.3.8 The role of ErbB2 as a nuclear tyrosine kinase receptor 
Although ErbB receptors have been considered strictly plasma membrane receptors, recent 
studies suggest that they can translocate to the nucleus and act as transcription factors. Full-
length ErbB1 and ErbB3 translocate to the nucleus. Nuclear ErbB1 physically interacts with 
STAT3, leading to the transcriptional activation of inducible nitric oxide synthase (iNOS). 
An intracellular fragment of ErbB4 translocates to the nucleus. First, the extracellular 
domain of ErbB4 is cleaved by ADAM17/TACE. Second, the transmembrane domain is 
cleaved by -secretase, allowing the cytoplasmic fragment of ErbB4 to translocate to the 
nucleus (Citri & Yarden, 2006; S.-C. Wang et al., 2004). The study of Wang et al. suggested 
that ErbB2 acts as a nuclear tyrosine kinase receptor. Full-length ErbB2 is also localized in 
the nucleus in both cultured cells and primary tumor tissues, where it is recruited to several 
gene promoters. For example, ErbB2 is recruited to the cyclooxygenase-2 (COX-2) promoter 
and activates its transcription. The increased expression of COX-2 is associated with 
angiogenesis, invasiveness and anti-apoptotic effects (S.-C. Wang et al., 2004). Because it 
lacks a DNA-binding domain, however, ErbB2 may interact with other nuclear factors to 
indirectly bind to these promoters.  

3.3.9 Mass spectrometry–based quantitative proteomics of ErbB2 signaling networks  
Recent technological advances in mass spectrometry (MS) have enabled us to understand 
the whole signaling networks in combination of biological and mathematical analyses. 
Pioneering research investigated EGFR signaling with MS-based quantitative proteomics 
(Blagoev et al., 2004). In this report, three cell populations were labeled by stable isotopes 
using amino acids in a cell culture technique called SILAC, and each population was  
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stimulated by EGF for a variable length of time. Subsequently, tyrosine-phosphorylated 
proteins and associated proteins were purified by anti-phosphotyrosine antibodies and then 
quantified by MS. A large number of signaling proteins were identified, and the dynamics 
of their activation were revealed. Following this study, the ErbB2 signaling pathway was 
studied by similar methods (Bose, 2006). Three groups of cell lysates (ErbB2-overexpressing 
cells, cells transfected with empty vector, ErbB2-overexpressing cells with EGFR and the 
ErbB2 selective tyrosine kinase inhibitor PD168393) were affinity-purified. Phosphoproteins 
were separated by SDS-PAGE and subjected to liquid chromatography–tandem MS. In their 
study, 462 proteins were identified and quantified. There were four major patterns of 
dynamics in protein phosphorylation. For example, the adaptor protein Dok1 showed 
increased phosphorylation in ErbB2-overexpressing cells and decreased phosphorylation 
when treated with PD168393. Another adaptor protein, Fyn-binding protein (Fyb), showed 
increased phosphorylation in ErbB2-overexpressing cells, but under PD168393 treatment, 
there was no significant change in phosphorylation. Focal adhesion kinase (FAK) showed 
decreased phosphorylation in ErbB2-overexpressing cells, whereas Grb2 showed no 
significant changes in phosphorylation. Overall, 198 proteins showed remarkable (>1.5-fold) 
increases in phosphorylation, and 81 proteins showed remarkable (<0.66-fold) decreases. 
Another report examined phosphorylation in the ErbB2 signaling pathway with MS (Wolf-
Yadlin et al., 2006). In this report, ErbB2-overexpressing cells were stimulated by EGF or 
NRG. From this analysis, they identified 332 phosphorylated peptides from 175 proteins. 
Among these peptides, 289 were singly phosphorylated, 42 were doubly phosphorylated, 
and one was triply phosphorylated. Altogether, 20 phosphorylation sites were identified on 
EGFR, HER2, and HER3. These results show that EGF stimulation of ErbB2-overexpressing 
cells activates multiple signaling pathways to induce migration, while HRG stimulation of 
these cells leads to the amplification of a specific subset of proteins in the migratory signal 
pathway. Most of these novel phosphorylations have not been studied in detail, but these 
studies have definitely improved our understanding of ErbB2 signal transduction networks. 
Besides phosphorylation, EGF-induced ubiquitination network also has been studied 
(Argenzio et al., 2011). 

4. ErbB2 in human cancer  
ErbB2 amplification and overexpression have been reported in several human cancers, 
including breast, ovarian, lung and other cancers (Baselga & Swain, 2009; Santarius et al., 
2010). In contrast, recent sequence analysis revealed that point mutation and internal 
deletion of ErbB2 were rare (http://www.sanger.ac.uk/). ErbB2 overexpression is 
associated with poor prognosis in most cancers (Baselga & Swain, 2009; Santarius et al., 
2010). ErbB2 is thus used as a tumor marker as well as a target for cancer therapy. ErbB2-
targeted therapy uses the humanized monoclonal antibody trastuzumab or the ErbB kinase 
inhibitor lapatinib, pertuzumab, trastuzumab-DM1, or ertumaxomab (see section 5). 
However, resistance to trastuzumab is a critical issue for this therapy. As described above in 
section 3.3, PTEN and Src are the key modulators of trastuzumab resistance. PTEN function 
has been positively correlated with the clinical effect of trastuzumab (Baselga & Swain, 
2009). A recent report showed that targeting Src in combination with trastuzumab sensitized 
trastuzumab-resistant cells to trastuzumab and eliminated trastuzumab-resistant tumors in 
vivo (Zhang et al., 2011). This section summarizes the current findings on ErbB2 
amplification and prognosis in each type of cancer (Table 1). 
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fully sensitive to other oncogenic pathways, such as c-myc or Wnt1 (Yu et al., 2001). Ectopic 
expression of neu or Wnt oncogene in the mammary glands of mice deficient in Cdk4, the 
partner of cyclin D1, shows Cdk4 expression is required for efficient neu-induced 
tumorigenesis, whereas it is not required for Wnt-induced tumorigenesis (Reddy, 2005). p16, 
a CKI, blocks Cdk4 and Cdk6 activity, and the MMTV-p16 transgene blocks ErbB2-induced 
tumorigenesis. These results suggest the importance of cyclin D1 in ErbB2-induced 
tumorigenesis and cell cycle control (Yang et al., 2004). Furthermore, cyclin D1 kinase 
activity is required for the self-renewal of mammary stem and progenitor cells that are 
targets of MMTV-ErbB2 tumorigenesis (Jeselsohn et al., 2010). 

3.3.7 Cooperation of ErbB2 and 6β4 integrin to promote breast cancers 
Integrins, heterodimeric cell surface proteins mediate adhesion between cells and the 
extracellular matrix (ECM) and also regulate signaling pathways. Guo et al. suggested β4 
integrin amplifies ErbB2 signaling, promoting mammary tumorigenesis, by studying a 
targeted deletion of the 4 signaling domain in MMTV-neu mice. A complex of ErbB2, Src, 
and 4 integrin induces phosphorylation of the signaling domain of 4 integrin and the P 
loop kinase domain of ErbB2, which enhances ErbB2 kinase activity through activation of 
Src. Cooperative signaling by ErbB2 and 6β4 integrins activates Jun and STAT3. JNK-
mediated phosphorylation of Jun promotes oncogenic hyperproliferation. STAT3 promotes 
the loss of epithelial adhesion and acquisition of an invasive phenotype (W. Guo et al., 2006; 
Muthuswamy, 2006).  

3.3.8 The role of ErbB2 as a nuclear tyrosine kinase receptor 
Although ErbB receptors have been considered strictly plasma membrane receptors, recent 
studies suggest that they can translocate to the nucleus and act as transcription factors. Full-
length ErbB1 and ErbB3 translocate to the nucleus. Nuclear ErbB1 physically interacts with 
STAT3, leading to the transcriptional activation of inducible nitric oxide synthase (iNOS). 
An intracellular fragment of ErbB4 translocates to the nucleus. First, the extracellular 
domain of ErbB4 is cleaved by ADAM17/TACE. Second, the transmembrane domain is 
cleaved by -secretase, allowing the cytoplasmic fragment of ErbB4 to translocate to the 
nucleus (Citri & Yarden, 2006; S.-C. Wang et al., 2004). The study of Wang et al. suggested 
that ErbB2 acts as a nuclear tyrosine kinase receptor. Full-length ErbB2 is also localized in 
the nucleus in both cultured cells and primary tumor tissues, where it is recruited to several 
gene promoters. For example, ErbB2 is recruited to the cyclooxygenase-2 (COX-2) promoter 
and activates its transcription. The increased expression of COX-2 is associated with 
angiogenesis, invasiveness and anti-apoptotic effects (S.-C. Wang et al., 2004). Because it 
lacks a DNA-binding domain, however, ErbB2 may interact with other nuclear factors to 
indirectly bind to these promoters.  

3.3.9 Mass spectrometry–based quantitative proteomics of ErbB2 signaling networks  
Recent technological advances in mass spectrometry (MS) have enabled us to understand 
the whole signaling networks in combination of biological and mathematical analyses. 
Pioneering research investigated EGFR signaling with MS-based quantitative proteomics 
(Blagoev et al., 2004). In this report, three cell populations were labeled by stable isotopes 
using amino acids in a cell culture technique called SILAC, and each population was  
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stimulated by EGF for a variable length of time. Subsequently, tyrosine-phosphorylated 
proteins and associated proteins were purified by anti-phosphotyrosine antibodies and then 
quantified by MS. A large number of signaling proteins were identified, and the dynamics 
of their activation were revealed. Following this study, the ErbB2 signaling pathway was 
studied by similar methods (Bose, 2006). Three groups of cell lysates (ErbB2-overexpressing 
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4. ErbB2 in human cancer  
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2010). In contrast, recent sequence analysis revealed that point mutation and internal 
deletion of ErbB2 were rare (http://www.sanger.ac.uk/). ErbB2 overexpression is 
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However, resistance to trastuzumab is a critical issue for this therapy. As described above in 
section 3.3, PTEN and Src are the key modulators of trastuzumab resistance. PTEN function 
has been positively correlated with the clinical effect of trastuzumab (Baselga & Swain, 
2009). A recent report showed that targeting Src in combination with trastuzumab sensitized 
trastuzumab-resistant cells to trastuzumab and eliminated trastuzumab-resistant tumors in 
vivo (Zhang et al., 2011). This section summarizes the current findings on ErbB2 
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4.1 Breast cancer 
In the initial study by Slamon et al., 28% of 189 breast tumors showed evidence of ErbB2 
gene amplification (Slamon et al., 1989). In other reports, amplification rates vary from 18 
to 40% of breast cancers (Baselga & Swain, 2009; Santarius et al., 2010). ErbB2 is 
overexpressed in most amplified cases and in some non-amplified cases as well. ErbB2 
amplification and overexpression are associated with poor prognosis, namely overall 
survival and time to relapse (Baselga & Swain, 2009; Santarius et al., 2010; Sircoulomb et 
al., 2010). As described in section 6.2, various types of breast cancer models with enforced 
expression of ErbB2 have been developed. Intriguingly, the growth of both primary 
mammary tumors and pulmonary metastases depends on the continuous expression of 
ErbB2 (Moody et al., 2002).  
Amplification of the ErbB2 gene correlates with enhanced ErbB2 expression. One study of 
the transcriptional regulation of ErbB2 demonstrated that the X-linked FOXP3, which is a 
member of the forkhead/winged helix transcription factor family, represses transcription of 
ErbB2 (Zuo et al., 2007). X-linked tumor suppressor genes are relevant to tumorigenesis 
because several of such genes are subject to X inactivation, leading to the realization of 
Knudson’s two-hit hypothesis. According to that report, FOXP3 binds to its consensus 
sequence in the 5’ promoter of the ErbB2 gene and works as a transcriptional repressor. 
Moreover, somatic mutation of FOXP3 was found in some breast cancer samples, and there 
was an inverse correlation between FOXP3 expression and that of ERBB2 among the 
samples, which is consistent with FOXP3’s transcriptional activity. Finally, exogenous 
expression of FOXP3 inhibited the growth and tumorigenicity of various cancer cell lines. 
Recently, microRNAs (miRNAs) have attracted cancer researchers’ attention because the 
relationships between deregulation of some miRNAs and tumorigenesis have been 
extensively reported. As expected, microarray analysis demonstrated that the expression 
level of each miRNA varied between types of cancer (Mattie et al., 2006). Interestingly, miR-
125b and its homolog miR-125a were both downregulated in ErbB2-positive breast cancer. A 
subsequent study on the function of miR-125 revealed that miR-125 targeted the 3’-UTRs of 
ErbB2 and ErbB3, and the overexpression of miR-125 inhibited anchorage-dependent growth 
of SKBR3 and MCF10A cells. Interestingly, the migration and invasion of SKBR3 cells, which 
are derived from human ErbB2-positive breast cancer cells, was also inhibited by these 
miRNAs. 
These results indicate that not only the amplification of the ErbB2 gene but also regulation at 
the transcriptional level contributes to the overexpression of the gene, leading to human 
breast cancer.  

4.2 Ovarian cancer 
The initial study on ErbB2 in ovarian cancer was also conducted by Slamon et al., 
demonstrating that ErbB2 is a reliable indicator of prognosis (Slamon et al., 1989). Among 73 
ovarian cancers, 50 (68%) had staining similar to that of normal ovarian epithelium, while 23 
(32%) showed strong staining (Berchuck et al., 1990). The prognosis of the 23 patients with 
ErbB2 overexpression was poorer than that of the 50 patients with normal ErbB2 expression 
(Berchuck et al., 1990). In ovarian cancer, therefore, ErbB2 is a predictor of prognosis. 
Recently, Zheng et al. showed that human immortalized ovarian epithelial cells with ErbB2 
expression developed into papillary carcinoma in mice when injected intraperitoneally 
(Zheng et al., 2010). 
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cancer amplification mutation prognosis treatment reference 

breast cancer 18-40% - poor 

trastuzumab,
pertuzumab(phase III), 
trastuzumab-DM1(phase III),
ertumaxomab(phase II), 
lapatinib

(Baselga & Swain, 
2009; Santarius et 
al., 2010; Sircoulomb 
et al., 2010) 

ovarian 
cancer 20% - poor pertuzumab(phase II) 

(Baselga & Swain, 
2009; Berchuck et 
al., 1990; Santarius 
et al., 2010) 

lung cancer rare 10% negative lapatinib(phase II) 

(Baselga & Swain, 
2009; Hirsch et al., 
2002; Santarius et 
al., 2010) 

gastric 
cancer 10-30% - not clear Trastuzumab(phase III),

lapatinib(phase III) 
(Baselga & Swain, 
2009) 

endometrial 
cancer 15-35% - poor - (Santarius et al., 

2010) 
oesophageal 
carcinoma 20% - poor - (Santarius et al., 

2010) 
bladder 
cancer 5-15% - poor - (Santarius et al., 

2010) 
medullo- 
blastoma 13% - poor - (Santarius et al., 

2010) 

glioma - - poor - (Santarius et al., 
2010) 

Table 1. ErbB2 aberrations in human cancer. 

4.3 Lung cancer 
Ten percent of the adenocarcinoma subtype of lung cancer and a small proportion of non–
small cell lung tumors show ErbB2-activating mutations in the kinase domain (Hirsch et al., 
2002; Santarius et al., 2010). One important ErbB2 mutation is a G776 insertion in exon 20. 
ErbB2 amplifications are rare in lung cancers (Hirsch et al., 2002). For example, among 238 
non–small cell lung tumors, 39 (16%), including 35% of the adenocarcinomas, 20% of the 
large cell carcinomas and only 1% of the squamous cell carcinomas, were 2+ or 3+ 
overexpressed by immunohistochemistry using the HercepTest (S.E. Wang et al., 2006), 
whereas 3+ overexpression was rare (4%) (S.E. Wang et al., 2006). Inducible expression of 
ErbB2 mutations in lung epithelial cells causes invasive adenocarcinoma in mice (Perera et 
al., 2009). In contrast to EGFR, ErbB2 mutations are not associated with prognosis 
(Tomizawa et al., 2011). In addition, one patient with the ErbB2 mutation YVMA776–779ins 
responded to trastuzumab plus vinorelbine after failure of platinum-based chemotherapy 
and gefitinib. 

4.4 Other cancers 
10-30% of gastric cancers, 10–35% of endometrial cancers, 20% of Barrett’s esophageal 
carcinomas, and 13% of medulloblastomas show ErbB2 amplification and overexpression 
(Santarius et al., 2010). For example, in a panel of nine gastric cell lines, two of which 
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showed ErbB2 amplification and overexpression, were more sensitive to trastuzumab than 
cells without ErbB2 amplification. In endometrial cancer and esophageal carcinomas, ErbB2 
amplifications are associated with poor prognosis. 

5. ErbB2 as a therapeutic target 
5.1 Antibody-based agents 
Accumulating evidence demonstrating the significance of ErbB2 in human cancer has 
prompted researchers and pharmaceutical companies to develop ErbB2-targeting cancer 
therapies. Monoclonal antibody therapy has finally demonstrated significant benefits for 
patients with cancer and has been established as a standard of care. Antibodies can inhibit 
tumor growth by several mechanisms (Hansel et al., 2010). In contrast to other ErbB 
receptors, ErbB2 has no known ligand. Therefore, antibodies targeting ErbB2 suppress 
ErbB2 signaling by inhibiting receptor homo- or hetero-dimerization and/or internalization 
(Chen et al., 2003). Alternatively, tumor-bound antibodies can initiate an immunological 
assault against the cancer by activating antibody-dependent cellular cytotoxicity (ADCC) or 
complement-dependent cytotoxicity (CDC).  
An important issue in the use of antibodies for therapy is the immunogenicity of the 
antibodies; antibodies derived from animals are easily recognized as foreign and cause 
strong immune responses (Khazaeli et al., 1994). This issue has been overcome by the 
generation of chimeric, humanized and fully human monoclonal antibodies, with a 
reduction in potentially immunogenic mouse components (Lonberg, 2005). The advances in 
antibody engineering have led to monoclonal antibodies with marked successes in the clinic 
(Adams & Weiner, 2005). 
Trastuzumab, a humanized monoclonal antibody directed against the extracellular 
juxtamembrane (domain IV) of ErbB2, has had a major impact on the breast cancer therapy. 
In patients with breast cancer that overexpresses ErbB2, trastuzumab has anti-tumor activity 
and improves outcome and survival in combination with chemotherapy in patients with 
metastatic breast cancer (Slamon et al., 2001). Trastuzumab represents the standard of care 
in the adjuvant treatment of ErbB2-overexpressing breast cancers. The mechanisms through 
which trastuzumab exerts its effects are likely to include ADCC (Clynes et al., 2000), the 
inhibition of receptor dimerization and cleavage of the ErbB2 extracellular domain (Hudis, 
2007). 
However, the majority of patients with ErbB2-overexpressing tumors do not respond to 
trastuzumab or develop acquired resistance within a year. Several molecular mechanisms 
that could contribute to the development of trastuzumab resistance have been reported 
(Nahta & Esteva, 2006). In addition to alterations in ErbB2, other members of the ErbB 
family are thought to play roles in trastuzumab resistance by signaling downstream to the 
PI3K and MAPK pathways, bypassing trastuzumab’s ErbB2-based inhibition of these 
pathways (Kruser & Wheeler, 2010). Loss of functionally of PTEN and mutations that 
activate PI3K are possible mechanisms of resistance to trastuzumab (see also 3.3.4 and Berns 
et al., 2007). Decreased interaction between trastuzumab and its target receptor ErbB2 due to 
steric hindrance of ErbB2 by MUC4 may prevent the actions of trastuzumab (Nagy et al., 
2005). Because blocking ErbB2 to inhibit cancer cell growth can be circumvented through 
alternative signaling pathways, the combination of different agents that target molecules 
that contribute to anti-ErbB2 resistance may be a promising tool in the treatment of ErbB2-
positive breast cancer. 
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Several other monoclonal antibodies that target ErbB2 are being tested in the clinic. 
Pertuzumab (developed by Genentech) is a humanized monoclonal antibody that binds to 
extracellular domain II of ErbB2, which is distinct from the binding site of trastuzumab. It 
sterically inhibits dimerization of ErbB2 with other ErbB proteins (Agus et al., 2002) and 
with IGF-1R (Nahta et al., 2005) and blocks the downstream signaling pathways of these 
dimers. The fact that pertuzumab and trastuzumab recognize different sites causes distinct 
downstream effects, and the combination of pertuzumab with trastuzumab synergistically 
inhibits the survival of breast tumor cells (Nahta et al., 2004). 
Monoclonal antibodies are generally well tolerated in humans and are now established as 
targeted therapies. However, administration of mAbs carries the risk of immune and innate 
reactions (Presta, 2006). ErbB2-targeted therapies have been associated with cardiotoxicity 
because they can interrupt ErbB2 signaling, which is important for receptor signaling in the 
heart (Force et al., 2007). Fortunately, symptomatic cardiac toxicity frequently improves 
when trastuzumab therapy has been stopped (Romond et al., 2005). 
The next generation of mAbs currently under development incorporates additional 
beneficial modifications, such as alterations in glycosylation and sequences that enhance 
ADCC (Lazar et al., 2006) or modifications in size and antigen-binding affinity that increase 
the ability of the mAb to penetrate solid tumors. Recombinant technology allows extensive 
modifications to be made to the structures of antibodies, including the production of 
recombinant antibody fragments. One advantage to this is that they are smaller and 
penetrate tissues and tumors more rapidly and deeply than whole antibodies (Jain, 1990). 
Bispecific and trispecific antibodies that target ErbB2 are also under investigation. These 
antibodies are designed to interact with other key proteins to facilitate, for example, the 
binding of a single antibody to all of the target antigens, to draw the immune cell into close 
proximity with the tumor cell that overexpresses ErbB2, with consequent recruitment of 
cytotoxic T cells to the T cell–antibody–tumor cell complex and immunological destruction 
of the tumor cell (Kiewe et al., 2006). Multifunctional mAbs will achieve more selective and 
effective cancer therapies. 

5.2 Chemical compounds 
In addition to antibodies targeting the extracellular domain of ErbR2, small-molecule 
tyrosine kinase inhibitors that directly inhibit the tyrosine kinase activity of ErbB2 have been 
developed. Among them, lapatinib (Tykerb®) is a dual tyrosine kinase inhibitor that targets 
both ErbB2 and EGFR. Lapatinib was developed as a safe and orally effective drug for the 
treatment of EGFR- or/and ErbB2-overexpressing breast cancer (Reid et al., 2007). It binds 
the ATP-binding pocket of the EGFR/ErbB2 protein kinase domain, preventing self-
phosphorylation and the subsequent activation of the signaling cascade, leading to an 
increase in apoptosis and a decrease in cellular proliferation. In comparison to other tyrosine 
kinase inhibitors in clinical trials (for example, gefitinib and erlotinib), the interaction of 
lapatinib with EGFR and ErbB2 is reversible, but dissociation is much slower, allowing for 
prolonged downregulation of receptor tyrosine phosphorylation in tumor cells. Lapatinib in 
combination with trastuzumab exhibits a synergistic effect in ErbB2-overexpressing breast 
cancer cells, and it also has activity against trastuzumab-resistant cells (Konecny et al., 2006). 
Furthermore, due to the small size of lapatinib compared to antibodies, it can penetrate the 
blood–brain barrier and act against central nervous system (CNS) metastases. Moreover, 
clinical trials have demonstrated that lapatinib is a safe drug with no serious or 
symptomatic cardiotoxicity (Cameron & Stein, 2008).  



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 152 

showed ErbB2 amplification and overexpression, were more sensitive to trastuzumab than 
cells without ErbB2 amplification. In endometrial cancer and esophageal carcinomas, ErbB2 
amplifications are associated with poor prognosis. 

5. ErbB2 as a therapeutic target 
5.1 Antibody-based agents 
Accumulating evidence demonstrating the significance of ErbB2 in human cancer has 
prompted researchers and pharmaceutical companies to develop ErbB2-targeting cancer 
therapies. Monoclonal antibody therapy has finally demonstrated significant benefits for 
patients with cancer and has been established as a standard of care. Antibodies can inhibit 
tumor growth by several mechanisms (Hansel et al., 2010). In contrast to other ErbB 
receptors, ErbB2 has no known ligand. Therefore, antibodies targeting ErbB2 suppress 
ErbB2 signaling by inhibiting receptor homo- or hetero-dimerization and/or internalization 
(Chen et al., 2003). Alternatively, tumor-bound antibodies can initiate an immunological 
assault against the cancer by activating antibody-dependent cellular cytotoxicity (ADCC) or 
complement-dependent cytotoxicity (CDC).  
An important issue in the use of antibodies for therapy is the immunogenicity of the 
antibodies; antibodies derived from animals are easily recognized as foreign and cause 
strong immune responses (Khazaeli et al., 1994). This issue has been overcome by the 
generation of chimeric, humanized and fully human monoclonal antibodies, with a 
reduction in potentially immunogenic mouse components (Lonberg, 2005). The advances in 
antibody engineering have led to monoclonal antibodies with marked successes in the clinic 
(Adams & Weiner, 2005). 
Trastuzumab, a humanized monoclonal antibody directed against the extracellular 
juxtamembrane (domain IV) of ErbB2, has had a major impact on the breast cancer therapy. 
In patients with breast cancer that overexpresses ErbB2, trastuzumab has anti-tumor activity 
and improves outcome and survival in combination with chemotherapy in patients with 
metastatic breast cancer (Slamon et al., 2001). Trastuzumab represents the standard of care 
in the adjuvant treatment of ErbB2-overexpressing breast cancers. The mechanisms through 
which trastuzumab exerts its effects are likely to include ADCC (Clynes et al., 2000), the 
inhibition of receptor dimerization and cleavage of the ErbB2 extracellular domain (Hudis, 
2007). 
However, the majority of patients with ErbB2-overexpressing tumors do not respond to 
trastuzumab or develop acquired resistance within a year. Several molecular mechanisms 
that could contribute to the development of trastuzumab resistance have been reported 
(Nahta & Esteva, 2006). In addition to alterations in ErbB2, other members of the ErbB 
family are thought to play roles in trastuzumab resistance by signaling downstream to the 
PI3K and MAPK pathways, bypassing trastuzumab’s ErbB2-based inhibition of these 
pathways (Kruser & Wheeler, 2010). Loss of functionally of PTEN and mutations that 
activate PI3K are possible mechanisms of resistance to trastuzumab (see also 3.3.4 and Berns 
et al., 2007). Decreased interaction between trastuzumab and its target receptor ErbB2 due to 
steric hindrance of ErbB2 by MUC4 may prevent the actions of trastuzumab (Nagy et al., 
2005). Because blocking ErbB2 to inhibit cancer cell growth can be circumvented through 
alternative signaling pathways, the combination of different agents that target molecules 
that contribute to anti-ErbB2 resistance may be a promising tool in the treatment of ErbB2-
positive breast cancer. 

ErbB2/HER2: Its Contribution to Basic Cancer  
Biology and the Development of Molecular Targeted Therapy 153 

Several other monoclonal antibodies that target ErbB2 are being tested in the clinic. 
Pertuzumab (developed by Genentech) is a humanized monoclonal antibody that binds to 
extracellular domain II of ErbB2, which is distinct from the binding site of trastuzumab. It 
sterically inhibits dimerization of ErbB2 with other ErbB proteins (Agus et al., 2002) and 
with IGF-1R (Nahta et al., 2005) and blocks the downstream signaling pathways of these 
dimers. The fact that pertuzumab and trastuzumab recognize different sites causes distinct 
downstream effects, and the combination of pertuzumab with trastuzumab synergistically 
inhibits the survival of breast tumor cells (Nahta et al., 2004). 
Monoclonal antibodies are generally well tolerated in humans and are now established as 
targeted therapies. However, administration of mAbs carries the risk of immune and innate 
reactions (Presta, 2006). ErbB2-targeted therapies have been associated with cardiotoxicity 
because they can interrupt ErbB2 signaling, which is important for receptor signaling in the 
heart (Force et al., 2007). Fortunately, symptomatic cardiac toxicity frequently improves 
when trastuzumab therapy has been stopped (Romond et al., 2005). 
The next generation of mAbs currently under development incorporates additional 
beneficial modifications, such as alterations in glycosylation and sequences that enhance 
ADCC (Lazar et al., 2006) or modifications in size and antigen-binding affinity that increase 
the ability of the mAb to penetrate solid tumors. Recombinant technology allows extensive 
modifications to be made to the structures of antibodies, including the production of 
recombinant antibody fragments. One advantage to this is that they are smaller and 
penetrate tissues and tumors more rapidly and deeply than whole antibodies (Jain, 1990). 
Bispecific and trispecific antibodies that target ErbB2 are also under investigation. These 
antibodies are designed to interact with other key proteins to facilitate, for example, the 
binding of a single antibody to all of the target antigens, to draw the immune cell into close 
proximity with the tumor cell that overexpresses ErbB2, with consequent recruitment of 
cytotoxic T cells to the T cell–antibody–tumor cell complex and immunological destruction 
of the tumor cell (Kiewe et al., 2006). Multifunctional mAbs will achieve more selective and 
effective cancer therapies. 

5.2 Chemical compounds 
In addition to antibodies targeting the extracellular domain of ErbR2, small-molecule 
tyrosine kinase inhibitors that directly inhibit the tyrosine kinase activity of ErbB2 have been 
developed. Among them, lapatinib (Tykerb®) is a dual tyrosine kinase inhibitor that targets 
both ErbB2 and EGFR. Lapatinib was developed as a safe and orally effective drug for the 
treatment of EGFR- or/and ErbB2-overexpressing breast cancer (Reid et al., 2007). It binds 
the ATP-binding pocket of the EGFR/ErbB2 protein kinase domain, preventing self-
phosphorylation and the subsequent activation of the signaling cascade, leading to an 
increase in apoptosis and a decrease in cellular proliferation. In comparison to other tyrosine 
kinase inhibitors in clinical trials (for example, gefitinib and erlotinib), the interaction of 
lapatinib with EGFR and ErbB2 is reversible, but dissociation is much slower, allowing for 
prolonged downregulation of receptor tyrosine phosphorylation in tumor cells. Lapatinib in 
combination with trastuzumab exhibits a synergistic effect in ErbB2-overexpressing breast 
cancer cells, and it also has activity against trastuzumab-resistant cells (Konecny et al., 2006). 
Furthermore, due to the small size of lapatinib compared to antibodies, it can penetrate the 
blood–brain barrier and act against central nervous system (CNS) metastases. Moreover, 
clinical trials have demonstrated that lapatinib is a safe drug with no serious or 
symptomatic cardiotoxicity (Cameron & Stein, 2008).  



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 154 

5.3 Innovative materials for future drugs 
Antibodies can also be used as a targeting device for other cytotoxic systems. The 
overexpression of ErbB2 on tumor cells and the accessibility of the extracellular domain of 
ErbB2 make it an ideal target for the targeted delivery of anti-tumor drugs as well as 
imaging agents (Colombo et al., 2010). Cytotoxic drugs, radioisotopes, toxins, enzymes or 
nano-scaled drug carriers can be conjugated with the antibody (Wu & Senter, 2005).  
One successful application of such a complex is trastuzumab–DM1 (T–DM1), which consists 
of the trastuzumab antibody conjugated to the potent antimicrotubule drug DM1, a 
maytansine derivative. After binding to ErbB2, T–DM1 is internalized, and DM1 is 
subsequently released into the cell, thus delivering chemotherapy directly to cells that 
overexpress ErbB2. T-DM1 has antitumor activity in trastuzumab-sensitive and 
trastuzumab-resistant ErbB2-overexpressing breast cancer (Lewis Phillips et al., 2008).  
Antibody-conjugated nano-scaled drug carriers offer major improvements in the 
therapeutic index of anticancer agents through the site-specific, efficient delivery of 
agents, which reduces side effects. Moreover, they can avoid multi-drug resistance (Peer 
et al., 2007). Many materials, such as liposomes, micelles, polymeric and metal 
nanoparticles, solid lipid particles, dendrimers and quantum dots, are used as 
nanocarriers. The material properties of each nanocarrier have been developed to enhance 
delivery to the tumor. These nano-scaled systems can be used to deliver small-molecule 
drugs as well as nucleic acid drugs. For example, anti-ErbB2 antibody fragment–
conjugated, PEG-stabilized immunoliposomes display long-term circulation and selective 
delivery of the encapsulated drug into ErbB2-overexpressing cancer (Park et al., 2002). 
These anti-ErbB2 delivery systems greatly increase the therapeutic index by enhancing 
anti-tumor efficacy and reducing systemic toxicity. In part, this superior activity is 
attributed to the ability of the immunoliposomes to deliver their load inside the target 
cells via receptor-mediated endocytosis. The initial target accumulation could be achieved 
by passive targeting via the enhanced permeability and retention (EPR) effect (Maeda et 
al., 2009). Although antibody targeting is regarded as a promising strategy, some groups 
have reported that antibody targeting did not increase tumor localization but instead 
increased internalization (Kirpotin et al., 2006). Many pharmaceutical agents need to be 
delivered intracellularly to exert their therapeutic action in the cytoplasm or on individual 
organelles.  
However, a problem with intracellular delivery is that any molecule/particle entering the 
cell via the endocytic pathway can become trapped in the endosome and eventually be 
degraded in the lysosome. As a result, only a small fraction of unaffected substance appears 
in the cytoplasm. Thus, even if efficient cellular uptake via endocytosis is observed, the 
delivery of intact agents is compromised by insufficient endosomal escape and subsequent 
lysosomal degradation (Lee et al., 2008). Improvement against lysosomal degradation is an 
important issue to be resolved.  

6. Experimental methods to assesscellular transformation and tumorigenesis 
This chapter focuses on representative experimental methods that have contributed to the 
studies of ErbB2 function, which include classical transformation assays using NIH3T3 cells, 
three-dimentional(3D) culture of MCF10A, transgenic and knock-in mice and recent 
techniques with non-germline genetically engineered mouse models. 
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6.1 Cell culture–based analysis 
To analyze ErbB2 function, the transformation assay is the first choice because ErbB2 was 
identified as an oncogene, as discussed above. We will review the classical transformation 
assay and introduce a novel, improved method we developed. 
Transformation assays are usually carried out with NIH3T3 cells (Todaro & Green, 1963). 
The term “transformation assay” classically includes three representative assays: focus 
formation, colony formation, and tumor formation. Although they differ in detectable 
phenotype, the principle behind them is simple; if candidate genes introduced into NIH3T3 
cells are oncogenic, they can confer cancerous phenotypes, such as the loss of contact 
inhibition, anchorage-independent growth, and tumorigenicity to the NIH3T3 cells. 
The focus formation assay detects one of these oncogenic abilities, to cause the loss of 
contact inhibition. Contact inhibition is a phenotype usually present in NIH3T3 cells; 
NIH3T3 cells proliferate until they form a monolayer of cells. If oncogenes are introduced, 
then some of the cells might become transformed into cancer cells. Transformation can be 
quantified by the appearance of “foci” of transformants (Figure 3). 
The colony formation assay detects another ability, to cause anchorage-independent growth. 
Anchorage-independent growth is a phenotype virtually all cancer cells have (Cifone & 
Fidler, 1980); cancer cells can multiply without attachment to the extracellular matrix or 
solid substrate, such as the bottom of the Petri dish. A transformant that can proliferate in 
soft agar in suspension forms a “colony”, that is, amass of descendants from a single 
transformant. Thus, transformation activity can be quantified by the number of colonies 
formed. 
The tumor formation assay detects the ability to generate tumors in vivo. In this assay, 
transformants are injected into a syngeneic host or immunocompromised mice, such as 
nude (nu/nu) mice, to examine whether they are able to grow and form tumors in their 
animal hosts. 
 

 
Fig. 3. Transformation assay with NIH3T3. (a)ERBB2 V659E has transformation activity. 
(b)H-RAS G12V, a mutant frequently observed in human cancer can also transform NIH3T3. 

Rat neu transforms NIH3T3 cells, and the transformants are recognized as foci, which led to 
the discovery of neu itself (Schechter et al., 1984). Overexpression of wild-type ErbB2, as 
seen in human cancers, also transforms NIH3T3 cells (Di Fiore et al., 1987; Hudziak et al., 
1987) by the colony formation and tumor formation assays. In contrast to human ErbB2, the 
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Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 156 

rat neu proto-oncogene ErbB2 does not transform cells when only expressed in NIH3T3 cells 
(Hung et al., 1986), but it transforms them when coexpressed with EGFR (Kokai et al., 1989). 
About ten years after its discovery, the neu oncogene was found not to transform the 
NIH3T3-7d cell line, which is devoid of detectable ErbB family members (Cohen et al., 1996). 
ErbB2 itself probably does not have enough oncogenic activity to achieve the transformation 
of regular NIH3T3 cells but can transform them in the presence of EGFR. Our data also 
indicate that ErbB2 itself does not transform NIH3T3 cells (M.S., unpublished data), in 
contrast to DiFiore et al. (Di Fiore et al., 1987; Hudziak et al., 1987). This discrepancy 
probably results from the variations in the NIH3T3 cells used in these assays, as they have 
been passaged dozens of times since their early establishment. To detect a novel gene that 
transforms NIH3T3 cells in harmony with ErbB2, we established ErbB2-expressing NIH3T3 
cells and introduced genes that are overexpressed in breast cancer using a retroviral 
expression vector. In fact, we demonstrated that one gene transforms NIH3T3 cells only in 
the presence of ErbB2 (M.S., unpublished data). This phenomenon seems to resemble the 
tumorigenesis of ErbB2-positive breast cancer in vitro. 
Breast cancer can progress step by step along a continuum of changes from a normal 
phenotype to a malignant disease. The human mammary gland consists of multiple ducts 
and lobes (Vargo-Gogola & Rosen, 2007). Lobes are composed of multiple acinal structures 
with hollow lumens surrounded by layers of luminal epithelial cells, outer myoepithelial 
cells, and basement membranes. However, this well-organized structure is disrupted at 
early premalignant stages of breast cancer, such as ductal carcinoma in situ (DCIS). DCIS is 
the most common type of non-invasive breast cancer in women. DCIS can progress to 
malignant invasive breast cancer (IBC) and, subsequently, metastatic cancer (Espina & 
Liotta, 2010). The genetic events that cause progression to malignant stages are only 
partially understood. 
A 3D culture of MCF10A cells within Matrigel, which are derived from the Englebreth-
Holm Swarm (EHS) tumor (Kleinman et al., 1982), is an excellent in vitro model for 
understanding the biological processes and signaling pathways responsible for tissue 
morphogenesis in vivo and the disruption of epithelial architecture at early stages of 
tumorigenesis (Debnath & Brugge, 2005). MCF10A cells are a spontaneously immortalized 
but non-transformed human breast epithelial cell line (Soule et al., 1990). Following a 
reported method (Debnath, 2003b), MCF10A cells in Matrigel form acinar structures 
characterized by a hollow lumen surrounded by polarized, growth-arrested luminal 
epithelial cells, as shown in Figure 4. 3D cultures can provide a physiologically relevant 
context to the in vivo breast microenvironment, while monolayer cultures on plastic involve 
an environment that is considerably different from the in vivo environment (Vargo-Gogola & 
Rosen, 2007; Yamada & Cukierman, 2007). Certainly, both primary cultures of human tumor 
tissues and mouse models of cancer are practical to study carcinoma formation; however, 
they are relatively difficult to handle for understanding the biochemical and molecular 
biological pathways involved in the early stages of oncogenesis (Debnath, 2003b). 
Madin-Darby canine kidney (MDCK) cells represent another widely used 3D culture model. 
When MDCK cells are embedded within collagen gels as single cells, they form polarized 
cysts with a central hollow lumen (Figure 5). During morphogenesis, intracellular vesicles 
containing apical membrane components are delivered to the cell surface between closely 
apposed cells, and membranes are separated, leading to the generation of several small 
lumens (Andrew & Ewald, 2010; Bryant & Mostov, 2008). Fusion of the lumens into a single 
large lumen subsequently occurs, and this phase requires apoptosis of luminal cells to clear  
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Fig. 4. MCF10A acinal structures constructed within Matrigel. 
(1) Single cells embedded in Matrigel proliferate and form cell clusters. (2) At day 5–7, cells 
are distinguished between matrix-attached outer cells and matrix-deprived inner cells 
within each acinus. (3) After their fate has been determined, outer epithelial cells acquire 
apical-to-basal polarity and receive survival signals. (4) At day 8, however, non-polarized 
inner cells start to die via apoptosis. (5) Finally, replicated mammary acini with luminal 
spaces are constructed at day 14. 

the lumen (Andrew & Ewald, 2010; Martin-Belmonte et al., 2008). Given that laminin is 
essential for initiating polarization mediated by the interaction between integrins and the ECM 
in the MDCK system, MDCK cells grown within the laminin-rich ECM, as within Matrigel, can 
polarize more efficiently than within collagen gels. The cells polarize and form clear lumens 
much faster, without the requirement of apoptosis (Martin-Belmonte et al., 2008). 
 

 
Fig. 5. Lumen formation by MDCK cells through vacuolar exocytosis of apical proteins. 
(1) Single cells embedded in collagen gel or Matrigel proliferate to form groups of cells. (2) 
Intracellular vesicles containing apical membrane components are delivered to regions 
between cells and create luminal spaces via the fusion of vesicles and the plasma membrane. 
The surrounding cells now exhibit apical–basal polarity. (3) Several small lumens fuse with 
each other and generate one large lumen. Under the condition where cells are cultured 
within the laminin-lacking ECM, inner cell death by apoptosis is essential to clear the lumen 
(Andrew & Ewald, 2010; Bryant & Mostov, 2008). 
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Using the MCF10A 3D culture system, previous studies have revealed the effects of several 
oncogenes and viral oncoproteins on the process of acini formation (Debnath & Brugge, 
2005; Shaw et al., 2004). For example, inactivation of the retinoblastoma protein (Rb) by HPV 
E7 facilitates proliferation (Debnath et al., 2002). Co-overexpression of CSF1-R and CSF1, 
both of which are elevated in mammary tumors, induces inner cell survival and loss of cell–
cell adhesion, as well as hyperproliferation (Wrobel, 2004). Activated Akt leads to large, 
distorted, and filled-lumen structures (Debnath, 2003a). Each phenotype in these studies 
results from the biological activities of the introduced gene, suggesting that specific 
biological processes and pathways are modulated by the oncogene. Furthermore, these 
morphologies in 3D culture resemble the histological changes observed in human tumors in 
vivo (Debnath & Brugge, 2005).  
Recently, the MCF10A 3D culture has been used to search for novel candidate oncogenes, such 
as the Yes kinase–associated protein (YAP) gene. YAP is included in the chromosome 11q22 
amplicon that frequently appears in human tumors. Overexpression of YAP induces an anti-
apoptotic and invasive morphology (Overholtzer, 2006). Further analysis has identified 
tumorigenic functions of generally non-tumorigenic proteins. For example, a study of 
MCF10A 3D structures suggested that not only oncogenes but also antioxidants could facilitate 
malignancy of carcinoma. In mammary acini, centrally located cells lack glucose transport and 
produce reactive oxygen species (ROS). Antioxidants could antagonize such metabolic stresses 
and promote the survival of cells detaching from the ECM by rescuing ATP production 
through fatty acid oxidation (FAO) (Schafer et al., 2009). Additionally, overexpression of a 
glycosyltransferase, N-acetylglucosaminyltransferase V (GnT-V) induces the disarrangement 
of mammary acinar morphogenesis, including increased cell proliferation, filled lumens, and 
disrupted polarity. Thus, altered expression of GnT-V, which catalyzes posttranslational 
modification, affects early stages of breast carcigenesis (H.B. Guo et al., 2010). 
ERBB2 amplification in breast cancer is correlated with poor prognosis due to increased 
metastasis and resistance to chemotherapy. This gene is overexpressed in 50–60% of DCIS 
(Lu et al., 2009; Nofech-Mozes et al., 2005). Muthuswamy et al. showed that ErbB2-induced 
cells generate aberrant acini in 3D culture in vitro. To trigger homodimerization and activate 
ErbB2 signaling, they constructed chimeric receptors, as shown in Figure 6(a) (Muthuswamy 
et al., 1999; Muthuswamy et al., 2001). Treatment with AP1510 induced receptor 
homodimerization, leading to multi-acinar structures with filled lumens but no invasive 
phenotype. Therefore, additional genetic events as “second hits” may be required for 
invasion (Seton-Rogers, 2004). Those features are reminiscent of ErbB2-overexpressing DCIS 
in vivo (Muthuswamy et al., 2001). A recent analysis of ErbB2-mediated transformation 
indicated the significance of Tyr 1201 phosphorylation for the disruption of apical–basal 
polarity of MCF10A cells (Lucs et al., 2010). 
Our laboratory uses a full-length ErbB2 mutant, V659E, as a model of the constitutively 
activated ErbB2 receptor. It has higher intrinsic kinase activity and increased ability to 
induce transformation compared to wild-type ErbB2. This receptor can form a heterodimer 
with the other ErbB receptor family members as well as a homodimer, whereas chimeric 
receptors only form homodimers (Figure 6(b)). Thus our system may mimic physiological 
condition in vivo (A.D., unpublished data). We control the induction timing of ErbB2VE 
using the reverse tetracycline (Tet)-controlled transcriptional activator system, called “Tet-
on”. Induction of ErbB2VE leads to unregulated proliferation and filling of luminal spaces, 
whose structures are similar to “multi-acini” reported in a previous study (Muthuswamy et 
al., 2001).  
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  (b)    
Fig. 6. Disruption of acinal structures due to ErbB2 signaling activation. 
(a) Chimeric ErbB2 receptors induce homodimerization mediated by AP1510. MCF10A acini 
were treated with AP1510 at day 10 and cultured in Matrigel until day 20, resulting in the 
aberrant structure composed of multiple acini with filled lumens (Muthuswamy et al., 2001; 
Seton-Rogers, 2004). (b) In our laboratory, Tet-responsive ErbB2VE was expressed by 
treatment with Dox, forming both homo- and hetero-dimers. ErbB2VE activation from day 4 
induces hyperproliferation and exhibits multi-acinar structures at day 12. This structure is 
similar to the phenotype previously reported (Muthuswamy et al., 2001). The scale bar 
represents 50 m.  

There is no evidence for how DCIS, which is a non-invasive and premalignant lesion, 
acquires invasive behavior. Given that DCIS with ErbB2 amplification or overexpression 
frequently progresses to IBC, it is important to identify genes that collaborate with ErbB2 
and induce tumor progression, including invasion and metastasis. Several investigators 
have been successful in detecting such factors using the MCF10A system. For example, 
either transforming growth factor (TGF) or prostate-derived Ets factor (PDEF) 
dramatically alters MCF10A spheroid-like acinal structures into protrusive cords invading 
the ECM in cooperation with ErbB2 (Gunawardane, 2005; Seton-Rogers, 2004). Additionally, 
co-overexpression of ErbB2 and 14-3-3, which shows increased expression in the early 
stages of breast cancer, results in larger acinar size, filled lumen, the gain of invasiveness, 
and disordered basal membrane protein laminin (Lu et al., 2009). 

6.2 Animal models 
Genetically engineered mouse (GEM) models have contributed broadly to the field of cancer 
research. First, we will review GEM models of breast cancer as a representative cancer 
related to the deregulation of ErbB2. The earliest model was generated by introducing neu 
oncogenes under the transcriptional control of the mouse mammary tumor virus (MMTV) 
LTR (Bouchard et al., 1989; C.T. Guy et al., 1992; Muller et al., 1988). MMTV LTR drives the 
expression of neu specifically in mammary gland intargeted mice. Tissue-specific expression 
is also achieved by using the whey acidic protein (WAP) promoter (Piechocki et al., 2003). 
The next useful development for GEM models was the Cre-loxP system (Wagner et al., 
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vivo (Debnath & Brugge, 2005).  
Recently, the MCF10A 3D culture has been used to search for novel candidate oncogenes, such 
as the Yes kinase–associated protein (YAP) gene. YAP is included in the chromosome 11q22 
amplicon that frequently appears in human tumors. Overexpression of YAP induces an anti-
apoptotic and invasive morphology (Overholtzer, 2006). Further analysis has identified 
tumorigenic functions of generally non-tumorigenic proteins. For example, a study of 
MCF10A 3D structures suggested that not only oncogenes but also antioxidants could facilitate 
malignancy of carcinoma. In mammary acini, centrally located cells lack glucose transport and 
produce reactive oxygen species (ROS). Antioxidants could antagonize such metabolic stresses 
and promote the survival of cells detaching from the ECM by rescuing ATP production 
through fatty acid oxidation (FAO) (Schafer et al., 2009). Additionally, overexpression of a 
glycosyltransferase, N-acetylglucosaminyltransferase V (GnT-V) induces the disarrangement 
of mammary acinar morphogenesis, including increased cell proliferation, filled lumens, and 
disrupted polarity. Thus, altered expression of GnT-V, which catalyzes posttranslational 
modification, affects early stages of breast carcigenesis (H.B. Guo et al., 2010). 
ERBB2 amplification in breast cancer is correlated with poor prognosis due to increased 
metastasis and resistance to chemotherapy. This gene is overexpressed in 50–60% of DCIS 
(Lu et al., 2009; Nofech-Mozes et al., 2005). Muthuswamy et al. showed that ErbB2-induced 
cells generate aberrant acini in 3D culture in vitro. To trigger homodimerization and activate 
ErbB2 signaling, they constructed chimeric receptors, as shown in Figure 6(a) (Muthuswamy 
et al., 1999; Muthuswamy et al., 2001). Treatment with AP1510 induced receptor 
homodimerization, leading to multi-acinar structures with filled lumens but no invasive 
phenotype. Therefore, additional genetic events as “second hits” may be required for 
invasion (Seton-Rogers, 2004). Those features are reminiscent of ErbB2-overexpressing DCIS 
in vivo (Muthuswamy et al., 2001). A recent analysis of ErbB2-mediated transformation 
indicated the significance of Tyr 1201 phosphorylation for the disruption of apical–basal 
polarity of MCF10A cells (Lucs et al., 2010). 
Our laboratory uses a full-length ErbB2 mutant, V659E, as a model of the constitutively 
activated ErbB2 receptor. It has higher intrinsic kinase activity and increased ability to 
induce transformation compared to wild-type ErbB2. This receptor can form a heterodimer 
with the other ErbB receptor family members as well as a homodimer, whereas chimeric 
receptors only form homodimers (Figure 6(b)). Thus our system may mimic physiological 
condition in vivo (A.D., unpublished data). We control the induction timing of ErbB2VE 
using the reverse tetracycline (Tet)-controlled transcriptional activator system, called “Tet-
on”. Induction of ErbB2VE leads to unregulated proliferation and filling of luminal spaces, 
whose structures are similar to “multi-acini” reported in a previous study (Muthuswamy et 
al., 2001).  
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  (b)    
Fig. 6. Disruption of acinal structures due to ErbB2 signaling activation. 
(a) Chimeric ErbB2 receptors induce homodimerization mediated by AP1510. MCF10A acini 
were treated with AP1510 at day 10 and cultured in Matrigel until day 20, resulting in the 
aberrant structure composed of multiple acini with filled lumens (Muthuswamy et al., 2001; 
Seton-Rogers, 2004). (b) In our laboratory, Tet-responsive ErbB2VE was expressed by 
treatment with Dox, forming both homo- and hetero-dimers. ErbB2VE activation from day 4 
induces hyperproliferation and exhibits multi-acinar structures at day 12. This structure is 
similar to the phenotype previously reported (Muthuswamy et al., 2001). The scale bar 
represents 50 m.  

There is no evidence for how DCIS, which is a non-invasive and premalignant lesion, 
acquires invasive behavior. Given that DCIS with ErbB2 amplification or overexpression 
frequently progresses to IBC, it is important to identify genes that collaborate with ErbB2 
and induce tumor progression, including invasion and metastasis. Several investigators 
have been successful in detecting such factors using the MCF10A system. For example, 
either transforming growth factor (TGF) or prostate-derived Ets factor (PDEF) 
dramatically alters MCF10A spheroid-like acinal structures into protrusive cords invading 
the ECM in cooperation with ErbB2 (Gunawardane, 2005; Seton-Rogers, 2004). Additionally, 
co-overexpression of ErbB2 and 14-3-3, which shows increased expression in the early 
stages of breast cancer, results in larger acinar size, filled lumen, the gain of invasiveness, 
and disordered basal membrane protein laminin (Lu et al., 2009). 

6.2 Animal models 
Genetically engineered mouse (GEM) models have contributed broadly to the field of cancer 
research. First, we will review GEM models of breast cancer as a representative cancer 
related to the deregulation of ErbB2. The earliest model was generated by introducing neu 
oncogenes under the transcriptional control of the mouse mammary tumor virus (MMTV) 
LTR (Bouchard et al., 1989; C.T. Guy et al., 1992; Muller et al., 1988). MMTV LTR drives the 
expression of neu specifically in mammary gland intargeted mice. Tissue-specific expression 
is also achieved by using the whey acidic protein (WAP) promoter (Piechocki et al., 2003). 
The next useful development for GEM models was the Cre-loxP system (Wagner et al., 
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1997). Cre-loxP models have genetic elements flanked by loxP sites that are processed by 
Cre recombinase, and its utility is widely known. Although neu under the strong viral LTR 
has questionable relevance to human breast cancers, mammary-specific expression of neu at 
endogenous levels had been desired. Thus, knock-in mice generated by interbreeding 
transgenic mice that have the neu promoter flanked by loxP sites with mice expressing Cre 
under the MMTV LTR (Andrechek et al., 2000) were developed, providing a valuable 
murine cancer model. Neu under the physiological promoter does not cause rapid tumor 
progression as seen in transgenic mice harboring MMTV-driven neu. However, they show 
amplification of the recombinant neu allele, as observed in human cancers (Andrechek et al., 
2000). Furthermore, microarray profiling revealed that tumors arise in the knock-in mice, 
which demonstrated increased expression of GRB7 (Andrechek et al., 2003), as seen in 
human breast cancers. 
More recently, several non-germline GEM models have been developed (Heyer et al., 2010). 
For example, generating chimeric mice is a novel way to increase the physiological 
relevance to human cancer, where cancer cells are surrounded by normal tissue, and it is 
also relatively cost-efficient. As in other models, chimeric mice carrying ErbB2 V659E in the 
lung, develop lung adenocarcinomas (Zhou et al., 2010). The necessity and desire to 
reproduce human cancers in mice will lead to more efficient translational research toward 
cancer therapies in the future. 

7. Conclusion 
We reviewed the history of the discovery of ErbB2 with the recent progress on ErbB2 
function. Thirty years have passed since the neu oncogene was discovered, and extensive 
research on ErbB proteins has been carried out since then. As long as tumor cell growth 
depends on ErbB2 expression, it is a rational target for therapy, and efforts will be made to 
develop more effective drugs than trastuzumab. In basic as well as clinical ErbB2 research, 
studies of cancer stem cells and the cells of origin (Visvader, 2011) of the ErbB2-induced 
tumors should be carried out. ErbB2 expression increases the population of stem/progenitor 
cells (Korkaya et al., 2008). Two distinct mammary progenitors have been identified, one of 
which is a target of MMTV-ErbB2 tumorigenesis and requires cyclin D1 kinase activity for 
its self-renewal (Jeselsohn et al., 2010). This suggests a combinational therapy with 
trastuzumab and cyclin D1 inhibitors may be more effective at treating ErbB2-mediated 
tumorigenesis than trastuzumab alone. The recent notion of non-oncogene addiction also 
needs to be considered (Luo et al., 2009). Identification of such genes will enable us to 
develop more effective targeted therapies as well as to understand the mechanism of ErbB2-
mediated tumorigenesis itself. 
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1. Introduction 
Evolution of therapeutic monoclonal antibodies significantly benefited from the 
recombinant DNA technologies that are used to generate chimeric, humanized, and human 
versions of monoclonal antibody to reduce the problem of immunogenicity and 
neutralization, as well as from understanding mechanisms of action mediated by 
monoclonal antibodies (Nelson et al., 2010; Reichert, 2009; Ranson & Sliwkowski , 2002). 
One of the significant advances in the application of monoclonal antibodies in oncology was 
the introduction and approval of trastuzumab, a humanized anti-HER2 antibody, for the 
treatment of HER2-positive breast cancer. 
Despite initial successes and encouraging results, development of monoclonal antibody-based 
therapies faces several challenges (Yan et al., 2009). Among them are the selection of patients 
most likely to benefit from clinical trials and lack of understanding of mechanisms of 
resistance to monoclonal antibody-based therapies (Yan et al., 2009). Selection of patients most 
likely to benefit from clinical trials of monoclonal antibody-based therapies was initially based 
on the expression of the antigen targeted by the monoclonal antibody. The anti-HER-2 
antibody trastuzumab was tested in patients whose breast tumors overexpress HER2 (Pegram 
et al., 1998) and the anti-epidermal growth factor receptor (EGFR) antibody cetuximab was 
used in patients with colorectal cancer and head and neck cancers that overexpress EGFR 
(Shin et al., 2001). Even with careful characterization of the antigen expression level in the 
patient population eligible for the clinical trials, primary resistance to monoclonal antibody-
based therapies is a common problem. Up to 50% of EGFR-positive colorectal cancer patients 
are resistant to cetuximab (Saltz et al., 2004), and 74% of HER2-positive breast cancer patients 
are resistant to anti-HER2 antibody trastuzumab (Vogel et al., 2002). 
It has emerged that the levels of antigen expression are not the only determinant of the patient 
response to monoclonal antibody therapies and that better understanding of the mechanisms 
of resistance to monoclonal antibodies in different patient subgroups has a potential to 
improve the effectiveness of the monoclonal antibody treatment. A retrospective analysis of 
the colorectal tumor samples from the patients that received cetuximab therapy indicated that 
EGFR-positive colorectal cancer patients with wild-type KRAS gene had increased overall 
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survival, progression-free survival and improvement in the global health status compared to 
the patients whose tumors had KRAS mutations (Karapetis et al., 2008; Lievre et al., 2006). 
KRAS protein is a member of RAS super family of small GTP-binding proteins and a molecule 
downstream of the EGFR-mediated signaling cascade, and when aberrantly regulated, KRAS 
protein contributes to cancer development and progression (Karnoub & Weinberg, 2008). 
Cellular studies supported the role of KRAS mutations in the resistance to anti-EGFR antibody 
cetuximab (Benvenuti et al., 2007). Understanding of the role of the KRAS mutations in the 
resistance to the anti-EGFR antibody cetuximab has improved the selection of patients that are 
eligible for cetuximab treatment and as a consequence, cetuximab is currently approved for the 
treatment of EGFR-positive colorectal cancers that do not have KRAS mutations in codon 12 or 
13. While KRAS mutations play a critical role in diminishing response to cetuximab in 
colorectal cancer patients, KRAS gene is infrequently mutated in breast cancer (Karnoub & 
Weinberg, 2008; Sanchez-Munoz et al., 2010), and it is therefore not likely to contribute to the 
resistance to anti-HER2 monoclonal antibody trastuzumab. The molecular basis for the 
resistance to anti-HER2 monoclonal antibody trastuzumab in breast cancer is still not well 
understood, and there are no clinically useful predictive biomarkers that can be used in 
conjunction with HER2 expression to predict the outcome of trastuzumab treatment in the 
HER2-positive breast cancer patients. Breast cancer is one of the most common cancers among 
women in the United States. It is the second leading cause of cancer death in women, after 
lung cancer. Women with HER2-overexpressing breast cancers have an increased risk of 
recurrence and shortened disease-free and overall survival rates (Press et al., 1993; Slamon et 
al., 1987; Slamon et al., 1989). Understanding the mechanism of resistance to trastuzumab and 
identifying the predictive biomarkers for the therapeutic resistance to trastuzumab could lead 
to important therapeutic advances. 
Therapeutic monoclonal antibodies represent one of the most dynamic sectors in the 
biopharmaceutical industry (Reichert, 2009). Twelve monoclonal antibodies and antibodies-
related products are licensed for the diagnosis and treatment of specific oncology 
indications in the U.S. (Table 1) (Note: gemtuzumab ozogamicin was withdrawn from the 
market in June 2010). 

2. HER family of receptor tyrosine kinases 
HER2 is a member of the HER family of receptor tyrosine kinases, which is composed of 
four type I receptors: EGFR/HER1/ErbB1, HER2/ErbB2, HER3/ErbB3, and HER4/ErbB4. 
All receptors share a similar structure composed of an extracellular ligand-binding region, a 
single transmembrane lipophilic segment and a cytoplasmic tyrosine kinase-containing 
domain (Zhang et al. 2007). The extracellular ligand-binding region of HER family receptors 
is composed of four domains (I-IV). Domains I and III are important for ligand binding. 
Domain II mediates receptor dimerization. Domain IV forms intramolecular interactions 
with the domain II and thus blocks dimerization (Garrett et al., 2003). Ligand binding to the 
extracellular domain of HER family members disrupts the autoinhibition conformation 
which results in the receptor homo- or hetero-dimerization, and transphosphorylation 
followed by the activation of the downstream signaling pathways which regulate cell 
growth and differentiation (Hudis, 2007; Hynes & Lane, 2005). The physiological ligand for 
HER2 has not been identified yet. HER3 function is particularly important due to its role in 
the development of resistance in HER2-overexpressing cancers. HER3 binds neuregulins via 
its extracellular region to mediate signals primarily by heterodimerization with HER2 in  
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Antibody 
name 
(USAN) 

Antibody 
tradename

Therapeutic 
target 

Antibody type Clinical Indication Year of 
approval 

Ipilimumab Yervoy CTLA-4 IgG1/human Advanced 
melanoma 

2011 

Ofatumumab Arzerra CD20 IgG1/human Chronic 
lymphocytic 
leukemia 

2009 

Panitumumab Vectibix EGFR IgG2/human Colorectal cancer 2006 
Cetuximab Erbitux EGFR IgG1/chimeric Colorectal cancer 

Head and Neck 
Squamous Cell 
Cancer  

2004 
 
2006 

Bevacizumab Avastin VEGF-A IgG1/humanized Colorectal cancer 2004 
 

I131-
Tositumomab 

Bexxar CD20 IgG2/mouse Non-Hodgkin 
lymphoma 

2003 

Y90 or I111-
Ibritumomab-
tiuxetan 

Zevelin CD20 IgG1/mouse Non-Hodgkin 
lymphoma 

2002 

Alemtuzumab Campath CD52 IgG1/humanized Chronic 
lymphocytic 
leukemia 

2001 

Gemtuzumab 
Ozogamicin 

Mylotarg CD33 IgG4/humanized 
linked to 
calichaemicin 

Acute myeloid 
leukemia 

2000 
withdrawn 
in June 
2010 

Trastuzumab Herceptin HER2 IgG1/humanized HER2-positive 
breast cancer 

1998 

Rituximab Rituxan CD20 IgG1/chimeric Non-Hodgkin 
lymphoma 

1997 

Capromab 
pendetide 

ProstaScint PSMA IgG1/murine Prostate cancer 
imaging 

1996 

Table 1. FDA approved monoclonal antibodies used for diagnosis and treatment of different 
oncological indications. 

tumors containing amplifications of HER2 (Baselga & Swain, 2009; Shi et al., 2010). In fact, 
HER3-HER2 is considered the most active HER signaling dimer (Tzahar et al., 1996). HER3 
also plays a key role in the ability of HER2-overexpressing cells to escape the growth 
inhibition by the EGFR/HER2 dual-specific tyrosine kinase inhibitor (TKI) lapatinib 
(Sergina et al., 2007). Previously, the intracellular kinase domain of HER3 was thought to be 
an inactive pseudokinase, because it lacks several key conserved and catalytically important 
residues (Guy et al., 1994, Sierke et al., 1997). Recently however, HER3 was shown to have 
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pendetide 

ProstaScint PSMA IgG1/murine Prostate cancer 
imaging 

1996 

Table 1. FDA approved monoclonal antibodies used for diagnosis and treatment of different 
oncological indications. 

tumors containing amplifications of HER2 (Baselga & Swain, 2009; Shi et al., 2010). In fact, 
HER3-HER2 is considered the most active HER signaling dimer (Tzahar et al., 1996). HER3 
also plays a key role in the ability of HER2-overexpressing cells to escape the growth 
inhibition by the EGFR/HER2 dual-specific tyrosine kinase inhibitor (TKI) lapatinib 
(Sergina et al., 2007). Previously, the intracellular kinase domain of HER3 was thought to be 
an inactive pseudokinase, because it lacks several key conserved and catalytically important 
residues (Guy et al., 1994, Sierke et al., 1997). Recently however, HER3 was shown to have 
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kinase activity and the ability to trans-autophosphorylate its intracellular region although it 
is substantially less active than EGFR (Shi et al., 2010). HER2 extracellular domain adopts a 
fixed conformation that resembles a ligand-activated state that permits it to form a dimer in 
the absence of a ligand (Cho at al., 2003; Garrett et al., 2003; Hynes & Lane, 2005). This likely 
explains why HER2 is the preferred dimerization partner for all of the other HER receptors 
(Graus-Porta et al., 1997). Moreover, although none of ligands for the HER family receptors 
directly binds to HER2, activation of EGFR, HER3, and HER4 can facilitate transactivation of 
HER2 through ligand-induced heterodimerization (Carraway et al., 1994; Wada et al., 1990).  
Overexpression of HER2 has been reported in different types of cancer, including breast, 
gastric, ovarian and salivary gland (Baselga & Swain, 2009). Gene amplification is the most 
common mechanism resulting in HER2 overexpression in tumors. In addition, somatic 
mutations in the HER2 tyrosine kinase domain are reported in lung adenocarcinomas, 
epithelial ovarian cancer, hepatocellular carcinoma, gastric, colorectal and breast cancers, 
but the activating function for these mutations has not been clarified (Bekaii-Saab et al., 
2006; Lee et al., 2006; Lin at al., 2011; Shigematsu et al., 2005). Recent studies also suggest 
that mutational inactivation in FOXP3 tumor suppressor may contribute to HER2 promoter 
activation in breast cancer tissues (Zuo et al., 2007). Regardless of the causative mechanisms 
resulting in HER2 overexpression in certain cancer, the number of HER2 molecules 
expressed on the surface of these cancer cells far exceeds the number expressed on normal 
cells, which facilitates the formation of HER2 heterodimers and the spontaneous formation 
of HER2 homodimers (Yarden & Sliwkowski, 2001). The consequence of this is an excess of 
HER2-mediated signaling, which drives oncogenic cell survival and proliferation (Yarden & 
Sliwkowski, 2001). 

3. Trastuzumab and mechanisms of action of trastuzumab 
For the past 20 years, the development of monoclonal antibodies and tyrosine kinase 
inhibitors (TKIs) targeting HER2 has been intensely pursued as important cancer 
therapeutic strategy. There are several reasons why HER2 is an attractive target in breast 
cancer treatment. First, the levels of HER2 in human cancer cells are higher than that in 
normal tissues and the elevated levels of HER2 correlate with the pathogenesis and 
prognosis in breast cancer (Natali et al., 1990; Slamon et al., 1987). Second, HER2 is 
overexpressed in approximately 20-30% of invasive breast cancer and is associated with 
poor disease-free survival and poor response to chemotherapy (Gusterson et al., 1992; Paik 
et al., 1990; Slamon et al., 1989). Third, HER2 is overexpressed in primary tumors and in 
metastatic sites suggesting that anti-HER2 therapy could be effective in all disease locations 
(Niehans et al., 1993). Trastuzumab is a recombinant humanized monoclonal antibody 
directed against the extracellular domain IV of HER2 and is approved for the treatment of 
HER2-positive breast cancer. In 2010, the European Medicines Agency approved 
trastuzumab for gastric cancer patients with high expression of HER2 (Okines et al., 2010). 
Subsequently, in October 2010, U.S. FDA approved trastuzumab in combination with 
chemotherapy for HER2-positive metastatic cancer of the stomach or the gastroesophageal 
junction.  
Trastuzumab was engineered by inserting the antigen binding loops of a murine antibody 
(clone 4D5) into the framework of a consensus human IgG1 using gene conversion 
mutagenesis strategy (Carter et al., 1992; Pegram et al., 1999). The humanized version of 4D5 
(also known as rhuMabHER2; later named trastuzumab) showed significant effects in 
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HER2-overexpressing breast cancer cells and in HER2-overexpressing xenograft breast 
cancer models either alone or in combination with other chemotherapy agents (Pegram et 
al., 1999). While the mechanisms by which trastuzumab induces regression of HER2-
positive breast cancers are still being investigated, it is currently believed that the binding of 
trastuzumab to HER2 contributes to its therapeutic effect by a) inducing HER2 endocytosis 
followed by receptor degradation; b) inhibiting either HER2 homodimerization or 
heterodimerization; c) preventing the cleavage of HER2 extracellular domain by the 
metalloprotease ADAM10 (Hudis, 2007). Taken together, binding of trastuzumab to the 
extracellular domain of HER2 reduces HER2-coupled mitogenic and pro-survival signaling 
pathways in tumor cells, leading to the inhibition of phosphatidylinositol 3-kinase (PI3K) 
and mitogen-activated protein kinase (MAPK) pathways, and the induction of the cyclin-
dependent kinase inhibitor, p27 (Nahta & Esteva, 2006). Furthermore, trastuzumab is an 
IgG1 subtype capable of inducing antibody-dependent cell mediated cytotoxicity (ADCC). 
Overexpression of HER2 in human tumor cells is closely associated with the increased 
angiogenesis and the expression of vascular endothelial growth factor (VEGF). Trastuzumab 
has also been shown to inhibit tumor angiogenesis, resulting in decreased microvessel 
density in vivo and reduced endothelial cell migration in vitro (Nahta & Esteva, 2006). 

4. HER2-overexpression and clinical indications for trastuzumab 
Trastuzumab is an anti-HER2 antibody indicated for the treatment of HER2-positive breast 
cancer and HER2-positive metastatic gastric or gastroesophageal (GE) junction 
adenocarcinoma. Three testing methodologies can be used to determine the HER2 status of 
the tumor samples: immunocytochemistry (IHC), fluorescence in situ hybridization (FISH), 
and chromogenic in situ hybridization (CISH) (Wolff et al., 2007). IHC detects the level of 
membrane bound HER2, whereas FISH and CISH detect the level of HER2 gene 
amplification. The American Society of Clinical Oncology/College of American Pathologists 
guideline was developed to define the status of HER2-positive breast cancer and 
recommended the use of a combination of IHC and FISH testing (Wolff et al., 2007). 
According to the guideline, a positive HER2 result is the IHC staining of 3+, and a FISH 
result of more than six HER2 gene copies per nucleus or a FISH ratio (HER2 gene signals to 
chromosome 17 signals) of more than 2.2 (Wolff et al., 2007). Trastuzumab was the first 
monoclonal antibody therapy to be approved with a companion diagnostic assay which was 
used to select the patients eligible for the trastuzumab treatment (Reichert, 2009).  
Trastuzumab, when used as a single agent, produced an objective response rate up to 26% in 
the selected HER2-positive metastatic breast cancer patients (Vogel et al., 2002). Preclinical 
studies of the combinations of trastuzumab and different chemotherapy agents suggested 
the potential for additive and/or synergistic effects in the clinical settings (Baselga et al., 
1998). Clinical studies then showed that trastuzumab in combination with chemotherapy in 
HER2-positive metastatic breast cancers significantly improved overall response rate, 
median overall survival, and time to disease progression (Burstein et al., 2001; Kaufman et 
al., 2009; Marty et al., 2005; O’Shaughnessy et al., 2004; Pegram et al., 1998; Perez et al., 2005; 
Slamon et al., 2001). Clinical benefit of trastuzumab treatment in HER2-positive metastatic 
breast cancer provided the rationale for testing the effects of trastuzumab treatment in the 
early stage HER2-positive breast cancer in the adjuvant and neoadjuvant setting. The 
adjuvant therapy is defined as any treatment given after the primary therapy, usually 
surgery, to increase the chance of long term survival, whereas neoadjuvant therapy refers to 
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kinase activity and the ability to trans-autophosphorylate its intracellular region although it 
is substantially less active than EGFR (Shi et al., 2010). HER2 extracellular domain adopts a 
fixed conformation that resembles a ligand-activated state that permits it to form a dimer in 
the absence of a ligand (Cho at al., 2003; Garrett et al., 2003; Hynes & Lane, 2005). This likely 
explains why HER2 is the preferred dimerization partner for all of the other HER receptors 
(Graus-Porta et al., 1997). Moreover, although none of ligands for the HER family receptors 
directly binds to HER2, activation of EGFR, HER3, and HER4 can facilitate transactivation of 
HER2 through ligand-induced heterodimerization (Carraway et al., 1994; Wada et al., 1990).  
Overexpression of HER2 has been reported in different types of cancer, including breast, 
gastric, ovarian and salivary gland (Baselga & Swain, 2009). Gene amplification is the most 
common mechanism resulting in HER2 overexpression in tumors. In addition, somatic 
mutations in the HER2 tyrosine kinase domain are reported in lung adenocarcinomas, 
epithelial ovarian cancer, hepatocellular carcinoma, gastric, colorectal and breast cancers, 
but the activating function for these mutations has not been clarified (Bekaii-Saab et al., 
2006; Lee et al., 2006; Lin at al., 2011; Shigematsu et al., 2005). Recent studies also suggest 
that mutational inactivation in FOXP3 tumor suppressor may contribute to HER2 promoter 
activation in breast cancer tissues (Zuo et al., 2007). Regardless of the causative mechanisms 
resulting in HER2 overexpression in certain cancer, the number of HER2 molecules 
expressed on the surface of these cancer cells far exceeds the number expressed on normal 
cells, which facilitates the formation of HER2 heterodimers and the spontaneous formation 
of HER2 homodimers (Yarden & Sliwkowski, 2001). The consequence of this is an excess of 
HER2-mediated signaling, which drives oncogenic cell survival and proliferation (Yarden & 
Sliwkowski, 2001). 

3. Trastuzumab and mechanisms of action of trastuzumab 
For the past 20 years, the development of monoclonal antibodies and tyrosine kinase 
inhibitors (TKIs) targeting HER2 has been intensely pursued as important cancer 
therapeutic strategy. There are several reasons why HER2 is an attractive target in breast 
cancer treatment. First, the levels of HER2 in human cancer cells are higher than that in 
normal tissues and the elevated levels of HER2 correlate with the pathogenesis and 
prognosis in breast cancer (Natali et al., 1990; Slamon et al., 1987). Second, HER2 is 
overexpressed in approximately 20-30% of invasive breast cancer and is associated with 
poor disease-free survival and poor response to chemotherapy (Gusterson et al., 1992; Paik 
et al., 1990; Slamon et al., 1989). Third, HER2 is overexpressed in primary tumors and in 
metastatic sites suggesting that anti-HER2 therapy could be effective in all disease locations 
(Niehans et al., 1993). Trastuzumab is a recombinant humanized monoclonal antibody 
directed against the extracellular domain IV of HER2 and is approved for the treatment of 
HER2-positive breast cancer. In 2010, the European Medicines Agency approved 
trastuzumab for gastric cancer patients with high expression of HER2 (Okines et al., 2010). 
Subsequently, in October 2010, U.S. FDA approved trastuzumab in combination with 
chemotherapy for HER2-positive metastatic cancer of the stomach or the gastroesophageal 
junction.  
Trastuzumab was engineered by inserting the antigen binding loops of a murine antibody 
(clone 4D5) into the framework of a consensus human IgG1 using gene conversion 
mutagenesis strategy (Carter et al., 1992; Pegram et al., 1999). The humanized version of 4D5 
(also known as rhuMabHER2; later named trastuzumab) showed significant effects in 
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HER2-overexpressing breast cancer cells and in HER2-overexpressing xenograft breast 
cancer models either alone or in combination with other chemotherapy agents (Pegram et 
al., 1999). While the mechanisms by which trastuzumab induces regression of HER2-
positive breast cancers are still being investigated, it is currently believed that the binding of 
trastuzumab to HER2 contributes to its therapeutic effect by a) inducing HER2 endocytosis 
followed by receptor degradation; b) inhibiting either HER2 homodimerization or 
heterodimerization; c) preventing the cleavage of HER2 extracellular domain by the 
metalloprotease ADAM10 (Hudis, 2007). Taken together, binding of trastuzumab to the 
extracellular domain of HER2 reduces HER2-coupled mitogenic and pro-survival signaling 
pathways in tumor cells, leading to the inhibition of phosphatidylinositol 3-kinase (PI3K) 
and mitogen-activated protein kinase (MAPK) pathways, and the induction of the cyclin-
dependent kinase inhibitor, p27 (Nahta & Esteva, 2006). Furthermore, trastuzumab is an 
IgG1 subtype capable of inducing antibody-dependent cell mediated cytotoxicity (ADCC). 
Overexpression of HER2 in human tumor cells is closely associated with the increased 
angiogenesis and the expression of vascular endothelial growth factor (VEGF). Trastuzumab 
has also been shown to inhibit tumor angiogenesis, resulting in decreased microvessel 
density in vivo and reduced endothelial cell migration in vitro (Nahta & Esteva, 2006). 

4. HER2-overexpression and clinical indications for trastuzumab 
Trastuzumab is an anti-HER2 antibody indicated for the treatment of HER2-positive breast 
cancer and HER2-positive metastatic gastric or gastroesophageal (GE) junction 
adenocarcinoma. Three testing methodologies can be used to determine the HER2 status of 
the tumor samples: immunocytochemistry (IHC), fluorescence in situ hybridization (FISH), 
and chromogenic in situ hybridization (CISH) (Wolff et al., 2007). IHC detects the level of 
membrane bound HER2, whereas FISH and CISH detect the level of HER2 gene 
amplification. The American Society of Clinical Oncology/College of American Pathologists 
guideline was developed to define the status of HER2-positive breast cancer and 
recommended the use of a combination of IHC and FISH testing (Wolff et al., 2007). 
According to the guideline, a positive HER2 result is the IHC staining of 3+, and a FISH 
result of more than six HER2 gene copies per nucleus or a FISH ratio (HER2 gene signals to 
chromosome 17 signals) of more than 2.2 (Wolff et al., 2007). Trastuzumab was the first 
monoclonal antibody therapy to be approved with a companion diagnostic assay which was 
used to select the patients eligible for the trastuzumab treatment (Reichert, 2009).  
Trastuzumab, when used as a single agent, produced an objective response rate up to 26% in 
the selected HER2-positive metastatic breast cancer patients (Vogel et al., 2002). Preclinical 
studies of the combinations of trastuzumab and different chemotherapy agents suggested 
the potential for additive and/or synergistic effects in the clinical settings (Baselga et al., 
1998). Clinical studies then showed that trastuzumab in combination with chemotherapy in 
HER2-positive metastatic breast cancers significantly improved overall response rate, 
median overall survival, and time to disease progression (Burstein et al., 2001; Kaufman et 
al., 2009; Marty et al., 2005; O’Shaughnessy et al., 2004; Pegram et al., 1998; Perez et al., 2005; 
Slamon et al., 2001). Clinical benefit of trastuzumab treatment in HER2-positive metastatic 
breast cancer provided the rationale for testing the effects of trastuzumab treatment in the 
early stage HER2-positive breast cancer in the adjuvant and neoadjuvant setting. The 
adjuvant therapy is defined as any treatment given after the primary therapy, usually 
surgery, to increase the chance of long term survival, whereas neoadjuvant therapy refers to 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

176 

the treatment given before the primary therapy. While many clinical trials are still ongoing, 
there are promising results for the use of trastuzumab treatment in the adjuvant and 
neoadjuvant settings. It was reported that one year of trastuzumab treatment after adjuvant 
chemotherapy significantly improved disease free survival and that trastuzumab combined 
concurrently with the chemotherapy improved the outcomes among HER2-positive breast 
cancer patients (Piccart-Gebhart et al., 2005). In addition to the use of trastuzumab in 
adjuvant settings, some of the clinical studies addressed the potential benefit of offering 
trastuzumab in the neoadjuvant settings. Results from the GeparQuattro study suggested 
that neoadjuvant combination of trastuzumab and different chemotherapy agents induced a 
high pathological complete response (pCR) rate with the minimal toxicities (Untch et al., 
2010). pCR is defined as the complete absence of intact tumor cells in the resected specimen. 
Trastuzumab is now a standard of care in combination with chemotherapy for patients with 
HER2-positive breast cancer (Banerjee & Smith, 2010).  

5. Resistance to the EGFR-targeted therapies 
Targeting the EGFR has been intensely pursued in the past decade as a cancer treatment 
strategy. Small molecule tyrosine kinase inhibitors (TKIs) and anti-EGFR monoclonal 
antibodies are the primary approaches to inhibit EGFR-coupled signaling pathways. To date, 
three tyrosine kinase inhibitors, erlotinib, gefitinib, and lapatinib, have been approved for 
oncology indications. Cetuximab, a chimeric IgG1 directed against the extracellular domain of 
EGFR, was originally generated from a murine antibody, 225 (Goldstein et al., 1995). 
Preclinical studies showed that cetuximab was more effective than the murine antibody 225 in 
inhibiting tumor growth in A431 human tumor xenografts model. Based on the preclinical 
studies, cetuximab was found to inhibit EGFR activation by preventing ligand binding, which 
inhibits EGFR dimerization and induces the EGFR internalization and downregulation 
(Goldstein et al., 1995; Mendelsohn, 2002). Cetuximab was approved in 2004 by FDA for the 
treatment of EGFR expressing metastatic colorectal cancer. In 2006, FDA approved the use of 
cetuximab for the treatment of locally advanced or regionally advanced head and neck 
squamous cell carcinomas (HNSCC). In 2006, panitumumab, a human antibody directed 
against the EGFR was also approved for the treatment of EGFR expressing metastatic 
colorectal cancer (Giusti et al., 2008; Hecht et al., 2009; Van Cutsem et al., 2007).  
Molecular mechanisms contributing to the resistance to EGFR kinase inhibitors have been 
extensively studied. Important findings suggest that there is a strong relationship between 
the resistance to EGFR TKIs and the absence of an activating mutation in the intracellular 
kinase domain of the receptor. These EGFR kinase domain mutations, such as the point 
mutation, L858R, and in-frame deletion in exon 19 around codons 746–750, enhance the 
ligand-dependent activation of EGFR, and simultaneously increase the sensitivity to the 
TKIs (Han et al., 2005; Mitsudomi et al., 2005; Morgillo et al., 2007). It has also been 
demonstrated that the patients with the EGFR mutation-positive tumors have an improved 
response rate and survival after treatment with TKIs compared to the patients with tumors 
that express wild-type EGFR (Han et al., 2005; Mitsudomi et al., 2005). Therefore, the lack of 
these mutations can be considered a predictor of the treatment resistance to TKI (Morgillo et 
al, 2007). Mechanisms contributing to the primary resistance to EGFR TKIs also include 
genetic alterations, for example, EGFR variant III (EGFRvIII) and activating KRAS 
mutations. EGFRvIII lacks the ligand binding domain and is a constitutively activated 
mutant. It has also been reported that a point mutation in the exon 20 (T790M) in the kinase 
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domain of the EGFR gene occurs in tumors with acquired resistance to EGFR kinase 
inhibitors, gefitinib and erlotinib (Pao et al., 2005). Because mutations within HER2 have not 
been commonly found in HER2-overexpressing breast tumors (Zito et al., 2008), the 
mechanisms of resistance to EGFR kinase inhibitors may not be relevant to trastuzumab. 
Although EGFR tyrosine kinase domain mutations may predict response to the TKIs, no 
mutations in the EGFR have been associated with resistance to the antibody-based therapies, 
cetuximab and panitumumab (Mukohara et al., 2005; Kruser & Wheeler, 2010). While EGFR 
gene amplification may be both predictive and prognostic and associated with the objective 
tumor response to cetuximab therapy, IHC based assay measuring EGFR expression may 
not be an accurate predictive factor for response to cetuximab therapy in colorectal cancer 
(Chung et al., 2005; Lievre et al., 2006), indicating that different mechanisms may contribute 
to cetuximab-resistance. One of the most reliable predictive biomarkers to emerge in the 
clinic has been that of the KRAS mutation status in colorectal cancer (Kruser & Wheeler, 
2010). Lievre et al. reported that KRAS mutation status was predictive of resistance to 
cetuximab therapy. In this report, 30 metastatic colorectal carcinoma patients treated with 
cetuximab were analyzed for KRAS mutations. The authors reported that KRAS mutation 
was found in 43% (13 tumors) and was significantly associated with resistance to cetuximab 
therapy (Lievre et al., 2006). A larger study was performed to measure the KRAS mutation 
status in 113 patients with refractory metastatic colorectal cancer treated with cetuximab. 
The authors found that KRAS wild-type is a strong predictor of significant increase in 
progression-free survival (PFS) and overall survival (OS) in this cohort of patients (De 
Roock et al., 2008). Many other clinical trials have confirmed these findings, leading to a 
Provisional Clinical Opinion from the American Society for Clinical Oncology (ASCO) 
stating that all patients with metastatic colorectal carcinoma who are candidates for anti-
EGFR antibody therapy should have their tumor tested for KRAS mutations in a Clinical 
Laboratory Improvement Amendments (CLIA)-accredited laboratory (Allegra et al., 2009). If 
codon 12 or 13 of KRAS is found to be mutated then patients with metastatic colorectal 
cancer should not receive anti-EGFR antibody therapy as a part of their treatment (Allegra et 
al., 2009).  

6. Therapeutic resistance to trastuzumab 
6.1 Clinical evidence for trastuzumab-resistance 
While trastuzumab has significantly changed the outcome for the treatment of HER2-
positive breast cancer, mechanisms contributing to trastuzumab-resistance are less well 
understood. Both primary and acquired resistance to trastuzumab pose a significant hurdle 
in the breast cancer therapy (Nahta & Esteva, 2006). Primary trastuzumab resistance refers 
to the lack of response to trastuzumab treatment in the patients with HER2-positive breast 
tumors who were never treated with trastuzumab before, whereas acquired resistance 
indicates that the patients who achieve initial response to trastuzumab acquire resistance to 
this antibody. In the study which evaluated the efficacy and the safety of trastuzumab as a 
single agent, the reported rate of primary trastuzumab-resistance was 74%, indicating that 
the vast majority of HER2-positive metastatic breast cancer patients demonstrate intrinsic 
resistance to single-agent trastuzumab (Vogel et al., 2002). Moreover, while addition of 
trastuzumab to chemotherapy in the cohort of HER2-positive metastatic breast cancer 
patients results in the higher response rates, and the extension of time to disease 
progression, the durations of response to trastuzumab in either the single-agent setting or in 
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the treatment given before the primary therapy. While many clinical trials are still ongoing, 
there are promising results for the use of trastuzumab treatment in the adjuvant and 
neoadjuvant settings. It was reported that one year of trastuzumab treatment after adjuvant 
chemotherapy significantly improved disease free survival and that trastuzumab combined 
concurrently with the chemotherapy improved the outcomes among HER2-positive breast 
cancer patients (Piccart-Gebhart et al., 2005). In addition to the use of trastuzumab in 
adjuvant settings, some of the clinical studies addressed the potential benefit of offering 
trastuzumab in the neoadjuvant settings. Results from the GeparQuattro study suggested 
that neoadjuvant combination of trastuzumab and different chemotherapy agents induced a 
high pathological complete response (pCR) rate with the minimal toxicities (Untch et al., 
2010). pCR is defined as the complete absence of intact tumor cells in the resected specimen. 
Trastuzumab is now a standard of care in combination with chemotherapy for patients with 
HER2-positive breast cancer (Banerjee & Smith, 2010).  

5. Resistance to the EGFR-targeted therapies 
Targeting the EGFR has been intensely pursued in the past decade as a cancer treatment 
strategy. Small molecule tyrosine kinase inhibitors (TKIs) and anti-EGFR monoclonal 
antibodies are the primary approaches to inhibit EGFR-coupled signaling pathways. To date, 
three tyrosine kinase inhibitors, erlotinib, gefitinib, and lapatinib, have been approved for 
oncology indications. Cetuximab, a chimeric IgG1 directed against the extracellular domain of 
EGFR, was originally generated from a murine antibody, 225 (Goldstein et al., 1995). 
Preclinical studies showed that cetuximab was more effective than the murine antibody 225 in 
inhibiting tumor growth in A431 human tumor xenografts model. Based on the preclinical 
studies, cetuximab was found to inhibit EGFR activation by preventing ligand binding, which 
inhibits EGFR dimerization and induces the EGFR internalization and downregulation 
(Goldstein et al., 1995; Mendelsohn, 2002). Cetuximab was approved in 2004 by FDA for the 
treatment of EGFR expressing metastatic colorectal cancer. In 2006, FDA approved the use of 
cetuximab for the treatment of locally advanced or regionally advanced head and neck 
squamous cell carcinomas (HNSCC). In 2006, panitumumab, a human antibody directed 
against the EGFR was also approved for the treatment of EGFR expressing metastatic 
colorectal cancer (Giusti et al., 2008; Hecht et al., 2009; Van Cutsem et al., 2007).  
Molecular mechanisms contributing to the resistance to EGFR kinase inhibitors have been 
extensively studied. Important findings suggest that there is a strong relationship between 
the resistance to EGFR TKIs and the absence of an activating mutation in the intracellular 
kinase domain of the receptor. These EGFR kinase domain mutations, such as the point 
mutation, L858R, and in-frame deletion in exon 19 around codons 746–750, enhance the 
ligand-dependent activation of EGFR, and simultaneously increase the sensitivity to the 
TKIs (Han et al., 2005; Mitsudomi et al., 2005; Morgillo et al., 2007). It has also been 
demonstrated that the patients with the EGFR mutation-positive tumors have an improved 
response rate and survival after treatment with TKIs compared to the patients with tumors 
that express wild-type EGFR (Han et al., 2005; Mitsudomi et al., 2005). Therefore, the lack of 
these mutations can be considered a predictor of the treatment resistance to TKI (Morgillo et 
al, 2007). Mechanisms contributing to the primary resistance to EGFR TKIs also include 
genetic alterations, for example, EGFR variant III (EGFRvIII) and activating KRAS 
mutations. EGFRvIII lacks the ligand binding domain and is a constitutively activated 
mutant. It has also been reported that a point mutation in the exon 20 (T790M) in the kinase 
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domain of the EGFR gene occurs in tumors with acquired resistance to EGFR kinase 
inhibitors, gefitinib and erlotinib (Pao et al., 2005). Because mutations within HER2 have not 
been commonly found in HER2-overexpressing breast tumors (Zito et al., 2008), the 
mechanisms of resistance to EGFR kinase inhibitors may not be relevant to trastuzumab. 
Although EGFR tyrosine kinase domain mutations may predict response to the TKIs, no 
mutations in the EGFR have been associated with resistance to the antibody-based therapies, 
cetuximab and panitumumab (Mukohara et al., 2005; Kruser & Wheeler, 2010). While EGFR 
gene amplification may be both predictive and prognostic and associated with the objective 
tumor response to cetuximab therapy, IHC based assay measuring EGFR expression may 
not be an accurate predictive factor for response to cetuximab therapy in colorectal cancer 
(Chung et al., 2005; Lievre et al., 2006), indicating that different mechanisms may contribute 
to cetuximab-resistance. One of the most reliable predictive biomarkers to emerge in the 
clinic has been that of the KRAS mutation status in colorectal cancer (Kruser & Wheeler, 
2010). Lievre et al. reported that KRAS mutation status was predictive of resistance to 
cetuximab therapy. In this report, 30 metastatic colorectal carcinoma patients treated with 
cetuximab were analyzed for KRAS mutations. The authors reported that KRAS mutation 
was found in 43% (13 tumors) and was significantly associated with resistance to cetuximab 
therapy (Lievre et al., 2006). A larger study was performed to measure the KRAS mutation 
status in 113 patients with refractory metastatic colorectal cancer treated with cetuximab. 
The authors found that KRAS wild-type is a strong predictor of significant increase in 
progression-free survival (PFS) and overall survival (OS) in this cohort of patients (De 
Roock et al., 2008). Many other clinical trials have confirmed these findings, leading to a 
Provisional Clinical Opinion from the American Society for Clinical Oncology (ASCO) 
stating that all patients with metastatic colorectal carcinoma who are candidates for anti-
EGFR antibody therapy should have their tumor tested for KRAS mutations in a Clinical 
Laboratory Improvement Amendments (CLIA)-accredited laboratory (Allegra et al., 2009). If 
codon 12 or 13 of KRAS is found to be mutated then patients with metastatic colorectal 
cancer should not receive anti-EGFR antibody therapy as a part of their treatment (Allegra et 
al., 2009).  

6. Therapeutic resistance to trastuzumab 
6.1 Clinical evidence for trastuzumab-resistance 
While trastuzumab has significantly changed the outcome for the treatment of HER2-
positive breast cancer, mechanisms contributing to trastuzumab-resistance are less well 
understood. Both primary and acquired resistance to trastuzumab pose a significant hurdle 
in the breast cancer therapy (Nahta & Esteva, 2006). Primary trastuzumab resistance refers 
to the lack of response to trastuzumab treatment in the patients with HER2-positive breast 
tumors who were never treated with trastuzumab before, whereas acquired resistance 
indicates that the patients who achieve initial response to trastuzumab acquire resistance to 
this antibody. In the study which evaluated the efficacy and the safety of trastuzumab as a 
single agent, the reported rate of primary trastuzumab-resistance was 74%, indicating that 
the vast majority of HER2-positive metastatic breast cancer patients demonstrate intrinsic 
resistance to single-agent trastuzumab (Vogel et al., 2002). Moreover, while addition of 
trastuzumab to chemotherapy in the cohort of HER2-positive metastatic breast cancer 
patients results in the higher response rates, and the extension of time to disease 
progression, the durations of response to trastuzumab in either the single-agent setting or in 
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the combination with chemotherapy has been reported to be 5-9 month (Kruser & Wheeler 
2010; Nahta & Esteva, 2006; Slamon et al., 2001). Therefore, the majority of patients with 
HER2-positive breast cancer develops acquired resistance within one year. (Kruser & 
Wheeler 2010; Nahta & Esteva, 2006; Slamon et al., 2001). Understanding the mechanisms of 
trastuzumab-resistance and developing predictive biomarkers for therapeutic resistance to 
trastuzumab are critical to the discovery of novel agents that could overcome trastuzumab-
resistance and potentially benefit HER2-positive breast cancer patients. 

6.2 Preclinical studies  
6.2.1 Cellular models used for the studies of trastuzumab-resistance 
There are several preclinical cellular models developed to study the mechanisms of 
resistance to trastuzumab. HER2-positive breast cancer cell lines were chronically exposed 
to trastuzumab either in vitro (SKBR3 cell line) or in xenograft settings (BT474 cell line) in 
order to develop trastuzumab-resistant clones and populations (Nahta et al., 2004a; Ritter et 
al., 2007). In this approach, a comparison between parental trastuzumab-sensitive and 
derived trastuzumab-resistant clones was carried out in order to characterize the changes in 
the cell signaling pathways associated with trastuzumab-resistance. Recently, the JIMT-1 cell 
line was established from a breast cancer patient with HER2 gene amplification and primary 
resistance to trastuzumab and was used to study the mechanisms of resistance to 
trastuzumab (Tanner et al., 2004). These trastuzumab-resistant cell lines still overexpress 
HER2, suggesting that resistance to trastuzumab is not due to the loss of HER2 
overexpression (Diermeier et al., 2005; Dokmanovic et al., 2009; Nagy et al., 2005; Ritter et 
al., 2007). Interestingly, it was reported recently that chronic exposure of BT-474 cells to 
trastuzumab gave rise to trastuzumab-resistant clones, which lost HER2 gene amplification 
and HER2 overexpression (Mittendorf et al., 2009). However, it is not clear whether 
trastuzumab eliminated HER2-overexpressing clones leaving only HER2-negative cancer 
clones or that the treatment with trastuzumab inhibited HER2 expression or induced 
downregulation of HER2, resulting in the loss of HER2 expression and resistance to 
trastuzumab.  

6.2.2 Molecular mechanisms of trastuzumab-resistance 
Trastuzumab-resistance may be broadly divided into two mechanistic categories. The first 
occurs at the cell membrane where aberrant regulation of HER2 results in deregulation of 
HER2 signaling pathways. The second results from changes to HER2-regulated intracellular 
signaling molecules that result in uncoupling signaling from their upstream regulation. 
Examples of the latter category include PTEN loss or expression of a constitutively activated 
PI3K mutant, PIK3CA.  
Based on in vitro breast cancer cell models of trastuzumab-resistance, HER2 interactions 
with other membrane-associated proteins contribute to resistance. For example, in the JIMT-
1 trastuzumab-resistant breast cancer cell line, binding of MUC4 glycoprotein to HER2 
partially masks the trastuzumab binding site in HER2, resulting in reduced trastuzumab 
binding and contributing to trastuzumab-resistance (Nagy et al., 2005). Trastuzumab 
binding to HER2 in JIMT-1 cells was restored by downregulation of MUC4 protein (Nagy et 
al., 2005). Formation of homodimers, and heterodimers between EGFR, HER2, and HER3 
due to overexpression of HER family ligands interferes with trastuzumab-mediated growth 
inhibition and contributes to trastuzumab-resistance (Diermeier et al., 2005; Motoyama 2002; 
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Ritter et al., 2007; Valabrega et al., 2005). In vitro models using breast cancer cells derived for 
resistance to trastuzumab found that Insulin-like growth factor-I receptor (IGF-IR) 
heterodimerizes with and phosphorylates ErbB2 suggesting that transactivation of ErbB2 by 
IGF1R may contribute to resistance (Nahta et al., 2005; Lu et al., 2004). Heterotrimerization 
of the growth factor receptors HER2, HER3 and IGF-IR in BT-474 breast cancer cells 
interferes with trastuzumab-associated p27 induction and therefore contributes to 
trastuzumab-resistance (Huang et al., 2010). Increased activity of small GTP-binding protein 
Rac1 interrupts with trastuzumab–induced HER2 endocytosis and degradation, resulting in 
the upregulated HER2-mediated signaling in SKBR3 breast cancer cells contributing to 
trastuzumab-resistance (Dokmanovic et al., 2009). The Met receptor tyrosine kinase, which 
is aberrantly expressed in breast cancer and predicts poor patient prognosis, is frequently 
expressed in HER2-overexpressing breast cancer cells, as well as in HER2-positive breast 
cancer, and Met activation protects cells against trastuzumab by abrogating p27 induction, 
thus contributing to trastuzumab resistance (Shattuck et al., 2008). Moreover, HER2-
overexpressing breast cancer cells rapidly up-regulate Met expression after trastuzumab 
treatment, promoting their own resistance (Shattuck et al., 2008). As mentioned in the 
previous paragraph, loss of HER2 expression in HER2-overexpression breast cancer cells 
could be another mechanism contributing to trastuzumab resistance (Mittendorf et al., 2009). 
HER2 receptor initiated downstream signaling promotes cell proliferation and cell survival 
by the activation of RAS-MAPK and PI3K/Akt/mTOR pathways (Hudis, 2007; Zhou et al., 
2004). Addition of trastuzumab to HER2-positive trastuzumab-sensitive cells results in the 
activation of PTEN, which acts as a tumor suppressor to induce inhibition of Akt 
phosphorylation and, therefore, antagonizes the PI3K/Akt survival pathway (Nagata et al., 
2004). Nagata et al. reported that reducing PTEN in breast cancer cells by antisense 
oligonucleotides conferred trastuzumab-resistance and that inhibition of PI3K activity 
enhanced trastuzumab–mediated growth inhibition in a trastuzumab-resistant xenograft 
model (Nagata et al., 2004). PTEN knockdown in a large scale of RNA interference screening 
was found to be associated with selective isolation of cell clones resistant to trastuzumab 
(Berns et al., 2007). Constitutive activation of PI3K, such as PIK3CA mutant, can uncouple 
Akt signaling from the upstream regulation resulting in trastuzumab-resistance (Berns et al., 
2007).  

6.3 Clinical studies  
Clinical studies have focused on characterization of the HER2 status and HER2-initiated 
downstream signaling pathways in the samples obtained from trastuzumab-sensitive 
patients and trastuzumab-resistant patients. A subtype of HER2-positive tumors with 
distinct biological and clinical features expresses a series of carboxyl terminal fragments of 
HER2 known as p95HER2. It is generally accepted that the p95HER2 can arise either by 
proteolytic shedding of the extracellular domain of the full-length HER2 by 
metalloproteinases ADAM10 at a site proximal to the transmembrane domain or by 
translation of the mRNA encoding truncated HER2 receptor from the internal initiation 
codons (Arribas et al., 2011). It is believed that trastuzumab has the ability to prevent 
proteolytic shedding of full-length HER2 on HER2-overexpressing breast cancer cells 
(Hudis, 2007). p95HER2 contains a hyperactive membrane anchored fragment that lacks the 
extracellular domain of HER2 and drives breast cancer progression in vivo. Of note, 
expression of p95HER2 fragments in transgenic mouse models leads to the generation of the 
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the combination with chemotherapy has been reported to be 5-9 month (Kruser & Wheeler 
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binding and contributing to trastuzumab-resistance (Nagy et al., 2005). Trastuzumab 
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due to overexpression of HER family ligands interferes with trastuzumab-mediated growth 
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is aberrantly expressed in breast cancer and predicts poor patient prognosis, is frequently 
expressed in HER2-overexpressing breast cancer cells, as well as in HER2-positive breast 
cancer, and Met activation protects cells against trastuzumab by abrogating p27 induction, 
thus contributing to trastuzumab resistance (Shattuck et al., 2008). Moreover, HER2-
overexpressing breast cancer cells rapidly up-regulate Met expression after trastuzumab 
treatment, promoting their own resistance (Shattuck et al., 2008). As mentioned in the 
previous paragraph, loss of HER2 expression in HER2-overexpression breast cancer cells 
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2004). Addition of trastuzumab to HER2-positive trastuzumab-sensitive cells results in the 
activation of PTEN, which acts as a tumor suppressor to induce inhibition of Akt 
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distinct biological and clinical features expresses a series of carboxyl terminal fragments of 
HER2 known as p95HER2. It is generally accepted that the p95HER2 can arise either by 
proteolytic shedding of the extracellular domain of the full-length HER2 by 
metalloproteinases ADAM10 at a site proximal to the transmembrane domain or by 
translation of the mRNA encoding truncated HER2 receptor from the internal initiation 
codons (Arribas et al., 2011). It is believed that trastuzumab has the ability to prevent 
proteolytic shedding of full-length HER2 on HER2-overexpressing breast cancer cells 
(Hudis, 2007). p95HER2 contains a hyperactive membrane anchored fragment that lacks the 
extracellular domain of HER2 and drives breast cancer progression in vivo. Of note, 
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breast tumors that were more aggressive and metastatic than those driven by full-length 
HER2 (Pedersen et al., 2009). Expression of the p95HER2 fragment is predictive of poor 
prognosis and correlates with resistance to trastuzumab treatment in breast cancer patients 
(Arribas et al., 2011; Carney et al., 2003). This is likely due to the absence of the extracellular 
domain (ECD) required for trastuzumab binding (Arribas et al., 2011). The ECD of HER2 
can be released into the circulation after cleavage of HER2 by the metalloproteinases 
ADAM10. It was reported that the prevalence of increased levels of ECD in patient serum 
with primary breast cancer varied between 0% and 38%, whereas in metastatic breast cancer 
the range was from 23% to 80% (Carney et al., 2003). Moreover, Ali et al. reported that the 
decrease in serum levels of HER2 ECD was positively associated with trastuzumab-
sensitivity (Ali et al., 2008). In particular, in an analysis of 307 patients with metastatic breast 
cancer, individuals who did not achieve a significant decline (defined as ≥ 20%) in serum 
level of serum HER2 ECD after receiving trastuzumab had decreased benefit from 
trastuzumab-based therapy (Ali et al., 2008).  
The analysis of HER2 gene amplification before and after trastuzumab therapy suggested 
that patients who had lost HER2 gene amplification had a significantly decreased recurrence 
free survival (RFS) compared with patients whose tumors remained HER2 amplified after 
trastuzumab treatment (Mittendorf et al., 2009). Nagata et al. revealed that patients with 
PTEN-deficient breast cancers had significantly reduced responses to trastuzumab-based 
therapy than those with normal PTEN, suggesting PTEN deficiency may be a predictor to 
trastuzumab resistance (Nagata et al., 2004). Analysis of the 137 patient samples with HER2-
positive metastatic breast cancer who received trastuzumab therapy revealed that activation 
of PI3K either by PTEN loss and/or PIK3CA mutational activation was associated with a 
poor response to trastuzumab and a shorter patient survival time (Esteva et al., 2010). In a 
neoadjuvant clinical trial, which examined the association between response to trastuzumab 
therapy and the status of PTEN level and PIK3CA mutations, it was found that only 15.4% 
of subjects with low nuclear PTEN had pathological complete response (pCR) to 
trastuzumab compared to 44.4% of subjects with high nuclear PTEN levels. It was reported 
that 20% of patients with PIK3CA activating mutations achieved pCR compared to 38.1 % of 
patients with wild-type PIK3 status. When the two biomarkers (PTEN level and PIK3CA 
status) were combined together only 18.2% of patients with low PTEN or PIK3CA achieved 
pCR to trastuzumab compared to 66.7 % of patients who did not have low PTEN level or 
PI3KAC mutations (Dave et al., 2011). Taken together, loss of PTEN and PIK3CA activating 
mutations are associated with trastuzumab-resistance.  
Cyclin E is a critical regulator of the cell cycle G1/S transition and cyclin E levels are 
regulated by HER2 signaling in breast cancer cells (Mittendorf et al., 2010). Trastuzumab 
treatment reduces cyclin E level and activity in breast cancer cells (Mittendorf et al., 2010).  
It has been recently reported that in a cohort of 34 HER2-positive breast cancer patients 
treated with trastuzumab-based therapy, cyclin E amplification/overexpression was 
associated with a worse clinical benefit and a lower progression-free survival compared 
with non-overexpressing cyclin E tumors, suggesting that cyclin E amplification/ 
overexpression may contribute to trastuzumab-resistance in HER-positive breast cancer 
patients (Scaltriti et al., 2011). Interestingly, in an analysis of 26 tumor samples (10 cyclin E 
positive and 16 cyclin E negative), cyclin E amplification only partially correlated with other 
clinically relevant trastuzumab-resistant markers, such as p95HER2 and PTEN loss (Scaltriti 
et al., 2011). This suggests that cyclin E amplification/overexpression might use a different 
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mechanism to contribute to trastuzumab-resistance as compared to p95HER2 and PTEN 
loss. 

7. Toxicity and trastuzumab-related cardiotoxicity 
Trastuzumab is generally well tolerated with mild to moderate side effects and low 
incidence of chemotherapy associated adverse events (Brufsky, 2010). The side effects 
reported in different clinical trials include cardiomyopathy, infusion reactions, embryo-fetal 
toxicity, pulmonary toxicity, exacerbation of chemotherapy-induced neutropenia, diarrhea, 
burning sensation in the skin, rash, and nausea and vomiting, upper respiratory tract 
infection, increased cough. Among those side effects, the trastuzumab-related cardiotoxicity 
has drawn great attention for trastuzumab-based therapy.  
Trastuzumab associated cardiac dysfunction was initially reported in a phase III trial, which 
tested the efficacy of combining chemotherapy with trastuzumab versus chemotherapy 
alone in metastatic breast cancer disease (Slamon et al., 2001). The addition of trastuzumab 
increased the incidence of chemotherapy-associated symptomatic and asymptomatic cardiac 
dysfunction. These manifested as severe congestive heart failure and as significant decrease 
in left ventricular ejection function (LVEF) (Slamon et al., 2001; Sutter et al., 2007). In the 
subgroup that received anthracyclines, cyclophosphamide and trastuzumab, the incidence 
of cardiac dysfunction was 27% compared to 8% for the subgroup that received 
anthracyclines and cyclophosphamide alone (Slamon et al., 2001). For the subgroup that 
received paclitaxel and trastuzumab the incidence of cardiac dysfunction was 13% 
compared to 1% for the subgroup that received paclitaxel alone (Slamon et al., 2001). 
Although the results of trastuzumab adjuvant trials indicate that the incidence of 
trastuzumab discontinuation due to cardiac disorder was low (4.3%) and that most patients 
with cardiac dysfunction recovered within 6 months period (Sutter et al., 2007), the finding 
of trastuzumab-induced cardiac dysfunction has influenced the design of subsequent 
trastuzumab adjuvant trials and implementation of cardiac screening prior to and during 
the trastuzumab adjuvant trial (Sutter et al., 2007). Meta analysis of adjuvant trastuzumab 
clinical trials have assessed the incidence of cardiac dysfunction and found a favorable 
benefit to risk ratio for trastuzumab treatment in the early breast cancer (Viani et al., 2007).  
Cancer chemotherapy, in particular anthracycline therapy, was known to be associated with 
cardiac dysfunction, and trastuzumab treatment increased the incidence of chemotherapy-
induced cardiac dysfunction in the early trials with metastatic breast cancer patients 
(Slamon et al., 20001). Subsequent analysis indicated that trastuzumab-associated cardiac 
toxicity was clinically different than cardiac dysfunction associated with anthracyclines 
treatment (Ewer et al., 2005). Currently, trastuzumab-associated cardiac dysfunction is 
recognized as type II chemotherapy related cardiac dysfunction (Ewer & Lipmann, 2005). 
Clinical studies indicate that the increase in patient plasma troponin I levels, which has been 
proposed as an early marker of high dose chemotherapy (HDCT)-induced cardiac 
dysfunction, is associated with a risk of trastuzumab-induced cardiac dysfunction and the 
lack of left ventricular ejection fraction (LVEF) recovery (Cardinale et al., 2010). The 
evidence from the clinical trials indicate that trastuzumab-induced cardiomyopathy is not 
dose dependent, and that it is increased when trastuzumab is administered concurrently 
with anthracyclines, and that it is at least partially reversible (Ewer et al., 2005).  
HER2 signaling in heart is essential for cardiac development and function, as well as for the 
prevention of dilated cardiomyopathy (Negro et al., 2004). While the mechanisms 
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breast tumors that were more aggressive and metastatic than those driven by full-length 
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therapy than those with normal PTEN, suggesting PTEN deficiency may be a predictor to 
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positive metastatic breast cancer who received trastuzumab therapy revealed that activation 
of PI3K either by PTEN loss and/or PIK3CA mutational activation was associated with a 
poor response to trastuzumab and a shorter patient survival time (Esteva et al., 2010). In a 
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It has been recently reported that in a cohort of 34 HER2-positive breast cancer patients 
treated with trastuzumab-based therapy, cyclin E amplification/overexpression was 
associated with a worse clinical benefit and a lower progression-free survival compared 
with non-overexpressing cyclin E tumors, suggesting that cyclin E amplification/ 
overexpression may contribute to trastuzumab-resistance in HER-positive breast cancer 
patients (Scaltriti et al., 2011). Interestingly, in an analysis of 26 tumor samples (10 cyclin E 
positive and 16 cyclin E negative), cyclin E amplification only partially correlated with other 
clinically relevant trastuzumab-resistant markers, such as p95HER2 and PTEN loss (Scaltriti 
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mechanism to contribute to trastuzumab-resistance as compared to p95HER2 and PTEN 
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reported in different clinical trials include cardiomyopathy, infusion reactions, embryo-fetal 
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increased the incidence of chemotherapy-associated symptomatic and asymptomatic cardiac 
dysfunction. These manifested as severe congestive heart failure and as significant decrease 
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Cancer chemotherapy, in particular anthracycline therapy, was known to be associated with 
cardiac dysfunction, and trastuzumab treatment increased the incidence of chemotherapy-
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(Slamon et al., 20001). Subsequent analysis indicated that trastuzumab-associated cardiac 
toxicity was clinically different than cardiac dysfunction associated with anthracyclines 
treatment (Ewer et al., 2005). Currently, trastuzumab-associated cardiac dysfunction is 
recognized as type II chemotherapy related cardiac dysfunction (Ewer & Lipmann, 2005). 
Clinical studies indicate that the increase in patient plasma troponin I levels, which has been 
proposed as an early marker of high dose chemotherapy (HDCT)-induced cardiac 
dysfunction, is associated with a risk of trastuzumab-induced cardiac dysfunction and the 
lack of left ventricular ejection fraction (LVEF) recovery (Cardinale et al., 2010). The 
evidence from the clinical trials indicate that trastuzumab-induced cardiomyopathy is not 
dose dependent, and that it is increased when trastuzumab is administered concurrently 
with anthracyclines, and that it is at least partially reversible (Ewer et al., 2005).  
HER2 signaling in heart is essential for cardiac development and function, as well as for the 
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contributing to trastuzumab-induced cardiac toxicity are still incompletely understood, it 
appears that blocking HER2 with anti-HER2 antibodies increases the production of reactive 
oxygen species and reduces human cardiomyocyte cell viability (Gordon et al., 2009). In 
other studies, treatment of rat cardiomyocytes with anti-HER2 antibodies increased 
mitochondria-dependent apoptosis by modulating the levels of Bcl-XL and Bcl-xS (Grazette 
et al., 2004). Consistent with the above studies, HER2 knockout mice have ventricular 
trabeculation deterioration, dilated cardiomyopathy, and increased sensitivity to 
anthracyclines toxicity (Lee et al., 1995; Negro et al., 2004). Molecular mechanisms by which 
trastuzumab induces cardiac dysfunction still remain elusive.  

8. Strategies to overcome trastuzumab-resistance 
Most examples of acquired therapeutic resistance to receptor tyrosine kinase inhibitors 
(TKIs) include development of mutations within the targeted receptors. For example, 
mutations in BCR/ABL in chronic myeloid leukemia and c-kit in gastrointestinal stromal 
tumors confer resistance to a specific BCR/ABL, c-kit kinase inhibitor Imatinib (Gleevec) 
(Litzow, 2006). Improvement of the binding of small molecules to their targets has been 
successfully used as a strategy to overcome resistance to imatinib (Guilhot et al.,2007; le 
Coutre et al.,2008).  
While KRAS mutations have been found to be associated with primary resistance to 
cetuximab for the treatment of colorectal cancer, no predictive markers are currently used in 
the clinic to differentiate HER2-positive breast cancers that would respond favorably to 
trastuzumab from trastuzumab-resistant disease. Interestingly, KRAS, which signals 
downstream of both EGFR and HER2 receptors, is usually not mutated in HER2-positive 
breast cancer (Karnoub & Wenberg, 2008). Therefore, KRAS is not likely to contribute to 
therapeutic resistance to trastuzumab. Furthermore, mutations in HER2 have not been 
associated with resistance to trastuzumab. Based on these data, the strategies used to 
overcome therapeutic resistance to TKIs may not apply to trastuzumab-resistance. 

8.1 Small molecule inhibitors used for the treatment of trastuzumab-resistant disease 
Many new small molecule inhibitors are under clinical development to treat trastuzumab-
resistant breast cancers. Early clinical studies suggest that TKIs that specifically target 
EGFR and HER2 have anti-tumor effects. Lapatinib, a reversible inhibitor targeting the 
ATP binding site of the tyrosine kinase domain of EGFR and HER2, has a mechanism of 
action distinct from trastuzumab. Based on the evidence obtained from preclinical and 
clinical studies, lapatinib activity is not dependent on the PTEN, p95HER2, and PI3K 
mutation status (Bartsch et al., 2007; Nahta & Esteva, 2006). Preclinical studies indicate that 
lapatinib is effective in inducing apoptosis in trastuzumab-resistant HER2-overexpressing 
breast cancer cells (Konecny et al, 2006; Nahta et al., 2007). Results from a phase I study of 
lapatinib in a cohort of EGFR and/or HER2 overexpressing breast cancer patients indicate 
that lapatinib was well tolerated and produced partial responses in patients with 
trastuzumab-resistant breast cancer (Burris et al., 2005). Taken together, these studies 
provided the rationale for clinical studies to evaluate the effect of lapatinib plus 
trastuzumab on duration of response. A randomized study of lapatinib alone versus the 
combination of lapatinib and trastuzumab in patients with trastuzumab-resistant HER2-
positive metastatic breast cancer indicate that the combination of trastuzumab and 
lapatinib is superior to lapatinib alone for progression free survival (Blackwell et al., 2010). 
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Other TKIs in clinical development include neratinib which is a potent and irreversible TKI 
inhibitor of both EGFR and HER2. Neratinib showed promising results in clinical studies 
with HER2-positive breast cancer patients that were either heavily pretreated or not 
pretreated with trastuzumab (Burstein et al., 2010).  
HER2 activates the PI3K/Akt/mammalian target of rapamycin pathway (mTOR), which 
represents a central signaling pathway that promotes proliferation, invasion, and survival of 
breast cancer cells (Zhou et al., 2004). Activation of the PI3K pathway either by loss of PTEN 
or by an activating mutation in PI3K, PIK3CA, is associated with lower response to anti-
HER2 targeting agents, including trastuzumab (Berns et al., 2007; Nagata et al., 2004). 
Preclinical testing of combination of trastuzumab and PI3K, Akt or mTOR targeting agents 
showed that they have the potential to inhibit the growth of trastuzumab-resistant breast 
cancer cells and xenografts (Lu et al., 2007; Serra et al., 2008). These preclinical data are 
supported by recently published data of phase I trial where the oral mTOR inhibitor, 
everolimus, in combination with trastuzumab and vionorelbine had anti-tumor activity in 
HER2-positive metastatic breast cancer patients that progressed on trastuzumab (Jerusalem 
et al., 2011). Two additional mTOR inhibitors, rapamycin and temsirolimus, are also in 
clinical trials targeting trastuzumab-resistant breast cancers.  
The chaperon Hsp90 has been implicated in the stabilization of a number of cellular proteins 
that play central roles in signaling transduction processes (Pratt & Toft, 2003). It has been 
reported that the intracellular domain of HER2 binds to Hsp90 and binding of Hsp90 to 
HER2 not only serves to maintain its physiological conformation, but also to restrain HER2 
from forming active signaling dimer (Citri et al, 2004). Tanespimycin is a geldanamycin 
derivative that inhibits Hsp90 function in tumor cells, as well as in murine models (Zsebik et 
al., 2005). Cellular studies established that tanespimycin treatment either alone or in 
combination with trastuzumab inhibited cell growth and induced cell death in trastuzumab-
sensitive and in trastuzumab-resistant cell lines (Zsebik et al., 2005). The inhibition of cell 
growth by tanespimycin was associated with decrease in membrane bound HER2 levels, 
most likely due to ubiquitination and lysosomal pathway dependent HER2 protein 
degradation (Raja et al., 2008). A phase I clinical testing of a combination of trastuzumab 
and tanespimycin showed safe and active in trastuzumab-resistant breast cancer and 
induced antitumor activity in HER2-positive metastatic breast cancers (Modi et al., 2007). 
The following table provides information with regards to clinical trials testing multiple 
agents for the treatment of trastuzumab-resistant breast cancers. More detailed information 
can be found in the U.S. National Cancer Institute’s website at 
http://www.cancer.gov/clinicaltrials.  

8.2 Monoclonal antibodies indicated for the treatment of trastuzumab-resistant 
disease 
Pertuzumab is an IgG1 monoclonal antibody that binds to domain II of extracellular 
segment of HER2. Domain II mediates homo- and hetero-dimerization of HER2 with other 
members of the HER family. Therefore, binding of HER2 with pertuzumab prevents 
HER2-mediated dimerization and inhibits HER2-coupled signaling (Nahta et al., 2004b). 
Unlike pertuzumab, trastuzumab binds to domain IV of extracellular segment of HER2 
receptor (Franklin et al., 2004). Cellular studies indicate that the combination of these two 
anti-HER2 antibodies exhibited synergistic effects in inhibiting breast cancer cell survival 
(Nahta et al., 2004b).  
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contributing to trastuzumab-induced cardiac toxicity are still incompletely understood, it 
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breast cancer (Karnoub & Wenberg, 2008). Therefore, KRAS is not likely to contribute to 
therapeutic resistance to trastuzumab. Furthermore, mutations in HER2 have not been 
associated with resistance to trastuzumab. Based on these data, the strategies used to 
overcome therapeutic resistance to TKIs may not apply to trastuzumab-resistance. 
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Many new small molecule inhibitors are under clinical development to treat trastuzumab-
resistant breast cancers. Early clinical studies suggest that TKIs that specifically target 
EGFR and HER2 have anti-tumor effects. Lapatinib, a reversible inhibitor targeting the 
ATP binding site of the tyrosine kinase domain of EGFR and HER2, has a mechanism of 
action distinct from trastuzumab. Based on the evidence obtained from preclinical and 
clinical studies, lapatinib activity is not dependent on the PTEN, p95HER2, and PI3K 
mutation status (Bartsch et al., 2007; Nahta & Esteva, 2006). Preclinical studies indicate that 
lapatinib is effective in inducing apoptosis in trastuzumab-resistant HER2-overexpressing 
breast cancer cells (Konecny et al, 2006; Nahta et al., 2007). Results from a phase I study of 
lapatinib in a cohort of EGFR and/or HER2 overexpressing breast cancer patients indicate 
that lapatinib was well tolerated and produced partial responses in patients with 
trastuzumab-resistant breast cancer (Burris et al., 2005). Taken together, these studies 
provided the rationale for clinical studies to evaluate the effect of lapatinib plus 
trastuzumab on duration of response. A randomized study of lapatinib alone versus the 
combination of lapatinib and trastuzumab in patients with trastuzumab-resistant HER2-
positive metastatic breast cancer indicate that the combination of trastuzumab and 
lapatinib is superior to lapatinib alone for progression free survival (Blackwell et al., 2010). 
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Other TKIs in clinical development include neratinib which is a potent and irreversible TKI 
inhibitor of both EGFR and HER2. Neratinib showed promising results in clinical studies 
with HER2-positive breast cancer patients that were either heavily pretreated or not 
pretreated with trastuzumab (Burstein et al., 2010).  
HER2 activates the PI3K/Akt/mammalian target of rapamycin pathway (mTOR), which 
represents a central signaling pathway that promotes proliferation, invasion, and survival of 
breast cancer cells (Zhou et al., 2004). Activation of the PI3K pathway either by loss of PTEN 
or by an activating mutation in PI3K, PIK3CA, is associated with lower response to anti-
HER2 targeting agents, including trastuzumab (Berns et al., 2007; Nagata et al., 2004). 
Preclinical testing of combination of trastuzumab and PI3K, Akt or mTOR targeting agents 
showed that they have the potential to inhibit the growth of trastuzumab-resistant breast 
cancer cells and xenografts (Lu et al., 2007; Serra et al., 2008). These preclinical data are 
supported by recently published data of phase I trial where the oral mTOR inhibitor, 
everolimus, in combination with trastuzumab and vionorelbine had anti-tumor activity in 
HER2-positive metastatic breast cancer patients that progressed on trastuzumab (Jerusalem 
et al., 2011). Two additional mTOR inhibitors, rapamycin and temsirolimus, are also in 
clinical trials targeting trastuzumab-resistant breast cancers.  
The chaperon Hsp90 has been implicated in the stabilization of a number of cellular proteins 
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reported that the intracellular domain of HER2 binds to Hsp90 and binding of Hsp90 to 
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combination with trastuzumab inhibited cell growth and induced cell death in trastuzumab-
sensitive and in trastuzumab-resistant cell lines (Zsebik et al., 2005). The inhibition of cell 
growth by tanespimycin was associated with decrease in membrane bound HER2 levels, 
most likely due to ubiquitination and lysosomal pathway dependent HER2 protein 
degradation (Raja et al., 2008). A phase I clinical testing of a combination of trastuzumab 
and tanespimycin showed safe and active in trastuzumab-resistant breast cancer and 
induced antitumor activity in HER2-positive metastatic breast cancers (Modi et al., 2007). 
The following table provides information with regards to clinical trials testing multiple 
agents for the treatment of trastuzumab-resistant breast cancers. More detailed information 
can be found in the U.S. National Cancer Institute’s website at 
http://www.cancer.gov/clinicaltrials.  

8.2 Monoclonal antibodies indicated for the treatment of trastuzumab-resistant 
disease 
Pertuzumab is an IgG1 monoclonal antibody that binds to domain II of extracellular 
segment of HER2. Domain II mediates homo- and hetero-dimerization of HER2 with other 
members of the HER family. Therefore, binding of HER2 with pertuzumab prevents 
HER2-mediated dimerization and inhibits HER2-coupled signaling (Nahta et al., 2004b). 
Unlike pertuzumab, trastuzumab binds to domain IV of extracellular segment of HER2 
receptor (Franklin et al., 2004). Cellular studies indicate that the combination of these two 
anti-HER2 antibodies exhibited synergistic effects in inhibiting breast cancer cell survival 
(Nahta et al., 2004b).  
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Clinical trial combination therapy for 
trastuzumab-resistant HER2 positive 
breast cancer 

Molecular targets Phase of 
clinical study 

XL147/trastuzumab/paclitaxel PI3K/HER2/microtubules I,II 
BKM120/trastuzumab PI3K/HER2 I,II 
AUY922/trastuzumab Hsp90/HER2 I,II 
GRN163L/trastuzumab Telomerase/ErbB2 I 
Everolimus/trastuzumab/vinorelbine mTOR/HER2/tubulin III 
Rapamycin/trastuzumab mTOR/HER2 II 
Temsirolimus/neratinib mTOR/EGFR, HER2 I,II 
Panobinostat/trastuzumab Histone deacetylase 

(HDAC)/HER2 
I,II 

BIBW2992/vinorelbine EGFR, HER2/tubulin III 
BMS-754807/trastuzumab Insulin-like growth factor-I 

receptor, insulin receptor/HER2 
I,II 

Table 2. Ongoing clinical trials testing multiple agents for trastuzumab-resistant breast 
cancer. 

Addition of pertuzumab after progression to ongoing trastuzumab in xenografts 
synergistically increased tumor inhibition compared with trastuzumab alone (Friess et al., 
2005). Taken together, these data suggest that trastuzumab and pertuzumab have 
complementary mechanisms of action and that the addition of pertuzumab to trastuzumab 
may improve clinical efficacy as a result of potentially broader blockade of the HER tumor 
cell proliferation and survival signaling (Friess et al., 2005). A Phase II trial of combination 
of pertuzumab and trastuzumab in HER2-positive patients that progressed on trastuzumab 
therapy indicated that the combination was active and well tolerated and adverse events 
were mild to moderate (Baselga et al., 2010). Data from this Phase II clinical trial indicated 
that objective response rate was 24.2%, the clinical benefit rate was 50%, and progression-
free survival was 5.5 months in the cohort of patients (Baselga et al., 2010). Additionally, 
IMC-1121B (anti-VEGFR-2 monoclonal antibody) and IMC-18F1 (anti-VEGFR-1 monoclonal 
antibody) have been tested in clinical trials in combination with capecitabine, a 
chemotherapeutic agent that inhibits DNA synthesis and slows growth of tumor tissue, for 
the treatment of trastuzumab-resistant disease (National Cancer Institute, 2011; Schwartz et 
al., 2010; Spratin et al., 2010;).  

8.3 Optimization of antibody structures  
Advanced recombinant DNA technologies allow researchers to engineer therapeutic 
antibodies on a more rational basis. This can yield more homogeneous and stable molecules 
with additional properties such as increased cytotoxicity, dual-targeting, monovalent 
monoclonal antibodies, and enhanced penetration into solid tumors (Beck et al., 2010; Jin et 
al., 2008).  
The variable region (Fv) of a monoclonal antibody is responsible for the binding of antibody 
to the antigens. Affinity maturation technology has been used to improve the binding 
affinity and specificity of Fv to the target. Targeting c-Met with antibodies had been difficult 
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because most antibodies had intrinsic agonistic activity (Prat et al., 1998). A one-armed (OA) 
variant of the anti-c-Met antibody 5D5 was found to act as a pure antagonist and had the 
ability to inhibit the growth of cells dependent on SF/HGF-c-Met autocrine and paracrine 
signaling (Jin et al., 2008; Nguyen et al., 2003). Data have shown that monovalent 5D5 
antibody potently inhibited glioma growth in an orthotopic in vivo model (Martens et al., 
2006).  
The constant region (Fc) of an antibody is essential for the interaction between antibody and 
Fc receptors presenting on immune cells (Bruhns et al., 2009). Fc functions can be modulated 
by altering glycosylation status and binding affinity to Fc receptors, resulting in changes in 
antibody-dependent cellular cytotoxicity (ADCC), serum half-life, anti-inflammatory 
properties, and complement activation. Musolino et al. reported that the response to 
trastuzumab in metastatic breast cancer correlates with expression of the high affinity allele 
of the activating FcRIIIa (CD16a)-158V/V (Musolino et al., 2008). It was recently reported 
that MGAH22, an anti-HER2 monoclonal antibody, was engineered in the Fc domain to 
increase binding to both alleles of the CD16a (Nordstrom et al., 2010). It was also reported 
that MGAH22 had enhanced activity against HER2-expressing tumors in hCD16a-158F 
transgenic mice (Nordstrom et al., 2010). A preclinical study showed that MGAH22 
conferred enhanced activity against HER2-positive breast tumor cells, including cells 
resistant to trastuzumab (Nordstrom et al., 2010). Furthermore, MGAH22 exhibited greater 
ADCC against HER2-expressing cancer cells with lower EC50 (Nordstrom et al., 2010). 
According to the information obtained from the website of the National Cancer Institute, 
MGAH22 is currently in phase I clinical trials for the treatment of the patients with the 
HER2-positive cancers, including breast cancer, that have not responded to the standard 
treatment (National Cancer Institute, 2011, http://www.cancer.gov/clinicaltrials).  
Multiple signaling pathways contribute to cancer development and progression. Bispecific 
antibodies, which are directed against two antigens that drive cancer progression, might 
yield better therapeutic efficacy than inhibition of a single target (Chames & Baty, 2009). 
Bispecific antibodies can be obtained by combining the variable domains of two already 
characterized monoclonal antibodies (two VL domains on the light chain and two VH 
domains on the heavy chain) using the dual variable domain IgG (DVD-IgG) technology.  
This technology enables the different specificities of two monoclonal antibodies to be 
engineered into a single functional, dual-specific, tetravalent IgG like molecule (Beck et al., 
2010). A different approach consists of engineering an additional paratope, the antigen-
binding site of an antibody, in the variable domain of an existing antibody, which results in 
simultaneous binding to two different antigens (Beck et al., 2010; Bostrom et al., 2009). The 
bispecific antibody (MM-111) was developed to target both ErbB2 and ErbB3. MM-111 was 
indicated to displace heregulin from ErbB3 and thereby prevents receptor phosphorylation, 
resulting in the inhibition of tumor growth. MM-111 in combination with trastuzumab is 
currently in a clinical trial to treat trastuzumab-resistant breast cancer (Arnett et al., 2011; 
National Cancer Institute, 2011, http://www.cancer.gov/clinicaltrials).  
Polyclonal or oligoclonal antibodies refer to the recombinant polycolonal or oligoclonal 
antibodies directed against the same or different targets. For example, the Rhesus D blood 
group antigen-specific polyclonal antibody rozrolimupab (Sym001; Symphogen A/S), which is 
a mixture of 25 unique recombinant monoclonal antibodies, is currently in Phase II clinical 
trials for the treatment of chronic and acute idiopathic thrombocytopenic purpura (Beck et al, 
2010; Swann, et al 2008;). Hopefully, in the near future we will see more optimized monoclonal 
antibodies entering the clinical trials to treat trastuzumab-resistant disease.  
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because most antibodies had intrinsic agonistic activity (Prat et al., 1998). A one-armed (OA) 
variant of the anti-c-Met antibody 5D5 was found to act as a pure antagonist and had the 
ability to inhibit the growth of cells dependent on SF/HGF-c-Met autocrine and paracrine 
signaling (Jin et al., 2008; Nguyen et al., 2003). Data have shown that monovalent 5D5 
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by altering glycosylation status and binding affinity to Fc receptors, resulting in changes in 
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According to the information obtained from the website of the National Cancer Institute, 
MGAH22 is currently in phase I clinical trials for the treatment of the patients with the 
HER2-positive cancers, including breast cancer, that have not responded to the standard 
treatment (National Cancer Institute, 2011, http://www.cancer.gov/clinicaltrials).  
Multiple signaling pathways contribute to cancer development and progression. Bispecific 
antibodies, which are directed against two antigens that drive cancer progression, might 
yield better therapeutic efficacy than inhibition of a single target (Chames & Baty, 2009). 
Bispecific antibodies can be obtained by combining the variable domains of two already 
characterized monoclonal antibodies (two VL domains on the light chain and two VH 
domains on the heavy chain) using the dual variable domain IgG (DVD-IgG) technology.  
This technology enables the different specificities of two monoclonal antibodies to be 
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binding site of an antibody, in the variable domain of an existing antibody, which results in 
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group antigen-specific polyclonal antibody rozrolimupab (Sym001; Symphogen A/S), which is 
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8.4 Antibody-drug conjugates (ADC)  
An important approach to delivering a lethal quantity of cytotoxic agent to the cancer cells is 
to select an antibody that specifically binds to a cancer-specific antigen that can mediate a 
rapid rate of endocytosis of antibody conjugate and accumulate them at a high 
concentration in cancer cells, thus resulting in cancer cell-specific killing while minimizing 
damage to normal cells (Chen at al., 2005; Senter, 2009). Antibody-drug conjugates are 
monoclonal antibody-based products that are covalently attached to the cytotoxic agent by 
chemical linkers (Alley et al., 2010). It is now a common strategy to develop monoclonal 
antibody-cytotoxic drug conjugates to improve the efficacy of both the monoclonal antibody 
and the cytotoxic agent for cancer indications (Chen at al, 2005; Senter, 2009). Antibody-drug 
conjugates consist of three different elements: the monoclonal antibody, linker, and 
cytotoxic agent. Three different classes of cytotoxic agents, including calicheamicin-based, 
maytansinoid-based, and auristatin-based cytotoxic agents, are commonly used as drugs to 
be conjugated to antibodies. Calicheamicin is a natural product and has been the subject of 
extensive research for drug delivery, due to its ability to bind to DNA in the minor groove, 
resulting in DNA cleavage. Maytansinoid derivatives and auristatin represent other classes 
of highly potent drugs that have been widely utilized for antibody-drug conjugate 
development. Both cytotoxic agents, maytansinoid derivatives and auristatin, act by binding 
to tubulin to mediate inhibition of tubulin polymerization (Chari, 2008; Doronina et al, 2006; 
Doronina et al. 2003). Traditionally, the antibody in an antibody-drug conjugate functions as 
a vehicle to carry drugs to the tumor site and drugs with high systemic toxicity are selected 
as payload in the antibody-drug conjugate. Gemtuzumab ozogamicin (Mylotarg), an anti-
CD33 antibody conjugated to calicheamicin, was granted marketing approval for the 
treatment of relapsed acute myeloid leukemia in 2000. It was withdrawn from the U.S. 
market in June 2010 when a clinical trial showed that the drug failed to demonstrate clinical 
benefit to the patients enrolled in clinical trials.  
Trastuzumab-DM1 (T-DM1) is an antibody-drug conjugate that was generated by linking 
the maytansinoid derivative maytansin to trastuzumab via a thioether linker (Lewis Phillips 
et al., 2008). Testing of T-DM1 in a panel of HER2-positive trastuzumab-sensitive and 
trastuzumab-resistant cell lines indicated that T-DM1 was cytotoxic in both trastuzumab-
sensitive and trastuzumab-resistant breast cancer cell lines (Lewis Phillips et al. 2008). T-
DM1 also inhibited tumor growth and caused tumor regression in trastuzumab resistant 
animal xenograft models (Lewis Phillips et al. 2008). T-DM1 was reported to retain the 
mechanisms of action of trastuzumab and was also active against lapatinib-resistant cell 
lines and tumors (Junttila et al., 2010). A Phase I clinical trial testing of T-DM1 reported that 
T-DM1 was associated with clinical activity in HER2-positive patients who had progressed 
on trastuzumab–based therapy (Krop et al., 2010). A Phase II study recently reported that T-
DM1 had robust single-agent activity in metastatic breast cancer patients who had 
progressed on the previous HER2-directed therapy (Burris III et al., 2011). These clinical 
studies provide the evidence that the HER2 pathway remains a valid therapeutic target 
following disease progression on trastuzumab and suggest that antibody-drug conjugates 
are a novel and effective approach that can be used to treat trastuzumab-resistant disease.  

8.5 Development of novel therapeutic approaches: Mechanisms of resistance-based 
design of antibody drug conjugates 
Significant effort has been made to understand the mechanisms of resistance to 
trastuzumab. Many different small molecules, for example PI3 kinase inhibitors and c-Src 
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inhibitors have been shown to be able to revert trastuzumab-resistant phenotypes in 
preclinical settings (Junttila et al., 2009; Zhuang et al., 2010). Table 3 summarizes some of the 
novel proposed molecular targets involved in trastuzumab-resistance and small molecules 
that are able to override trastuzumab-resistant phenotypes based on the preclinical studies. 
 
Molecular target 
implicated in 
trastuzumab resistance 

Inhibitor for the target 
(preclinical studies) 

Reference for the preclinical 
studies 

Rac1 NSC23766 Dokmanovic et al., 2009 
EGFR Lapatinib 

Neratinib  
Nahta et al.,2007  
Burstein et al.,2010  

PI3K GDC-0941 
LY294002 
Wortmannin 
SF1126 

Junttila et al., 2009 
Clark et al., 2002  
Nagata et al., 2004 
Ozbay et al., 2010 

Akt Triciribine (API-2) Lu et al.,2007 
mTOR RAD001(everolimus) Lu et al.,2007  
PI3K/mTOR NVP-BEZ235 Serra et al., 2008 
PDK-1/Akt OSU-03012 Tseng et al., 2006 
HSP90 SNX-2112 

17-AAG 
Chandarlapaty et al., 2010 
Modi et al., 2007  

TGF-1 LY2109761 Wang et al., 2008 
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Table 3. Emerging molecular targets implicated in the trastuzumab-resistance and their 
respective inhibitors. 

TGF- is a secreted ligand that binds to type I and type II TGF- receptors and induces the 
secretion of HER family ligands, such as TGF-α, amphiregulin, and heregulin. Secreted HER 
family ligands may enhance the association of p85 subunit of PI3K with HER3 and activate 
PI3K/Akt (Wang et al., 2008). Treatment with TGF-β or expression of TGF-type I receptor 
in HER2-overexpressing cells reduced their sensitivity to the HER2 antibody trastuzumab. 
Inhibition of TGF- type I receptor by LY2109761, a TGF- receptor type I and type II dual 
inhibitor, restored sensitivity to trastuzumab (Wang et al., 2008). Rac1 is a Ras-like small 
GTPase which is believed to be associated with breast cancer progression and metastasis 
(Sahai & Marshall, 2002). Inhibition of Rac1 activity by Rac1 specific inhibitor, NSC23766, 
resulted in the restoration of the trastuzumab-mediated HER2 endocytic degradation and 
inhibition of the cell growth in trastuzumab-resistant cells (Dokmanovic et al., 2009). It has 
been reported that the inhibition of c-Src activity by dasatinib partially restored trastuzumab 
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8.4 Antibody-drug conjugates (ADC)  
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sensitivity in trastuzumab-resistant breast cancer cells (Zhuang et al., 2010). 4-MU inhibition 
of hyaluronan synthase enhanced trastuzumab-mediated growth inhibition in trastuzumab-
resistant JIMT-1 xenografts (Palyi-Krekk et al., 2007). Inhibition of fatty acid syntheses 
(FASN) re-sensitized the trastuzumab-resistant SKBR3 cells to trastuzumab-mediated cell 
death (Vazquez-Martin et al., 2007). 
Several other approaches were utilized to interfere with the molecular pathways associated 
with trastuzumab-resistance in the preclinical studies. It has been recently reported that the 
overexpression of FoxM1, an oncogenic transcription factor, confers resistance to the 
trastuzumab (Carr et al., 2010). Attenuation of FoxM1 expression either by small interfering 
RNA or by an alternate reading frame (ARF)-derived peptide inhibitor increased the 
sensitivity to trastuzumab (Carr et al., 2010). Damiano et al. report that a novel toll-like 
receptor 9 agonist, which is also referred as the immune modulatory oligonucleotide (IMO), 
exerts antiangiogenic effects by cooperating with anti-EGFR or anti-VEGF antobodies, 
(Damiano et al., 2009). It was also shown that IMO and trastuzumab exert a cooperative 
antiangiogenic effect on trastuzumab-resistant breast cancer xenografts and that combining 
IMO and trastuzumab may be a potential strategy for the treatment of trastuzumab-resistant 
breast cancers (Damiano et al., 2009). The Y-box binding protein-1 (YB-1) is an oncogenic 
transcription/translation factor mediating expression of growth promoting genes such as 
EGFR and HER2. YB-1 is activated by phosphorylation at Serine 102 residue, and a decoy 
cell permeable peptide (CPP) functions as interference peptide to prevent endogenous YB-1 
phosphorylation and activation. This results in the down-regulation of both HER-2 and 
EGFR transcript level and protein expression (Law et al., 2010). Interestingly, treatment with 
CPP has been reported to enhance sensitivity and overcome resistance to trastuzumab in 
cells expressing amplified HER-2, suggesting that CPP may be a novel approach for the 
treatment of trastuzumab-resistant breast cancers (Law et al., 2010).  
Even though there were multiple mechanisms of trastuzumab-resistance proposed from the 
preclinical studies, the question remains how the knowledge gained from these cellular and 
animal models can be translated into the next generation of monoclonal antibodies to 
overcome therapeutic resistance to trastuzumab. Based on literature and data from our 
laboratory (Dokmanovic et al., 2009), we propose a new approach by designing an antibody-
drug conjugate (ADC) based on mechanisms of trastuzumab resistance. In this ADC, 
trastuzumab is conjugated by a small molecule that has ability to inhibit the cellular target(s) 
that has been demonstrated to contribute to trastuzumab-resistance. This proposed strategy 
may increase the magnitude and duration of the response to trastuzumab treatment.  

9. Conclusions 
Treatment with trastuzumab significantly improves outcomes for women with HER2-
positive breast cancer. However, therapeutic resistance to trastuzumab poses a significant 
challenge in the treatment of human breast cancer. Pre-clinical studies conducted in the past 
few years have improved our understanding of molecular mechanisms contributing to the 
trastuzumab-resistance, and potential predictive biomarkers, such as the serum levels of 
extracellular cellular domain (ECD) of HER2, the status of p95HER2 and IGF-IR, and loss of 
PTEN, have been reported. However, no predictive markers are currently used in the clinic 
to differentiate HER2-positive breast cancers that would respond favorably to trastuzumab 
from trastuzumab-resistant disease. Validation of novel predictive biomarkers must be 
performed with clinical samples in the context of prospective clinical trial in which 
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prognostic or predictive questions can be answered (Hirsch & Wu, 2007; Murphy et al., 
2005). Resistance to monoclonal antibody therapeutics represents a common obstacle to the 
clinical efficacy for monoclonal antibody-based therapy. Understanding the molecular 
mechanisms of trastuzumab-resistance will lead to the discovery of new therapeutic targets, 
as well as more effective approaches. Innovative strategies to optimize antibody structures 
to develop next generation of monoclonal antibodies, such as antibody-drug conjugates, 
bispecific antibodies, and antibodies with either enhanced or silenced effector function, will 
also play a critical role in overcoming therapeutic resistance to monoclonal antibodies.  
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1. Introduction  
The Human Epidermal Growth Factor Receptor 2 (HER2) oncogene encodes a 185 kDa type 
I tyrosine kinase receptor that is a member of the epidermal growth factor receptor (EGFR) 
family including HER1, HER2, HER3 and HER4 (Yarden & Sliwkowski, 2001). 
Overexpression of HER2 is observed in 25-30% of human breast cancers and is associated 
with poor prognosis (Slamon et al., 1989; Cooke et al., 2001).  
HER2 overexpression activates multiple signaling pathways and promotes tumor growth, 
proliferation, and survival. The underlying mechanism for this action was elucidated by 
several studies involving critical components of the HER2 regulated pathway including 
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) cascades 
(Huang & Lau, 1999). The most widely used anti-HER2 therapy is the recombinant 
humanized antibody trastuzumab, which represented the proof of principle for the targeting 
of tyrosine kinase receptors in breast cancer. Trastuzumab exerts its antitumor activity by 
induction of receptor degradation (Klapper et al., 2000), prevention of HER2 ectodomain 
cleavage (Molina et al., 2001), inhibition of HER2 kinase signal transduction via antibody-
dependent cellular cytotoxicity (Clynes et al., 2000) and inhibition of angiogenesis (Izumi et 
al., 2002). Trastuzumab has been approved as a front-line therapy for HER2-positive breast 
cancer patients in both adjuvant and metastatic settings (Hudis, 2007), however, trastuzumab 
fails in 50-70% of HER2-positive patients (Vogel et al., 2002; Slamon et al., 2001). 
Radiotherapy is employed as an integral part of the current comprehensive breast cancer 
treatment regimen, and may be used to eradicate remaining cancer cells in the breast, chest 
wall, or axilla after surgery or to reduce the size of an advanced tumor before surgery. A 
series of studies have shown the evidences regarding the potential value of targeting HER-2 
signaling to enhance the anti-tumor activity of ionizing radiation. However, therapeutic 
resistance, resulting from several factors including activation of downstream pathway or 
alternative survival pathways, as well as molecular resistance mechanisms, has been 
emerged as an important issue in clinic.  
We have been trying to identify the component(s) implicated in radiation response in HER-2 
signaling network and also screening the useful approaches to overcome therapeutic 
resistance such as targeting downstream effectors, ligand-independent modulation via heat 
shock protein 90 (HSP90) inhibition and epigenetic modulation of HER-2 signaling via 
inhibition of histone deacetylases (HDACs). The efficacy and clinical relevance of each 
strategy and the diverse mechanisms of radiosensitization will be discussed.  
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2. Targeting downstream signaling  
Overamplification of the HER2 gene results in formation of a ligand–independent HER2 
homodimer that is able to initiate downstream signaling cascades such as the PI3K and 
MAPK pathways (Pinkas-Kramarski et al., 1996). While the inhibition of MEK-ERK 
signaling did not increase the radiosensitivity of SKBR3 breast cancer cells exhibiting over-
amplification of HER2, selective inhibition of PI3K-Akt-mTOR pathway components 
radiosensitized SKBR3 cells (No et al., 2009). Loss of PTEN (phosphatase and tensin 
homolog deleted one chromosome ten) expression results in trastuzumab resistance, and 
PI3K inhibitors restore trastuzumab sensitivity in PTEN-deficient cells (Nagata et al., 2004). 
Berns et al. recently provided strong confirmatory evidence that activation of the PI3K 
pathway through loss of the tumor suppressor PTEN or through oncogenic stimulation of 
PI3K can mediate trastuzumab resistance (Berns et al., 2007).  
 

 

  
Fig. 1. Targeting downstream of HER-2 signaling (No et al, 2009). 
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2.1 Targeting PI3K-AKT-mTOR pathway 
2.1.1 Targeting PI3K  
PI3K, a heterodimer consisting of p85 regulatory subunit and a 110 catalytic subunit, plays a 
central role in growth regulation and tumorigenesis. It generates specific inositol lipids 
(PIP2, PIP3) that have been implicated in the regulation of cell proliferation, differentiation, 
survival, and angiogenesis (Engelman et al., 2006). Recently, several groups reported that 
18-40% of human breast cancers harbor somatic mutations of PI3K (Levin et al, 2005), 
resulting in constitutive activation of PI3K signaling. PTEN inhibits PI3K by 
dephosphorylation of the second messenger PIP3. PTEN appears to be controlled by down-
regulation of gene expression and genetic alterations of this tumor suppressor are found in a 
moderate proportion of breast cancers.  

2.1.2 Targeting AKT  
AKT/PKB is a serine/threonine kinase that plays an important role in cancer progression 
and cell survival and is activated in a PI3K-dependent manner by a variety of stimuli 
through growth factor receptors. Among the specific AKT family members, increased AKT1 
activity was reported in 40% of breast cancers (Manning et al., 2007). We previously showed 
that inhibition of AKT1 using RNAi increased radiosensitivity of EGFR- or Ras-activated cell 
lines (Kim et al., 2005) and the other study showed that AKT inhibitor (API) or AKT1 siRNA 
inhibited repair of DNA double strand breaks (DSBs) in EGFR-activated lung cancer cell 
lines as measured by the γH2AX foci assay (Toulany et al., 2008). SKBR3 breast cancer cells 
having activated HER-2 signaling also showed similar findings (Figure 3, No et al., 2009).  

2.1.3 Targeting m-TOR 
The mammalian target of rapamycin (mTOR) is an important downstream component of the 
PI3K-AKT signaling pathway. mTOR inhibitors can effectively block the pro-growth, pro-
proliferative, and pro-survival actions of mTOR by inactivating its downstream effectors 
such as p70S6 kinase and 4E-binding protein1 and decreasing protein synthesis (Shaw et al., 
2006; Guertin & Sabatini, 2007). mTOR presents an attractive target in the pathway because 
its inhibition could avoid possible side effects associated with inhibition of upstream 
PI3K/AKT signaling molecules with broader function. We previously showed that the 
radiosensitizing effect of Rapamycin is related to inhibition of DNA damage repair, as 
demonstrated by the γH2AX foci assay using SKBR3 cells (Fig. 2, No et al., 2009). Recent 
report showed that RAD001 attenuated prosurvival AKT/mTOR signaling and increased 
radiation sensitivity of MDA-MB-231 breast cancer cells (Albert et al., 2006).  

2.1.4 Targeting class I PI3K and m-TOR 
One of the reasonable approaches would be the targeting more than one component of 
tumor specific signaling that less affect normal cell survival. Inhibition of PI3K using 
LY294002 lacks specificity and has shown unacceptable toxicities in preclinical studies. 
Previous study showed that specific inhibition of class I PI3K using RNAi enhanced the 
radiosensitivity of tumor cells having activated PI3K signaling resulting from 
overexpression of EGFR or mutation of RAS oncogene (Kim et al., 2005). The PI103 is known 
as a dual inhibitor which targets class I PI3K and mTOR signaling which reduce radiation 
survival of tumor cells with AKT activation. (Prevo et al., 2008). PI103 effectively 
radiosensitized SKBR3 cells with activated HER2 signaling and this sensitizing effect  
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Fig. 2. Persistent γH2AX foci following orradiation by selective inhibition of PI3K-AKT-
mTOR signalling (No et al., 2009). 

was associated with prolongation of γH2AX foci following irradiation. Decreased 
phosphorylation of DNA-PKs by pretreatment of inhibitors targeting PI3K-AKT indicated 
that the functional requirement of PI3K-AKT pathway in regulation of DNA repair 
following radiation (Fig.3 & 4, No et al., 2009). While apoptosis was the major mode of cell 
death when the cells were pretreated with LY294002 or AKT inhibitor VIII, cells were 
pretreated by Rapamycin or PI103 showed the mixed mode of cell death including 
autophagy (Fig. 5, No et al., 2009).  
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Fig. 3. Targeting Class I PI3K and m-TOR using dual inhibitor (No et al., 2009). 

 

 
Fig. 4. Targeting Class I PI3K-Akt down-regulated DNA-PK expression (No et al., 2009). 
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Fig. 5. Rapamycin and PI103 induced autophagy following irradiation. (No et al., 2009). 

3. Ligand-independent modulation of HER-2 signaling: HSP90 inhibition  
The majority of breast cancers involve multiple molecular abnormalities that are likely to be 
involved in malignant progression. It is possible that several different molecules from 
diverse pathways have synergistic properties that promote malignant relapse or metastasis. 
In that situation, HSP90 could be a pivotal key molecule, as its chaperone function ensures 
the correct conformation, activity, intracellular localization, and proteolytic turnover of a 
range of proteins involved in cell growth, differentiation, and survival (Neckers et al., 2003). 
This molecular chaperon is essential for the stability and function of many oncogenic client 
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proteins, which contributes to the hallmark trait of cancers such as ER, HER-2, and AKT 
(Powers & Workman, 2006). The inhibition of multiple targets through the abrogation of 
HSP90 could be more effective in the management of breast cancers, since its inhibition 
counteracts multiple oncogenic molecules and prosurvival signaling pathways at the same 
time.  
Additional data supports the identification of HSP90 as an important molecular target 
relevant to breast cancers. HER2, which is associated with poor prognosis in breast cancer, is 
one of the most important client proteins of HSP90, and HSP90 inhibitors have shown 
antitumor activity in a HER2–driven xenograft model (Kamal et al, 2003). Additionally, 
HSP90 inhibitors bind selectively to HSP90 in cancerous cells versus normal cells (Munster 
et al, 2001). Breast cancer cells resistant to conventional chemotherapy, radiation therapy, 
and trastuzumab, are known to involve the PI3K signaling pathway. The key molecule of 
this pathway, AKT, is also an important client protein of HSP90.  
 

  
Fig. 6. 17-DMAG, a HSP90 inhibitor radiosensitized SKBR-3 cells with HER-2 
overexpression. 

A HSP90 inhibitor, 17-(allylamino)-17-demethoxy-geldanamycin (17-AAG) downregulated 
HER2 in trastuzumab-resistant breast cancer cells (Zsebik et al., 2006). We also have 
observed that 17-DMAG, led to downregulation of HER-2 and p-AKT, and radiosensitized 
HER-2 activated breast cancer cells. This radiosensitizing effect was associated with 
persistence of γH2AX foci following irradiation (Figure 6, unpublished data).  
Our previous immunihistochemical study using tissue samples from 212 patients who 
underwent surgical resection for primary invasive breast cancer, have shown that 
expression of HSP90 from invasive breast cancer was associated with an increased risk of 
early recurrence (Fig. 7, Song et al., 2010). Co-expression of HSP90 and PI3K or expression of 
HSP90 in combination with the loss of PTEN was significantly associated with RFS 
especially in the patient group having HER-2 overexpression (Fig.8, Song et al., 2010). This 
study provides direct evidence that the expression of HSP90 predicts early relapse in 
patients with invasive breast cancers and validates the significance of HSP90 as a clinically 
significant therapeutic target. 

0.001

0.01

0.1

1

0 2 4 6 8

Nonspecific
17DMAG

Su
rv

iv
in

g 
Fr

ac
tio

n

Radiation dose (Gy)



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

210 

 
Fig. 5. Rapamycin and PI103 induced autophagy following irradiation. (No et al., 2009). 

3. Ligand-independent modulation of HER-2 signaling: HSP90 inhibition  
The majority of breast cancers involve multiple molecular abnormalities that are likely to be 
involved in malignant progression. It is possible that several different molecules from 
diverse pathways have synergistic properties that promote malignant relapse or metastasis. 
In that situation, HSP90 could be a pivotal key molecule, as its chaperone function ensures 
the correct conformation, activity, intracellular localization, and proteolytic turnover of a 
range of proteins involved in cell growth, differentiation, and survival (Neckers et al., 2003). 
This molecular chaperon is essential for the stability and function of many oncogenic client 

 
Targeting HER-2 Signaling Network: Implication in Radiation Response 

 

211 

proteins, which contributes to the hallmark trait of cancers such as ER, HER-2, and AKT 
(Powers & Workman, 2006). The inhibition of multiple targets through the abrogation of 
HSP90 could be more effective in the management of breast cancers, since its inhibition 
counteracts multiple oncogenic molecules and prosurvival signaling pathways at the same 
time.  
Additional data supports the identification of HSP90 as an important molecular target 
relevant to breast cancers. HER2, which is associated with poor prognosis in breast cancer, is 
one of the most important client proteins of HSP90, and HSP90 inhibitors have shown 
antitumor activity in a HER2–driven xenograft model (Kamal et al, 2003). Additionally, 
HSP90 inhibitors bind selectively to HSP90 in cancerous cells versus normal cells (Munster 
et al, 2001). Breast cancer cells resistant to conventional chemotherapy, radiation therapy, 
and trastuzumab, are known to involve the PI3K signaling pathway. The key molecule of 
this pathway, AKT, is also an important client protein of HSP90.  
 

  
Fig. 6. 17-DMAG, a HSP90 inhibitor radiosensitized SKBR-3 cells with HER-2 
overexpression. 

A HSP90 inhibitor, 17-(allylamino)-17-demethoxy-geldanamycin (17-AAG) downregulated 
HER2 in trastuzumab-resistant breast cancer cells (Zsebik et al., 2006). We also have 
observed that 17-DMAG, led to downregulation of HER-2 and p-AKT, and radiosensitized 
HER-2 activated breast cancer cells. This radiosensitizing effect was associated with 
persistence of γH2AX foci following irradiation (Figure 6, unpublished data).  
Our previous immunihistochemical study using tissue samples from 212 patients who 
underwent surgical resection for primary invasive breast cancer, have shown that 
expression of HSP90 from invasive breast cancer was associated with an increased risk of 
early recurrence (Fig. 7, Song et al., 2010). Co-expression of HSP90 and PI3K or expression of 
HSP90 in combination with the loss of PTEN was significantly associated with RFS 
especially in the patient group having HER-2 overexpression (Fig.8, Song et al., 2010). This 
study provides direct evidence that the expression of HSP90 predicts early relapse in 
patients with invasive breast cancers and validates the significance of HSP90 as a clinically 
significant therapeutic target. 

0.001

0.01

0.1

1

0 2 4 6 8

Nonspecific
17DMAG

Su
rv

iv
in

g 
Fr

ac
tio

n

Radiation dose (Gy)



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

212 

 
Fig. 7. Relapse free survival of patients according to HSP90 overexpression (Song et al., 
2010). 

 

 
Fig. 8. Relapse free survival of patients with HER-2 overexpression (Song et al., 2010). 

4. Epigenetic modulation of HER-2 signlaing: Histone deacetylase inhibition 
Histone deacetylase inhibitiors (HDIs) are capable of modifying gene expression without 
directly interacting with DNA by affecting the acetylation state of DNA-associated proteins, 
as well as other proteins.  
We previously reported that HER-2 activated cells were preferentially radiosensitized by 
LBH589, the cinnamyl hydroxamic acid analogue panHDAC inhibitor compared to the 
effect of TSA or SK7041 at iso-effective concentrations and that this was associated with 
down-regulation of HER-2 signaling of SKBR-3 cells (Fig.9, Kim et al., 2009).  
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Fig. 7. Relapse free survival of patients according to HSP90 overexpression (Song et al., 
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motif is also known as PAZ (polyubiquitin-associated zinc finger) due to its ubiquitin-
binding ability. It has been implicated as a critical link between proteasome degradation and 
autophagy (Kawaguchi et al., 2003; Boyault et al., 200; Pandei et al., 2007). HDAC6 has been 
implicated in modulating receptor tyrosine kinase signaling. Increased acetylation of heat 
shock protein such as HSP90 by HDAC 6 inhibition may lead to mis-folding and 
degradation of survival associated client proteins such as oncogenic tyrosine kinases, RAF, 
and AKT (Bali et al., 2005). Stable knockdown of HDAC6 expression also causes a decrease 
platelet-derived growth factor receptor α (Kamera et al., 2008). Lee et al. recently found that 
HDAC6 deficient fibroblasts were more resistant to oncogenic Ras and HER2-dependent 
transformation, indicating a critical role of HDAC6 in oncogene-induced transformation 
(Lee et al., 2008). Thus, HDAC6 could be a good therapeutic target regulating critical cancer-
relevant biologic functions. These reports and the current study suggest that HDAC 6 may 
be a useful target for overcoming therapeutic resistance to available HER2 inhibitors 
combined with radiation. 
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2010). However, therapeutic resistance resulting from several factors including activation of 
downstream pathway or alternative survival pathways, as well as molecular resistance 
mechanisms, have emerged as an important issue in the clinic. Based on previous studies 
and our data, we propose that targeting downstream, ligand-inependent modulation via 
HSP90 inhibitor, and epigentic modulation via HDAC inhibiton could be an alternative 
approaches to tackle factors such as these that limit the therapeutic benefit of HER-2 
targeted therapy combined with radiation. 
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ERα/ERβ Ratio in Breast Cancer:  

Mitochondrial Function and Oxidative Stress 
Pilar Roca, Jordi Oliver, Jorge Sastre-Serra and Mercedes Nadal-Serrano 

Universitat de les Illes Balears 
Spain 

1. Introduction 
Breast cancer is the most commonly diagnosed malignancy within the female population of 
developed countries and is the first leading cause of cancer deaths in women. In the 
European Union (EU27) every year there are an estimated 319.000 new cases diagnosed, and 
approximately 131.000 deaths, which comprises 16.7% of all cancer caused deaths in women 
(Ferlay et al., 2007). 
The causes of breast cancer are not fully understood, but the epidemiology of the disease 
clearly shows that hormonal factors play a key role. Estrogen production appears as one 
potential risk factor among women worldwide because it stimulates the proliferation of 
breast epithelial cells (Ekbom et al., 1997; Ferlay et al., 2007). Coincident with this 
proliferation, breast cancer risk increases in early menarche, late menopause and with 
obesity in postmenopausal women (situations where there is a direct association between 
estrogen and breast cancer risk). In general, breast cancer risk decreases around 5% with 
each year that menarche is delayed. Breast cancer incidence rates also increase more slowly 
after menopause; therefore a woman with a natural menopause at age 45 years has half the 
risk of developing this type of cancer that a woman with menopause at age 55 (Kelsey et al., 
1993; Key et al., 2001).  
Childbearing seems to have a dual effect on risk of breast cancer (Key et al., 2001). On one 
hand the immediate effect is to temporarily increase the risk after a birth, yet on the other, 
this risk diminishes in the long term and the overall effect of a pregnancy is to reduce the 
overall risk of developing this disease. It appears that the negative short term effect is due to 
the increase in estradiol levels in early pregnancy. However, has been seen that 
premenopausal parous women have lower global levels of circulating estradiol than in 
nulliparous premenopausal women. This effect is observed among postmenopausal women, 
suggesting that this diminution is stable (Ewertz et al., 1990). Women who have had at least 
one child have around a 25% reduction in breast cancer risk compared to nulliparous 
women (Layde et al., 1989; Ewertz et al., 1990).  
Moreover, the use of menopausal hormonal therapy increases the risk of breast cancer; in 
fact, the use of these estrogen preparations over a period of 10 years, increases cancer risk by 
35%(Key et al., 2001). Other risk factor associated with breast cancer is family history and 
genetic predisposition. Women with a first-degree relative have about a two-fold risk of 
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developing breast cancer. However the risk is lower when only second-degree relatives are 
affected (Pharoah et al., 1997). Several germline mutations that have a prediposition for the 
development of breast cancer have been identified: BRCA1, BRCA2, P53, PTEN, ATM, 
NBS1, RAD50, BRIP1, PALB2 and CHEK2 (Walsh and King, 2007). In addition, the 
International Agency for Research on Cancer (IARC) estimates that 25% of all cancers are 
associated with overweight and obesity. This increase in cancer risk is approximately linear 
with increasing body-mass index, yet is reduced in the more physically active, equivalent 
population (McTiernan, 2003). In the European Union, 13.000 cases of breast cancer could be 
avoided annually by maintaining a normal body weight (Devenish et al., 1979). The 
increased risk in obese postmenopausal women may be due to higher levels of circulating 
estrogens (Lahmann et al., 2004). For many years this risk has been linked to higher 
estrogenic synthesis by the aromatase process in the adipose tissue and recent studies 
showed that the hormones secreted for this tissue have the capacity to induce tumour cell 
proliferation and survival (Catalano et al., 2003; Lahmann et al., 2004; Garofalo and 
Surmacz, 2006). 
The most common type of breast cancer is invasive ductal carcinoma (IDC), and about 80% 
of all breast cancers are of this histological type. The second most common type is invasive 
lobular carcinoma (ILC), represents approximately 10%. Tubular carcinoma of the breast is a 
rare subtype of invasive ductal carcinoma, and accounts for only 1-2% of all breast cancer 
cases (Novelli et al., 2008). 

2. Estrogen receptors 
2.1 History of estrogen 
Estrogen is term derived from Greek oistros¸ a word which refers to oestrus, the phase in 
which females are sexually receptive. In women with active menstrual cycles, daily ovary 
estrogen production is between 70 and 500 micrograms, with 17β-estradiol (E2) the most 
important one. Studies report that the production E2 of increases under the influence of 
gonadotropins secreted by the pituitary gland and by the maturation of ovarian follicles. 
Follicular estrogens induce the growth and development of female sex organs and to 
maintain sexual characteristics, as well as influence female behaviour (Morani et al., 2008). 
Studies of action of E2 on the uterus, directed by Jensen, led to the conclusion that the 
biological effects of estrogen occur through the activation of estrogen receptor (ER) (Jensen 
et al., 1972). In the classical scheme of reproductive organ development, estrogens were 
considered as “female hormones”, while testosterone was thought to be the “male 
hormone”. In the 1980’s the studies began to analyse effects of estrogen in non-target organs 
for the action of this hormone, i.e. in organs that are not associated with reproduction. The 
importance of estrogens in the bone homeostasis was recognised because of the observed 
increased risk of osteoporosis in postmenopausal women. However, it was a publication in 
1994 of a case report of male with an ER mutation who had abnormal bone density and 
impaired glucose tolerance that finally confirmed the importance of estrogens in both males 
and females (Smith et al., 1994). 
It was only until 1985, 23 years after the discovery of ER by Jensen, that this receptor was 
identified as a member of nuclear receptor superfamily (Greene et al., 1980; Walter et al., 
1985; Green et al., 1986). Ten years later, in 1995, Gustafsson’s laboratory discovered a 
second ER. The “Jensen” receptor was than named ERα and the new receptor ERβ (Kuiper 
et al., 1996). ERα and ERβ have distinct tissue expression patterns (Kuiper et al., 1997). In 
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fact, many tissues previously thought to be “estrogen-insensitive tissue” were found to be 
ERβ positive and estrogen sensitive, with ERβ highly expressed and is almost the exclusive 
ER in ovarian granulose cells. ERα is the main ER subtype in the liver, breast and ovaries, 
while ERβ is predominantly in the prostate, colon and lung (Gustafsson, 1999; Pearce and 
Jordan, 2004). Thus, the proliferative actions of estrogens mediated via ERα can be opposed 
by ERβ (Pearce and Jordan, 2004; Chang et al., 2008; Jensen et al., 2010). 

2.2 Estrogen receptors structure 
ERα and ERβ have the typical structure of the nuclear receptor family (figure 1): a highly 
variable N-terminal region (A/B domain, involved in protein-protein interactions with 
transcriptional machinery and cofactors), a highly conserved DNA-binding domain (C), a 
hinge domain (D), a ligand-binding domain (E) and a C-terminal domain (F) (Giguere et al., 
1986; Kumar et al., 1987). 
 

 
Fig. 1. ERα and ERβ structures. Schematic representation of the structure ERα and ERβ, 
structure DNA binding domain and structure of the hormone binding domain of both 
estrogen receptors.  

ERα (595 aa) and ERβ (530 aa) receptors are codified by two different genes with less than 
18% homology between them in A/B domain, although there is a 97% of homology between 
their respective DNA-binding domains (the most conserved). This domain (C) contains two 
zinc fingers and has a short motif, called a P-box, which is responsible for DNA specificity 
and is also involved in dimerization (Nilsson et al., 2001; Morani et al., 2008). Consequently 
both receptors ERα and ERβ bind to DNA in a similar manner, but the association with 
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different cofactors enables them to modulate transcription genes (Giguere et al., 1986; 
Kumar et al., 1987). The D domain has nuclear localization signals and could provide 
malleability between the C and E domains. The E domain has the property for ligand 
binding, with its ligand-binding pocket formed by 12 alpha-helixes, and which is 60% 
conserved between the two estrogen receptors (Spithill et al., 1979; Morani et al., 2008). 
Moreover this domain is also involved in other functions such as receptor dimerization, 
nuclear localization and cofactor interaction. Finally, the F domain is extremely variable and 
contributes gene transactivation capacity (Morani et al., 2008).  

2.3 Mechanisms of ER activation 
Estrogens can act through different mechanisms and pathways to cause their biological 
effects (Gonzalez et al., 1993; Nilsson et al., 2001). There is a typical nuclear receptor 
superfamily mechanism to modulate the expression of several genes. Estrogen activates ER 
by ligand binding to the receptor, but this unity can occur in to forms. The first can occur 
when E2-ER complex has formed in the cytoplasm and then is transported to the nucleus 
through cytoskeleton regulated mechanisms. The second form has the same final product, 
but occurs by a direct E2 binding to the ER in the nucleus, with this union allowing for 
eventual ER dissociation of the chaperon proteins and the restoration of the ER to the 
inactive state. After this dissociation, ER can form either heterodimers or homodimers and 
bind directly to estrogen response element (ERE) through the DNA-binding domain as well 
as by association with different gene regulation co activators (Nilsson et al., 2001; Morani et 
al., 2008).  
Another mechanism includes the involvement of the SP1 protein in the formation of the 
bridge between the activated estrogen receptor dimer and ERE (Kushner et al., 2000; Saville 
et al., 2000). This mechanism forms an indirect activation/inhibition of E2 regulated genes 
and some authors have found differences dependant on the ERα and ERβ union to ERE 
(Sidhu and Tauro, 1979; Morani et al., 2008).  
Another action of ERs, in a non-genomic process, involves the interaction of activated ERs 
with secondary messenger proteins (SM) with rapid, concomitant effects in many tissues, 
although this process is still not well understood (Heldring et al., 2007). 
Furthermore, ERs have a ligand-independent activation mechanism, involving kinases that 
phosphorylate and activate ERs and this mechanism could explain the hormone-
independent growth of some tumours. 
Other factors have an important role in the activation mechanisms of ERs and serve as 
corregulators (or cofactors) recruited by the ERs to activate (coactivator) or to repress 
(corepressor) the transcriptional activity of ERs. These corregulators can modify the affinity 
of the ERs to EREs and can be in the form of acetylases/deacetylases, kinases/phosphatases 
and methylases/demethylases. It must be emphasized, however, that the pool of 
corregulators can differ according to the type of tissue, and it is the fact that has been 
proposed as an explanation for the differential tissue effects of estrogen and selective 
estrogen receptor modulator (SERMS). 
Moreover, not only do corregulators differ according to tissue, the distribution of ERα and 
ERβ has also been reported to vary. In the tissues when both ERα and ERβ coexist, their 
effects seem to counteract each other. Thus, in the uterus, mammary glands and the immune 
systems, ERα promotes cell proliferation while ERβ has proapoptotic and cell differentiation 
functions (Morani et al., 2008).  
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Fig. 2. Mechanisms ER activation. 

3. Breast cancer and estrogens 
3.1 Mammary gland and estrogens 
Development and physiology of the mammary gland are under estrogen control and suffers 
important changes during a women’s lifespan and estrogens have an active role in these 
changes. During puberty the glands undergoes an increased cellular division and in adult 
life there is a proliferation/involution cycle according to menstrual cycle (Russo et al., 1999).  
The role of estrogen in mammary epithelial proliferation has been unclear, because the 
proliferation markers in ductal epithelial cells never co localize with ERα (Saji et al., 2000).  
For a long time, estrogens were believed to induce proliferation through indirect effects, 
such as growth factor secretion to the stroma. However, recent studies suggest that when 
ERα is activated by estrogen it is quickly lost in the beginning of the G1 phase of the cell 
cycle. This fact could be explain the non-colocalisation of ERα with proliferation markers, 
such as cyclin A or PCNA, tipycal from the S phase (Morani et al., 2008).  
Ductal cells in the mammary gland appear to be one example of cells where ERα and ERβ 
counteract each other in estrogen-stimulated proliferation. The proliferative response to E2 
seems to be determined by the ratio of ERα  ERβ. The functions of ERβ in the breast are 
probably related to its antiproliferative as well as its prodifferentiative functions (Strom et 
al., 2004). 
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In studies with MCF7 cells, a breast cancer cell line expressing ERα but not ERβ, showed 
that E2 increases proliferation, and when ERβ was artificially introduced into these cells, E2-
induced proliferation was inhibited (Schatz, 1979). 

3.2 Breast cancer estrogen induction 
Estrogens are a major risk factor for breast cancer initiation and progression, as they affect 
epithelial mammary cell growth and these cells are more susceptible to make DNA 
replication errors. Another point of view is that estrogens produce oxidant species for their 
metabolism (quinine metabolites) that can form adducts in DNA and generate reactive 
oxygen species (ROS) through a redox cycle (Russo et al., 2003; Yager and Davidson, 2006).  
 

 
Fig. 3. Estrogen carcinogenesis mechanisms: E2: 17β-estradiol. ER: estrogen receptor. 16α-
OH-E2: 16α-hydroxyE2. 2-OH-E2: 2-hydroxyE2. 4-OH-E2: 4-hydroxyE2. 2-OH-E1 2-
hydroxyestrone. 4-OH-E1 4-hydroxyestrone.  

In recent years, EREs have been found in mitochondrial DNA, suggesting that the 
carcinogenic role of estrogen could be mediated by the action of these molecules in the 
mitochondria (Gonzalez et al., 1993; Sogl et al., 2000). Moreover, as mentioned earlier, the 
two subtypes of estrogen receptors have different actions in several tissues and therefore it 
is entirely possible that the effects will differ in mitochondria as well. Other papers have 
studied the localization of ERα and ERβ in the mitochondria and the regulation of 
mitochondrial genes (Gonzalez et al., 1993; Sogl et al., 2000; Chen et al., 2004; Pedram et al., 
2006; Amutha et al., 2009; Usmanova et al., 2011). Furthermore, apoptotic pathways and the 
presence of estrogen receptor in the mitochondria could be important for carcinogenic 
processes (Gonzalez et al., 1993; Sogl et al., 2000). 
The majority of ER-positive breast tumours contain both ERα and ERβ subtypes, although 
some tumours have only ERβ and may have distinct clinical behaviours and responses. In 
contrast to ERα, studies suggest that ERβ expression declines during breast tumourigenesis 
(Roger et al., 2001; Skliris et al., 2003; Bardin et al., 2004; Hartman et al., 2009). The 
mechanism by which ERβ is downregulated is not fully understood, but epigenetic changes 
could play an important role (Zhao et al., 2003). This downregulation of ERβ in breast 
cancers indicates a role for ERβ as a tumour suppressor (Novelli et al., 2008; Fox et al., 2008). 
Characterization of the role of ERβ in ERα negative tumors is basically unexplored, but 
available data suggest that the role of ERβ may differ depending if it is co-expressed with 
ERα or expressed alone (Fox et al., 2008; Skliris et al., 2008; Hartman et al., 2009). Classically, 
the ERα negative tumors are considered endocrine resistant since they lack a receptor to 
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mediate the estrogenic response. However, it has been observed that approximately 50% of 
this subgroup expresses ERβ (Skliris et al., 2006). Several studies have been published 
different conclusions for correlations with ERβ, prognostic markers and clinical outcome. 
Reports have shown that tumours that co-expressed ERβ and ERα have a good prognosis 
and good clinical outcome with adjuvant therapy. Additional studies have considered the 
addition of ERβ to ERα as clinical tumor marker as beneficial (Murphy and Watson, 2006; 
Skliris et al., 2006; Gruvberger-Saal et al., 2007; Skliris et al., 2008; Hartman et al., 2009). 
Conversely, very few studies have focused on ERβ expression in ERα negative breast 
tumors; where ERβ has been described as a marker for poor prognosis and endocrine 
resistance (Leygue et al., 1998; Speirs et al., 1999; O'Neill et al., 2004; Skliris et al., 2006; Fox et 
al., 2008; Skliris et al., 2008; Hartman et al., 2009) (table 1). 
 

ERα and ERβ status Clinical outcome 
ERα+/ ERβ+ Increased overall survival and disease-free survival correlated ERβ+ 
ERα+/ ERβ- Worst prognosis  
ERα-/ ERβ+ Less favorable prognosis, ERβ seems to correlate with the proliferation 

Table 1. Clinical correlation between ERα/ ERβ expression and evaluation response to 
endocrine therapy in breast cancer. 

An increased ERα/ERβ ratio respect to non tumoral breast tissue is an important factor for 
the development of the cancerous phenotype (Stossi et al., 2004; Strom et al., 2004; Adam et 
al., 2006; Garcia-Roves et al., 2007; Morani et al., 2008). On the contrary, a decrease in this 
ratio (due to ERβ increase) is indicative of a poor prognosis and problems with antiestrogen 
treatment (Power and Thompson, 2003). This evidence could also explain the different 
action of estrogens and phytoestrogens through varing ERα and ERβ levels (Sotoca et al., 
2008).  
Another difference between ERα and ERβ is estrogen activation, because estrogen 
stimulates both ERα and ERβ receptors, although it is 10 times more selective for ERα than 
ERβ (Kuiper et al., 1998; Quaedackers et al., 2001). Furthermore, several authors shave 
shown that estrogen regulation of ERα and ERβ expression, causing a decrease in ERα and 
an increase in ERβ in ERα-positive cell lines such as MCF-7 and T47D (Power and 
Thompson, 2003; Lee et al., 2005). In addition to this important fact, oxidative stress also 
regulates ERα and ERβ levels, and in the same manner, causes downregulation of ERα and 
upregulation of ERβ (Tamir et al., 2002). 

4. Estrogens, mitochondria and oxidative stress 
Classically, it has been suggested that estrogens induce growth in mammary gland 
epithelial cells. This high cell proliferation can increase susceptibility to the acquirement of 
error-induced mutations during DNA replication, which if not corrected can establish a 
malignant phenotype (Gonzalez et al., 1993). Another mechanism to explain this association 
is that estrogens can produce genotoxic metabolites during their metabolism (cathecol 
estrogens), that can make DNA adducts and create ROS through redox cycle (Russo et al., 
2003; Yager and Davidson, 2006), but for these compounds to have a relevant impact, the 
estrogen concentration must be higher than physiological levels. 
Recently, ERs have been found in the mitochondria, and in mitochondrial DNA there are 
EREs. Moreover, mitochondrial biogenesis and ROS production are under estrogen 
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Fig. 3. Estrogen carcinogenesis mechanisms: E2: 17β-estradiol. ER: estrogen receptor. 16α-
OH-E2: 16α-hydroxyE2. 2-OH-E2: 2-hydroxyE2. 4-OH-E2: 4-hydroxyE2. 2-OH-E1 2-
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mediate the estrogenic response. However, it has been observed that approximately 50% of 
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influence. For this reason, some authors give estrogens a new role in the carcinogenesis 
process, in the modulation of mitochondrial function (Addison and McCormick, 1978; Sogl 
et al., 2000). The changes in mitochondrial function cause an increase in ROS production, 
which alters the control that mitochondria exerts in cellular proliferation and apoptosis, and 
which could explain the action of estrogen in cancer development (Addison and 
McCormick, 1978; Gonzalez et al., 1993). 

4.1 Mitochondria  
Mitochondria are important organelles in eukaryotic cells. The structure of the 
mitochondrion is delimited by an outer and inner membrane. The former is wrinkled and 
completely surrounds the organelle. The later has infolding called cristae where the 
mitochondrial respiratory chain (MRC) resides. The inner compartment of mitochondria, the 
matrix, is a concentrated aqueous solution of many enzymes and chemical intermediates 
involved in energy-yielding metabolism. The outer membrane is a relatively simple 
phospholipid bilayer, containing protein structures called porins which render it permeable 
to molecules of about 10 kDA or less (the size of the smallest proteins). Ions, nutrient 
molecules, ATP, ADP, etc. can pass through the outer membrane with ease. The inner 
membrane is only freely permeable to oxygen, carbon dioxide, and water. Its structure is 
highly complex, including all of the complexes of the electron transport system, the ATP 
synthase complex and transport proteins. 
 

 
Fig. 4. Mitochondrial structure. 

Mitochondria are the intracellular organelles responsible for the supply of ATP (generation 
of more than 90% of the cell’s energy requirements) and are also the main intracellular 
source and target of reactive oxygen species (ROS). Mitochondria also participate in the 
regulation of intracellular calcium homeostasis by controlling various ion channels and 
transporters and participation in heme and steroid biosynthesis. In addition, mitochondria 
play a role in the regulation of cellular proliferation and apoptosis (Gonzalez et al., 1993). 
The primary role of mitochondria is the generation of ATP through a complex process of 
controlled substrate degradation and oxygen consumption known as oxidative 
phosphorylation (OXPHOS) (Korb and Neupert, 1978). The inner membrane mitochondrial 
contains the large protein complexes that are necessary for energy transduction and ATP 
synthesis. Briefly, oxidation of reduced nutrient molecules, such as carbohydrates, lipids, 
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and proteins, through cellular metabolism yields electrons in the form of the reduced 
hydrogen carriers NADH+ and FADH2. These reduced cofactors donate electrons to a series 
of protein complexes of the electron transport chain embedded in the inner mitochondrial 
membrane. These complexes (complex I, III and IV) use the energy released from electron 
transport for the active pumping of protons across the inner membrane, thereby generating 
an electrochemical gradient. The ultimate destiny of these electrons is the reduction of 
molecular oxygen at complex IV to yield a molecule of water, whereas the energy, 
conserved as a proton gradient, is used by the F0F1 ATP synthase (or complex V) to 
phosphorylate ADP through the return of protons into the mitochondrial matrix (Devenish 
et al., 1978). 
 

 
Fig. 5. The mitochondrial oxidative phosphorylation system. 

Although mitochondria have their own genome, most of the proteins and enzymes that 
reside in the mitochondrial membranes are nuclear gene products. Each mammalian cell 
contains several hundred to more than a thousand mitochondria, and each organelle 
harbours 2–10 copies of mitochondrial DNA (mtDNA) (Amutha et al., 2008). The double-
strand circular mtDNA consists of 16,500 base pairs (bp). This DNA encodes 13 protein 
coding genes (or polypeptides), 22 transfer RNA (or tRNA) and 2 ribosomal RNA (or rRNA) 
necessary for the translation. The 13 polypeptides including seven subunits of complex I-
NADH dehydrogenase (ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), three subunits of 
complex III-cytochrome c oxidase (COI, COII, and COIII), two subunits of complex V-
F0F1ATPase (ATPase 6 and ATPase 8), and cytochrome b are encoded by mtDNA and 
synthesized in the organelle (Molina-Navarro et al., 2006). A single major noncoding region, 
referred to as the displacement loop (D-loop), contains the primary regulatory sequences for 
transcription and imitation of replication (Menassa et al., 1997). mtDNA is first transcribed 
to a larger mitochondrial transcript precursor, from which the 13 mRNAs, 22 tRNAs and 2 
rRNAs are derived (Menassa et al., 1997). 
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reside in the mitochondrial membranes are nuclear gene products. Each mammalian cell 
contains several hundred to more than a thousand mitochondria, and each organelle 
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synthesized in the organelle (Molina-Navarro et al., 2006). A single major noncoding region, 
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Fig. 6. The mitochondrial genome. The mammalian mitochondrial genome is a circular 
double stranded molecule, composed of one heavy and one light strand. 

The assembly and functioning of the respiratory enzyme complexes in mammalian cells 
require coordinated expression and interaction between gene products of the mitochondrial 
and nuclear genomes (Menassa et al., 1997). Correct mitochondrial biogenesis relies on the 
spatiotemporally coordinated synthesis and import of ~1000 proteins encoded by the 
nuclear genome, of which some are assembled with proteins encoded by mitochondrial 
DNA within the newly synthesized phospholipid membranes of the inner and outer 
mitochondrial membranes. (Klingenspor et al., 1996). 
 

 Complex I Complex II Complex III Complex IV Complex V 
mtDNA 7 0 1 3 2 
nDNA 39 4 9 10 10 

Table 2. Nuclear and mitochondrial respiratory subunits. 

Transcription and replication of mitochondrial DNA is driven by the nuclear-encoded 
mitochondrial transcription factor A (TFAM), which binds to a common upstream enhancer 
of the promoter sites of the two mitochondrial DNA strands. (Klingenspor et al., 1996) 
Additionally, two proteins that interact with the mammalian mitochondrial RNA 
polymerase and TFAM, TFB1M and TFB2M, can support promoter-specific mtDNA 
transcription (Addya et al., 1997). Nuclear respiratory factors 1 and 2 control (NRF1 and 
NRF2) play an important role in the regulation of mitochondrial respiratory function, as 
they on one hand control nuclear transcription of the subunits of the respiratory chain 
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complexes (Schuster, 1994) as well as activate the expression of factors involved in the 
initiation of transcription of the mitochondrial genome, such as TFAM, and TFB2M TFB1M 
(Addya et al., 1997). 
 

 
Fig. 7. Coordination of transcription of nuclear and mitochondrial genes encoding OXPHOS 
by steroid hormones. 

The TFAM promoter contains recognition sites for NRF1 and/or NRF2, thus allowing 
coordination between mitochondrial and nuclear activation during mitochondrial 
biogenesis. However, there is a subset of genes that does not appear to be regulated by 
NRFs. For example, fatty acid transport proteins and oxidation enzyme genes are mainly 
regulated by the peroxisome proliferator-activated receptor alpha PPARα (Klingenspor et 
al., 1996). 
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Peroxisome proliferator-activated receptor gamma co-activator (PGC-1α) lacks DNA-binding 
activity but interacts with and co-activates numerous transcription factors including NRFs on 
the promoter of TFAM. Mitochondrial biogenesis and respiration are stimulated by PGC-1α 
through a powerful induction of NRF1 and NRF2 gene expression (Giege et al., 2008). Data are 
accumulating that show PGC-1α to be a master regulator of mitochondrial biogenesis in 
mammals (Klingenspor et al., 1996). In addition to NRFs, PGC-1α also interacts with and co-
activates other transcription factors like PPARs, thyroid hormone, glucocorticoid, estrogen, 
and estrogen-related ERRα and γ receptors (Klingenspor et al., 1996). 

4.2 Estrogen and mitochondrial biogenesis 
The synthesis of thirteen polypeptides within mitochondria are under the regulation of 
hormones and other factors, including cortisol, androgen, glucocorticoids, 1,25α-
dihydroxyvitamin D3, thyroid hormone, estrogens and peroxisome proliferators, which 
have profound effects on mitochondrial respiratory chain (MRC) activities (Gonzalez et al., 
1993; Sogl et al., 2000). Thus, receptors for glucocorticoids, thyroid hormone, estrogens and 
androgens have been detected in mitochondrial and specific steroid hormone responsive 
elements for glucocorticoids, thyroid hormone and estrogen are found in the human 
mtDNA regulatory region. Moreover the ligand-activated glucocorticoid receptor, a variant 
form of the thyroid hormone receptor and a 45 kDa protein related to peroxisome 
proliferation-activated receptor γ2, have each been shown to mediate stimulatory effects on 
mitochondrial gene expression. In addition, these hormones and their receptors control a 
number of cellular processes including apoptosis and cell proliferation. It is likely that 
hormonal regulation of mitochondrial gene transcription occur through mechanisms similar 
to those that control nuclear gene transcription. These insights have extended our 
understanding of hormone action at the cellular level (Gonzalez et al., 1993). 
In the last years, there has been increasing evidence pointing to the MRC as a novel and 
important target for the actions of E2 and ERs in a number of cell types and tissues that have 
high demand for mitochondrial energy metabolism for their biological activities. This novel 
E2-mediated mitochondrial pathway involves the cooperation of the nuclear ERα and ERβ 
with mitochondrial localized ERs and their co-activators on the coordinate regulation of 
both-encoded genes and mtDNA-encoded genes for MRC proteins (Sogl et al., 2000). 
ERα and ERβ have been detected in the mitochondria of several human cells, including 
breast cancer cells such as MCF7 (Chen et al., 2004; Pedram et al., 2006). Thus estrogens 
regulate the biogenesis and mitochondrial function through cross-talk between the nucleus 
and the mitochondria to control the estrogen-induced signaling involved in the 
proliferation, apoptosis and differentiation cellular (Felty and Roy, 2005). E2 stimulates the 
expression of TFAM and possibly TFB1M and TFB2M via the activation of NRF-1 and NRF-
2, and it is likely that E2 and ERs stimulate the transcription via activation of the expression 
of these mitochondrial transcriptional factors (Sogl et al., 2000). Moreover, it has been found 
that E2 significantly enhanced the amounts of mitochondrial ERα and ERβ in a time- and 
concentration-dependent manner and that these effects are accompanied by a significant 
increase in the transcript levels of mtDNA-encoded genes (Chen et al., 2004). 

4.3 Estrogen and mitochondrial ROS production 
Mitochondrial ROS production is under estrogen influence and the consequences of this 
production in the control that mitochondria exerts in cellular proliferation and apoptosis 
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could be explain the action of estrogen in cancer development (Gonzalez et al., 1993; Sogl et 
al., 2000).  
Mitochondria are the most important source of ROS production in mammalian cells, as 
under normal physiological conditions about 1% of electrons during transfer along the 
respiratory chain, escape and form a single electron reduction of molecular oxygen to form a 
superoxide anion (O2•-), which in turn is the precursor of other ROS (Fariss et al., 2005; 
Murphy, 2009). Aerobic respiration involves the complete reduction of oxygen to water, 
which is catalyzed by complex IV (or cytochrome c oxidase). Superoxide is rapidly 
converted to hydrogen peroxide (H2O2), either spontaneously or is enzymatically catalyzed 
by superoxide dismutase (SOD). H2O2, although not an oxygen free radical, can lead to the 
production, in the presence of ferrous iron via the Fenton reaction, of the highly reactive 
hydroxyl radical (•OH). ROS production can be significantly enhanced with a high 
mitochondrial potential membrane that can occur with abundant fuel supply (high NADH 
production) or with the functional impairment of complexes I or III of respiratory chain, 
while ROS production decreased with reduced energy demand (Lenaz, 2001; Chen et al., 
2003; Fariss et al., 2005). 
 

 
Fig. 8. ROS detoxification mechanisms. 

ROS can be dissipated by the action of several enzymes, as SOD, glutation peroxidase (GPx) 
and glutation reductase (GR). SOD transforms O2•- in H2O2, which is detoxified by the 
action of two enzymes, catalase and GPx yielding H2O. Glutathione (GSH) is regenerated 
from glutathione disulfide (GSSG) by the action of GR, using NADPH as a reducing 
equivalent. Non-enzymatic antioxidants (as vitamins C and E) provide alternative targets to 
ROS reactivity, thus avoiding the deleterious effects on cell components (Fariss et al., 2005; 
Murphy, 2009).  
Another mechanism to be included within the systems that can protect against oxidative 
damage are the uncoupling proteins or UCPs (Addison and McCormick, 1978; Echtay, 2007). 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

232 

Peroxisome proliferator-activated receptor gamma co-activator (PGC-1α) lacks DNA-binding 
activity but interacts with and co-activates numerous transcription factors including NRFs on 
the promoter of TFAM. Mitochondrial biogenesis and respiration are stimulated by PGC-1α 
through a powerful induction of NRF1 and NRF2 gene expression (Giege et al., 2008). Data are 
accumulating that show PGC-1α to be a master regulator of mitochondrial biogenesis in 
mammals (Klingenspor et al., 1996). In addition to NRFs, PGC-1α also interacts with and co-
activates other transcription factors like PPARs, thyroid hormone, glucocorticoid, estrogen, 
and estrogen-related ERRα and γ receptors (Klingenspor et al., 1996). 

4.2 Estrogen and mitochondrial biogenesis 
The synthesis of thirteen polypeptides within mitochondria are under the regulation of 
hormones and other factors, including cortisol, androgen, glucocorticoids, 1,25α-
dihydroxyvitamin D3, thyroid hormone, estrogens and peroxisome proliferators, which 
have profound effects on mitochondrial respiratory chain (MRC) activities (Gonzalez et al., 
1993; Sogl et al., 2000). Thus, receptors for glucocorticoids, thyroid hormone, estrogens and 
androgens have been detected in mitochondrial and specific steroid hormone responsive 
elements for glucocorticoids, thyroid hormone and estrogen are found in the human 
mtDNA regulatory region. Moreover the ligand-activated glucocorticoid receptor, a variant 
form of the thyroid hormone receptor and a 45 kDa protein related to peroxisome 
proliferation-activated receptor γ2, have each been shown to mediate stimulatory effects on 
mitochondrial gene expression. In addition, these hormones and their receptors control a 
number of cellular processes including apoptosis and cell proliferation. It is likely that 
hormonal regulation of mitochondrial gene transcription occur through mechanisms similar 
to those that control nuclear gene transcription. These insights have extended our 
understanding of hormone action at the cellular level (Gonzalez et al., 1993). 
In the last years, there has been increasing evidence pointing to the MRC as a novel and 
important target for the actions of E2 and ERs in a number of cell types and tissues that have 
high demand for mitochondrial energy metabolism for their biological activities. This novel 
E2-mediated mitochondrial pathway involves the cooperation of the nuclear ERα and ERβ 
with mitochondrial localized ERs and their co-activators on the coordinate regulation of 
both-encoded genes and mtDNA-encoded genes for MRC proteins (Sogl et al., 2000). 
ERα and ERβ have been detected in the mitochondria of several human cells, including 
breast cancer cells such as MCF7 (Chen et al., 2004; Pedram et al., 2006). Thus estrogens 
regulate the biogenesis and mitochondrial function through cross-talk between the nucleus 
and the mitochondria to control the estrogen-induced signaling involved in the 
proliferation, apoptosis and differentiation cellular (Felty and Roy, 2005). E2 stimulates the 
expression of TFAM and possibly TFB1M and TFB2M via the activation of NRF-1 and NRF-
2, and it is likely that E2 and ERs stimulate the transcription via activation of the expression 
of these mitochondrial transcriptional factors (Sogl et al., 2000). Moreover, it has been found 
that E2 significantly enhanced the amounts of mitochondrial ERα and ERβ in a time- and 
concentration-dependent manner and that these effects are accompanied by a significant 
increase in the transcript levels of mtDNA-encoded genes (Chen et al., 2004). 

4.3 Estrogen and mitochondrial ROS production 
Mitochondrial ROS production is under estrogen influence and the consequences of this 
production in the control that mitochondria exerts in cellular proliferation and apoptosis 

The Importance of ER/ERβ Ratio in  
Breast Cancer: Mitochondrial Function and Oxidative Stress 

 

233 

could be explain the action of estrogen in cancer development (Gonzalez et al., 1993; Sogl et 
al., 2000).  
Mitochondria are the most important source of ROS production in mammalian cells, as 
under normal physiological conditions about 1% of electrons during transfer along the 
respiratory chain, escape and form a single electron reduction of molecular oxygen to form a 
superoxide anion (O2•-), which in turn is the precursor of other ROS (Fariss et al., 2005; 
Murphy, 2009). Aerobic respiration involves the complete reduction of oxygen to water, 
which is catalyzed by complex IV (or cytochrome c oxidase). Superoxide is rapidly 
converted to hydrogen peroxide (H2O2), either spontaneously or is enzymatically catalyzed 
by superoxide dismutase (SOD). H2O2, although not an oxygen free radical, can lead to the 
production, in the presence of ferrous iron via the Fenton reaction, of the highly reactive 
hydroxyl radical (•OH). ROS production can be significantly enhanced with a high 
mitochondrial potential membrane that can occur with abundant fuel supply (high NADH 
production) or with the functional impairment of complexes I or III of respiratory chain, 
while ROS production decreased with reduced energy demand (Lenaz, 2001; Chen et al., 
2003; Fariss et al., 2005). 
 

 
Fig. 8. ROS detoxification mechanisms. 

ROS can be dissipated by the action of several enzymes, as SOD, glutation peroxidase (GPx) 
and glutation reductase (GR). SOD transforms O2•- in H2O2, which is detoxified by the 
action of two enzymes, catalase and GPx yielding H2O. Glutathione (GSH) is regenerated 
from glutathione disulfide (GSSG) by the action of GR, using NADPH as a reducing 
equivalent. Non-enzymatic antioxidants (as vitamins C and E) provide alternative targets to 
ROS reactivity, thus avoiding the deleterious effects on cell components (Fariss et al., 2005; 
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Another mechanism to be included within the systems that can protect against oxidative 
damage are the uncoupling proteins or UCPs (Addison and McCormick, 1978; Echtay, 2007). 
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UCPs are a family of inner mitochondrial membrane proteins whose function is to allow the 
re-entry of protons into the mitochondrial matrix dissipate the proton gradient and, 
subsequently, decrease the membrane potential and ROS production (Addison and 
McCormick, 1978; Echtay, 2007). 
 

 
Fig. 9. Mitochondrial oxidative phosphorylation system and uncoupling protein. 

When cellular production of ROS overwhelms the overall antioxidant defenses, free radicals 
may escape and exert their deleterious effects. This situation is oxidative stress, and is 
supposed to be responsible for the accrual of cellular damage during its lifetime, thereby 
playing a role in the etiogenesis and course of numerous pathologies and in the aging 
process (Addison and McCormick, 1978; Lenaz, 2001). Macromolecules within the 
mitochondria are more prone to ROS-induced damage due to their physical proximity to 
ROS sources. In addition, mitochondrial DNA, which lacks protective histone shields and 
also has limited DNA-repair systems, is especially vulnerable to such damage. It is worth 
noting that the damage exerted by ROS on mitochondrial DNA may lead to a higher degree 
of mitochondrial dysfunction and in turn, to a higher ROS production, leading to a vicious 
cycle of ROS amplification (Fariss et al., 2005).  
Nevertheless, ROS should not be seen only in a negative light or as just damaging to 
molecules. It is worth noting that the rapidly-produced, short-lived, and highly diffusible 
ROS also perfectly fits the characteristics of a second messenger molecule. In fact, although 
ROS do cause damage, low levels of ROS are thought to participate in cell signaling 
processes such as cell proliferation, inflammation, apoptosis and phagocytosis (Obbink et 
al., 1977). Thus, it is well established by many studies that ROS may act as second 
messengers in cellular signaling transduction cascade pathways, including stress-activated 
protein kinases (SAPK) with both p38MAPK and c-Jun N-terminal kinase (JNK), p53 
(universal sensor of genotoxic stress) through PI3K/PKB and NF-κΒ pathways (Harkness et 
al., 1994; Sauer et al., 2001; Martindale and Holbrook, 2002; Sanders et al., 2004; Murphy, 
2009). In this complex context, low levels of ROS stimulate cellular proliferation, while high 
levels induce apoptosis. In summary, many cellular signal pathways are sensible to ROS 
levels and the final cellular response depends on the final cell interpretation, which is the 
result of equilibrium between apoptotic signals and proliferative and survival signals 
(Addison and McCormick, 1978). 
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Fig. 10. Mitochondrial DNA and oxidative stress and apoptosis.  

Estrogens can mediate in the complex process of ROS cellular level control. Thus, estrogens 
control mitochondrial biogenesis and maintenance, which are induced by signal pathways 
related to cellular proliferation, differentiation and apoptosis (Gonzalez et al., 1993). 
Moreover, mitochondrial ROS production can be regulated by estrogens through both 
nuclear and mitochondrial ER, with regulation by these via mitochondrial structure and 
function (Vic et al., 1982; Tam and Wong, 1991). Additionally estrogen controls the ROS 
dissipation, since expression of antioxidant enzymes and UCPs are induced by ERE (Chen et 
al., 2004). However, the literature is contradictory in this aspect, as the effect depends on 
tissue studied, estrogen concentration and in vitro or in vivo studies. For example, while 
oxidative stress induction in breast and prostate cancer cell lines has been described, in liver, 
brain, skeletal and cardiac muscle as well as adipose tissue, a protector role has been 
described to estrogen for the avoidance of oxidative stress (Valle et al., 2005; Colom et al., 
2007a; Colom et al., 2007b; Valle et al., 2007a; Valle et al., 2007b; Guevara et al., 2008; Valle et 
al., 2008). This controversy could be attributed to the different ERα and ERβ ratios in 
different tissues. Thus in MCF7 breast cancer cell lines (with a high ratio of ERα/ERβ) 
estrogen induces oxidative stress either by or in combination with mitochondrial 
dysfunction, decrease in antioxidant enzymes and/or UCPs. On the contrary, in MDA-MB-
231 breast cancer cell lines (with only ERα) no effects have been detected in the same 
conditions (Garcia-Roves et al., 2007). In addition it has been described , for prostrate cell 
lines which had the greatest levels of ERβ and the lowest ERα/ERβ ratio, that E2 treatment 
caused the up-regulation of antioxidant enzymes and UCPs with a look-up decrease in ROS 
production. These effects were reversed when the cells were treated with E2 in the presence 
of an ERβ antagonist (Houstek et al., 1990). 
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5. Conclusion 
ERα and ERβ endowment can be of great importance in the establishment of oxidative stress 
in mitochondria, and may explain the opposite effects of estrogens found in different 
tissues. On the other hand, the presence of UCPs and their possible implication in the 
oxidative balance of breast cancer cell lines is notable and it should also be underscored that 
UCP expression is regulated, or sensible to, estrogen regulation and also to ERα/ERβ ratio. 
For the above mentioned evidence, a better understanding of the molecular action of ERα 
and ERβ, especially at mitochondrial level, is needed, as their role in ROS production could 
explain both the implication of estrogen in breast cancer development and its cancer 
protective role observed in other tissues. Additionally, a better understanding at this level 
could provide new dietary strategies for breast cancer prevention as well as new anticancer 
therapeutic procedures. 
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1. Introduction 
Breast cancer is a major challenge to current medicine; it is the disease with highest death 
rate in the female population and is even of significance to the male population. Although 
breast cancer is effectively treated by surgery at early stages, patients who present with 
breast cancer metastases at diagnosis or who subsequently develop metastatic disease have 
a much poorer prognosis. A feature of the normal breast endothelium is its regulation by the 
endocrine system; steroid hormones such as oestrogen are released predominantly by the 
ovary and control both proliferation and differentiation of epithelial cells. The proliferation 
of corresponding carcinoma cells that arise in early breast cancer has a similar dependence 
on endocrine hormones. Thus, one of the main methods for treating early breast cancer, 
apart from surgery, is to block the growth promoting action of oestrogen, either by blocking 
the downstream action with antioestrogens such as tamoxifen or by reducing the 
concentration of circulating oestrogen through oophorectomy or treatment with aromatase 
inhibitors. While such treatment is generally effective, the consequent emergence of 
aggressive tumours is common and poses a major barrier to successful disease management.  
Heterogeneity has been postulated to be a key property of both breast cancer and epithelial 
subtypes of normal breast tissue (Visvader, 2009). MCF-7, a commonly used breast cancer 
cell line, has been propagated for many years by multiple groups and it might be expected 
that such propagation would select a single phenotype that had the highest growth rate. 
However, the finding of extensive heterogeneity among MCF-7 lines used by different 
groups (Nugoli et al., 2003) suggests that mechanisms may be operating within proliferating 
MCF-7 populations to generate phenotypic diversity continuously. The aim of this chapter is 
to discuss the evidence of the way that the MCF-7 breast cancer cell line is heterogeneous 
with respect to both the expression of hormone receptors and to the utilization of the 
signalling pathways linked to these receptors. Such heterogeneity may be reflected by the 
presence of multiple phenotypes within a tumour population that differ markedly in their 
relative expression of receptors such as progesterone receptor (PR), oestrogen receptor (ER), 
epidermal growth factor receptor (EGFR) and epidermal growth factor receptor-2 (HER2; 
also known as ErbB2).  

2. Detection of cellular heterogeneity in the MCF-7 breast cancer cell line 
Several approaches have been employed to investigate phenotypic heterogeneity in MCF-7 
cell lines. Cassanelli et al. (1995) isolated a series of individual MCF-7 clones and measured 
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their expression of PR, finding that two thirds were PR-negative and that the remainder 
showed various degrees of PR expression. They also showed that PR expression was related 
to proliferation rate in culture. Coser et al. (2009) isolated multiple MCF-7 clones using two 
different culture conditions. Firstly, they picked individual colonies from low density MCF-
7 cultures to establish antioestrogen-sensitive MCF-7 sub-lines. Secondly, they picked 
individual antioestrogen-resistant colonies from MCF-7 cultures that had previously been 
grown to high density and exposed to either 4-hydroxytamoxifen (1 µM) or to fulvestrant 
(10–100 nM) for 21 days. The surviving cells (less than 0.001% of the population) were 
allowed to recover in drug-free growth medium for 7 days before isolation of the colonies, 
and all sub-lines subsequently characterized within a 20 population doubling period of 
culture. The isolated sub-lines could be distinguished by morphology, gene expression 
profile, gene copy number variations and the presence of individual genetic changes. The 
results indicated that all of the antioestrogen-resistant MCF-7 sub-lines were derived from a 
common ancestor. 
In a somewhat different approach, Leung et al. (2010) set out to mimic, in vitro, the 
conditions that lead to the development clinical resistance to antioestrogens (Leung et al., 
2010). Three different conditions were used to generate sub-lines. Firstly, MCF-7 cells were 
grown continuously in standard growth medium in the presence of increasing amounts of 
tamoxifen to produce the TamR7 sub-line. Oestrogen (which is present in foetal bovine 
serum) was not specifically excluded, thus mimicking clinical antioestrogen therapy. 
Secondly, cells were grown continuously in culture medium in the absence of both 
oestrogen and phenol red (which has oestrogenic properties) to produce the TamC3 and 
TamC6 sub-lines. The foetal bovine serum, used as a source of growth factors, had been 
previously absorbed with charcoal to remove oestrogen, thus mimicking the clinical effects 
of either oophorectomy or treatment with aromatase inhibitors such as letrozole. Thirdly, 
cells were grown continuously as above in the absence of oestrogen but with the addition of 
tamoxifen to produce the TamR3 and TamR6 sub-lines, thus mimicking the effect of 
combined therapy with antioestrogens plus aromatase inhibitors. Independent studies were 
undertaken using different batches of foetal calf serum, one batch giving the “3-series” 
(TamC3 and TamR3) and another giving the “6-series” (TamC6 and TamR6). Each condition 
resulted initially in the death of a high proportion of the cell population, followed over a 
period of at least 6 months by the emergence of resistant cells; however, the sub-lines were 
not clonally derived. Some of the properties of these sub-lines are shown in Table 1; all were 
shown by microsatellite analysis to be related to the parental MCF-7 cell line (Leung et al., 
2010). 
 
  Parental TamR7 TamC3 TamR3 TamC6 TamR6 
DNA content (ploidy) 1.5 1.9 1.4 1.4 2.0 2.1 
Modal cell volume (pL) 2.4 2.6 1.6 1.7 2.2 2.0 
Cell cycle time (hours) 31 31 27 27 36 37 

Table 1. Characteristics of the MCF-7 line and of its sub-lines. From previously published 
data (Leung et al., 2010). 

The above sub-lines were each found to be resistant to tamoxifen and were initially 
characterized by DNA content, cell cycle time and cell size. Flow cytometry was utilized to 
measure DNA content following staining of DNA with propidium bromide; cell size was 
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determined by forward scatter in a flow cytometer; cell cycle time was measured by a 
stathmokinetic method involving the arrest of cell division by the mitotic poison paclitaxel 
and subsequent measurement of the reduction in the incorporation of 3H-thymidine by the 
S-phase (Baguley et al., 1995). Surprisingly, DNA content alone distinguished four of the 
five sub-lines (Fig. 1). The parental MCF-7 line was aneuploid with a DNA content of 1.5x 
diploid, while the ploidy of derived sub-lines ranged from 1.4x diploid to 2.1x diploid. 
Changes in ploidy arise as a consequence of chromosomal instability, which in turn is 
related to the presence of extra centrosomes (Ganem et al., 2009). Control of centrosome 
number is in turn influenced by the expression of oncogenic and tumour suppressor 
proteins (Fukasawa, 2007). Changes in ploidy of a tumour population appear to occur 
gradually as a function of cell division, providing an effective measure of divergence of 
individual cells in a population.  
 

 
Fig. 1. Relationship between DNA ploidy, modal cell volume and cell cycle time of MCF-7 
sub-lines. Figure reproduced from previously published data (Leung et al., 2010). 

Mean cell cycle time and modal cell volume were also used to distinguish the sub-lines. 
Surprisingly, cell volume did not appear to be related to DNA content (Fig. 1). It was of 
interest that two lines, TamC6 and TamR6, which were derived under very different growth 
conditions (one in the presence of tamoxifen and one in its absence) showed very similar 
DNA content, cell cycle time and modal cell volume; the same situation applied to TamC3 
and TamR3, which are very similar to each other although differing substantially from 
TamC6 and TamR6 (Fig. 1). Although it is likely that the constituent cell lines in each of 
these pairs are not identical, their similar properties suggest they are closely related. Such 
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hierarchies might be expected on the basis of molecular signatures derived from gene 
expression arrays (Coser et al., 2009). 

3. Steroid hormone receptor expression 
The results in the previous section demonstrate the presence of heterogeneity in the MCF-7 
cell lines and imply that small sub-populations existing in the parental line can be expanded 
under appropriate selective conditions. The time scale of the in vitro selection process (6 
months or more) is consistent with the long period of time that occurs clinically in the 
development of resistance to antioestrogens or aromatase inhibitors in breast cancer 
patients. However, a critical question with regard to therapy is whether the emerging sub-
lines express altered receptors and associated signalling pathways. This question was 
addressed using the sub-lines in Table 1. Expression of ER is shown in Fig. 2 and that of PR 
is shown in Fig. 3. MCF-7 is an ER+ tumour but as can be seen from Fig. 2, ER expression 
was weak when compared to that of the tamoxifen-resistant sub-lines with the exception of 
TamC6, which also expressed ER weakly. On the other hand, expression of PR was strong in 
the parental line, weak in TamC6 and virtually absent in the remaining sub-lines. 
 

 
Fig. 2. Relative expression of ER, EGFR and HER2 by MCF-7 and its sub-lines in the absence 
(-) and presence (+) of tamoxifen (1 µM). Reproduced from previously published data 
(Leung et al., 2010). 

None of the tamoxifen-resistant lines showed complete absence of ER expression but this 
may have been a result of the selection method. Tamoxifen is a partial ER agonist, probably 
acting on ER associated with the plasma membrane and selection in the presence of 
tamoxifen may favour cells expressing ER. An alternative approach was carried out by Liu 
et al. (2006), who used fulvestrant as a “pure” antioestrogen for cell line selection. This 
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resulted in the generation of a MCF-7 sub-line (MCF-7/F) that did not express ER and that 
grew independently of either oestrogen or antioestrogens (Liu et al., 2006). 

4. Growth factor receptor expression 
The growth of breast cancer cells is controlled not only by ER and PR but also by plasma 
membrane-associated growth factor receptors. Two particularly important members of this 
large family are EGFR, which is activated by epidermal growth factor (EGF), and HER2. The 
expression of the two receptors was compared in MCF-7 cells and in their tamoxifen-
resistant sub-lines. EGFR was expressed very weakly in parental MCF-7 cells but was 
upregulated in the sub-lines with strongest expression in the TamR7 sub-line (Leung et al., 
2010). It was also upregulated in an MCF-7 sub-line (MCF-7/F) that does not express ER 
(Liu et al., 2006). Since EGFR is activated by phosphorylation, expression of the 
phosphorylated form of EGFR is more indicative of activity. As shown in Fig. 2, the parental 
and TamR7 cell lines show weak phosphorylation and TamC6 strong phosphorylation, 
while the other lines show intermediate phosphorylation (Leung et al., 2010). For most of the 
sub-lines, addition of tamoxifen increased EGFR phosphorylation, suggesting a relationship 
between ER and EGFR pathway utilization, in keeping with other studies implicating cross-
talk between these pathways in breast cancer (Johnston, 2010).  
 

 
Fig. 3. Relative expression of PR by MCF-7 and its sub-lines. 

Expression of the HER2 also varied across the cell lines. It was moderate in the parental 
MCF-7 line and TamR7, increased in TamC3 and TamR3, and low or absent in the TamC6 
and Tam R6 sub-lines (Fig. 2). Previously, it was reported that PAX2 played an important 
role in the HER2 expression (Hurtado et al., 2008) and that of two MCF-7 phenotypes 
identified in this study, one expressed HER2 but not PAX2, while the other expressing PAX2 
but not HER2. PAX2 is a paired box protein involved in lineage determination that is 
expressed during development and is commonly expressed in breast cancers (Muratovska et 
al., 2003). Hurtado et al. (2008) suggested that this inverse relationship arises because PAX2 
competes with ER and its co-activator SRC-3 for binding sites on the HER2 promoter, so that 
expression of PAX2 leads to repression of HER2 expression. While these two phenotypes are 
each evident in Fig. 2, a third phenotype expressing both HER2 and PAX2 proteins is also 
apparent as represented by TamC3 and TamR3. This suggests that the regulation of HER2 
expression is more complex and that HER2 can sometimes be co-expressed with PAX2.  
As discussed in the previous two sections, MCF-7 sub-lines demonstrate a wide divergence 
in the relative expression of ER, PR and HER2. It would be interesting to determine whether 
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a sub-line of MCF-7 exhibiting “triple negative” properties could be isolated using 
appropriate selection procedures; this might form a useful model for understanding triple 
negative breast cancers that are encountered in clinical practice. Thus, the generation of 
variants of a single cancer cell line might be able to recapitulate the development of multiple 
phenotypes in clinical cancer. 
 

 
Fig. 4. Simplified diagram of the main pathways involving ERK, AKT (PKB) and mTOR. 

5. Growth factor receptor pathways 
Growth factor receptors such as EGFR and HER2 largely signal through a common 
pathway; self-association of adjacent receptors leads through tyrosine kinase 
phosphorylation to the activation of the receptor complex and recruitment of a series of 
associated signalling proteins that include RAS, phosphoinositide-3-kinase (PI3K) and 
RAF, ultimately contributing to the control of proliferation and survival; a simplified 
summary of these pathways is shown in Fig. 4. Members of the GTPase RAS family of 
proteins activate both the PI3K and RAF proteins, which in turn activate three key 
pathways: AKT (PKB; protein kinase B), ERK (extracellular related kinase) and mTOR 
(mammalian target of rapamycin). RAF activates ERK through the intermediate kinase 
MEK (mitogen-activated protein kinase kinase), while mTOR activates p70S6K, which is 
involved in the regulation of protein synthesis. Some measure of the crucial significance 
of these pathways to cancer growth is indicated by the incidence of mutations of the genes 
which control these signalling proteins; in particular, mutations of PIK3CA, the gene 
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specifying PI3K, are found in 15-40% of patients with breast cancer (Isakoff et al., 2005) 
and a PIK3CA mutation is also found in MCF-7 cells. The impact of these mutations is to 
provide a decreased dependence on external stimulation of the pathways by growth 
factors such as EGF. Measurement of the utilization of the above pathways demonstrated 
considerable variation among the different MCF-7 sub-lines (Leung et al., 2010) and the 
results are summarized in Fig. 5. Utilization of the PI3K pathway can be assessed by 
phosphorylation of AKT; since the PIK3CA mutation and the gain of PIK3CA copy 
number in the MCF-7 cell line (Wu et al., 2005) lead to constitutive activation of PI3K, one 
might expect a high degree of AKT phosphorylation.  
 

 
Fig. 5. Relative expression of AKT and its phosphorylated form p-AKT, phosphorylated p-
p70S6K, ERK and phosphorylated form p-ERK. Data are shown for MCF-7 and its sub-lines 
in the absence (-) and presence (+) of tamoxifen (1 µM). Reproduced from previously 
published data (Leung et al., 2010). 

Surprisingly, two of resistant MCF-7 sub-lines, TamC3 and TamR3, show low levels of 
phosphorylation of AKT, suggesting a comparatively low level of utilization. Utilization 
of the RAF pathway was assessed by measurement of ERK phosphorylation and here the 
parental line, as well as the TamC3 and TamR3 sub-lines, exhibited low phosphorylation 
while TamC6 and TamR6 exhibited high utilization and TamR7 showed intermediate 
phosphorylation. Utilization of the mTOR pathway was assessed by measurement of 
phosphorylation of the downstream signalling molecules p70S6K. Here the parental line, 
as well as the TamC3, TamR3 and TamR7 sub-lines, exhibited low phosphorylation levels 
while the TamC6 and TamR6 show higher utilization. The wide divergence in pathway 
utilization among the different sub-lines, as well as a lack of correlation between pathway 
utilization and expression of ER, PR, EGFR and HER2, was a surprising aspect of this 
study.  
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6. Response of MCF-7 sub-lines to therapeutic agents 
It is clear from the previous section that the MCF-7 sub-lines vary considerably in their 
utilization of the AKT (PKB), ERK and mTOR signalling pathways. An important question 
arising from this observation is whether a high level of utilization of a particular pathway is 
related to sensitivity to inhibitors of this pathway. For instance, based on the data in Fig. 4, 
are the parental and TamC6 cell lines, which show higher phosphorylation of AKT than the 
other sub-lines, differentially susceptible to inhibitors of PI3K? Furthermore, do PI3K 
inhibitors differentially inhibit AKT phosphorylation in cell lines showing increased 
phosphorylation? It should be noted that MCF-7 cells have a PIK3CA mutation and the 
consequently activated PI3K activity makes them generally more sensitive to inhibitors of 
PI3K than other cell lines containing the wild type enzyme (Serra et al., 2008). 
Since there are currently no PI3K inhibitors in routine clinical use, the question of 
differential sensitivity to PI3K inhibition was addressed using NVP-BEZ235 and 
GSK2126458 (Leung et al., 2011). NVP-BEZ235 is currently being tested in phase I/II clinical 
trials in breast cancer patients with advanced disease while GSK2126458 is being evaluated 
in a phase I trial in patients with solid tumours or lymphoma1. Examination of drug 
inhibitory properties showed that at drug concentrations of 1 µM and 50 nM, respectively, 
the parental and TamR7 lines were the most sensitive while TamC6 and TamR6 were the 
most resistant (Fig. 6). Thus, drug sensitivity was not related to pathway utilization. The 
question of differential inhibition of AKT phosphorylation was also examined; the parental 
and TamR7 were the most sensitive while TamC6 and TamR6 were least sensitive (Leung et 
al., 2011). This correlated well with inhibition of cell proliferation. A subsequent 
commentary on this work emphasises the importance of understanding the principles 
underlying sensitivity and resistance to inhibitors of this pathway (Butt, 2011). 
A second example is provided by the mTOR pathway. Rapamycin is the classical inhibitor 
of this pathway and mTOR inhibitors such as everolimus and temsorolimus are in clinical 
trial. Moreover, treatment of mice with rapamycin sensitizes MCF-7 tumour xenografts to 
inhibition by tamoxifen (deGraffenried et al., 2004). Are MCF-7 sub-lines that highly 
phosphorylate the mTOR substrate p70S6K differentially sensitive to rapamycin? As 
measured by growth inhibition assays, the parental line and TamR7 were the most sensitive 
(Leung et al., 2010) while TamC6 and TamR6, where p70S6K are also highly 
phosphorylated, are resistant (Fig. 5). A third example is provided by the ERK pathway. No 
inhibitors of MEK, the enzyme that phosphorylates ERK, are yet in clinical use but CI-1040 
has undergone clinical trial. Are MCF-7 sub-lines that show high phosphorylation of ERK, 
the MEK substrate, differentially sensitive to CI-1040? This does not appear to be the case 
because TamC3 was the most sensitive to CI-1040 despite showing only moderate 
phosphorylation of the ERK protein (Fig. 5).  
Taken together, these results indicate a lack of a clear relationship between the degree of 
utilization of a particular pathway and the degree of dependence of cell growth on that 
pathway. While this may at first seem counter-intuitive, it should be kept in mind that 
phosphorylation pathways are utilized by the cell not only to promote proliferation but also 
to promote survival. Growth in culture in the presence of the multiple growth factors and 
antioxidants provided by foetal bovine serum is very different from growth in vivo, where  
 

                                                                 
1 http://clinicaltrials.gov/ct2/show/NCT00620594 and 
http://clinicaltrials.gov/ct2/show/NCT00972686. 
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Fig. 6. Relative effects of inhibitors of mTOR (rapamycin), MEK (CI-1040) and PI3K (NVP 
BEZ235 and GSK2126458). Asterisks represent significant increases (p < 0.05) and negative 
values indicate evidence of cell killing. The two lower graphs are reproduced from 
previously published data (Leung et al., 2011).  

the microenvironment is much more hostile. It is of interest in the case of the inhibitors of 
PI3K that the induction of apoptosis, if observed at all, was seen only at the highest drug 
concentrations tested, and that the main basis for inhibition of culture growth, particularly 
in the determination of IC50 values, was the induction of cell cycle arrest (Leung et al., 2011). 
It can thus be hypothesized that there are many alternative pathways that can be 
accentuated to promote cell survival and that different sub-lines have developed individual 
combinations of survival mechanisms. Only a small proportion of the overall signalling may 
be required to maintain cells in a proliferating state. 

7. Conclusion 
The hypothesis that emerges from these studies is that the human breast MCF-7 line, 
although often treated as a single entity, comprises a large number of individual 
phenotypes, most of which constitute only small proportions of the total population. These 
phenotypes differ in gene expression profile, receptor expression and signalling pathway 
usage. Despite differences in proliferation rate of individual phenotypes, a balance of 
multiple phenotypes is somehow maintained during progressive culturing of the line, 
perhaps by some type of signalling co-operation. The proportion of the dominant phenotype 
may be maintained by the growth conditions; in the case of MCF-7 the predominance of the 
ER+ phenotype could maintained by the presence of small amounts of oestrogen in the 
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1 http://clinicaltrials.gov/ct2/show/NCT00620594 and 
http://clinicaltrials.gov/ct2/show/NCT00972686. 
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Fig. 6. Relative effects of inhibitors of mTOR (rapamycin), MEK (CI-1040) and PI3K (NVP 
BEZ235 and GSK2126458). Asterisks represent significant increases (p < 0.05) and negative 
values indicate evidence of cell killing. The two lower graphs are reproduced from 
previously published data (Leung et al., 2011).  
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foetal bovine serum. However, extended growth in the absence of oestrogen would select 
for variants that rely on EGFR, HER2 and other stimulators of signalling pathways.  
If the above hypothesis is correct, it raises three important questions. The first is whether 
such heterogeneity is a feature of all human breast cancer cell lines. Based on current 
literature, this is likely to be the case. Multiple antigenic phenotypes have been identified in 
several breast cancer cell lines (Edwards et al., 1985). Studies with T47D breast cancer cells 
using multidimensional flow cytometry have shown the presence of different phenotypes 
that differ not only in the expression of PR but also in DNA content (Graham et al., 1992). 
Further research is needed to explore the generality of these observations. 
The second question is whether human breast cancers growing in vivo show similar levels of 
heterogeneity to those of the derived cell lines. This question is difficult to answer unless 
individual cells can be identified, but evidence of heterogeneity of EGFR copy number has 
been detected in fine needle biopsies from 29 breast cancer patients, as well as in samples of 
the MCF-7, SKBR3, and T47D cell lines (Sauer et al., 2005). An answer to this question is 
critical because it could imply a common ancestry not only for breast cancer cells that differ 
in receptor status but also in histological status and growth rate. 
The third question is whether the mechanisms responsible for generating the heterogeneity 
of breast cancer cell types also apply to normal mammary tissue. There is increasing 
evidence for the existence of a differentiation hierarchy in the adult mammary epithelium, 
where precursor cells at various levels of the hierarchy are able to switch expression of 
proteins involved in differentiation; such switching includes the epidermal-mesenchymal 
transition (Visvader, 2009). The mechanism of such phenotype switching is not yet 
understood but is thought to involve epigenetic changes mediated by changes in DNA 
methylation, histone modification and concentrations of non-coding RNA (Huang & 
Esteller, 2010). These studies imply that the mechanism for generation of multiple 
phenotypes in breast cancer cells could be based on existing mechanisms that occur in the 
normal breast epithelium, with additional tumour-specific mechanisms arising from genetic 
alteration, chromosomal instability and possibly the presence of a mutated PI3K enzyme 
(Meyer et al. 2011). 
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1. Introduction 
Estrogen exposure is well recognized as a high risk factor of breast cancer, despite the fact 
that the hormone transcriptionally regulates the expression of tumor suppressor genes, like 
BRCA1 (Hockings et al., 2008). Estrogen acts through the estrogen receptor α (ERα) in target 
cells (Ali and Coombes, 2000). ERα overexpression occurs in about 70% of breast cancers, 
referred as “ER positive” (ER+) (Dickson and Lippman, 1988). ERα is a primary target for 
chemoprevention as well as other therapeutic interventions for breast cancer with the ER+ 
phenotype. Clinically, in pathological lesions such as women with benign breast tumors, who 
underwent surgery, presented with a high proportion of ER positivity than the control group. 
In such cases, logistic regression yielded an adjusted odds ratio of 6.5 for risk of development 
of breast cancer compared to 0.3 odds ratio for PR (progesterone receptor); there was an 
increased proportion of cells expressing ERα by immunohistochemical staining, thereby 
demonstrating the importance of ERα as a breast cancer risk marker (Khan et al., 1994). 
Estrogen or E2 mostly exerts its mitogenic effects by the modulation of metabolic responses 
and through the transcriptional induction of genes regulating crucial cellular processes like 
the cell cycle (Prall et al., 1998). Microarray and RNA interference studies suggest that the 
transcriptional regulation of about 60% of estrogen responsive genes (induced or repressed) 
is dependent upon ERα and Sp1/3 transcription factors (Bazley and Gullick, 2005). The basal 
expression of ERα, in turn, is regulated by Sp1 in ER+ breast cancer cells (deGraffenried et al., 
2002). Sp1 and Sp3 are ubiquitously expressed in mammalian cells and are abnormally 
expressed in various cancers, including breast (Li and Davie, 2010). Sp1 and Sp3 bind to the 
same DNA sequence defined as Sp1/3 sites, with similar affinity. Sp1 and Sp3 play important 
roles in regulating genes critical to the initiation and progression of breast cancers (Hirokawa, 
1984; Lu and Archer, 2010). Targeting these proteins is a promising cancer therapeutic 
approach (Jia et al., 2010).  
In most cases, ER+ breast cancers present a better clinical prognosis than the ER- breast 
cancers. Moreover, it is an encouraging fact that the leading antiestrogenic drugs such as 
tamoxifen have effectively improved the overall survival of pre and postmenopausal women 
by the reduction of cancer incidence and formation of new tumors (Ferguson and Davidson, 
1997; Muss, 2001). However, a major obstacle to breast cancer treatment is the development of 
drug resistance. Resistance is commonly associated with an increased expression of Erb 
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drug resistance. Resistance is commonly associated with an increased expression of Erb 
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proteins including EGFR (epidermal growth factor receptor); in addition, there is evidence of 
non-hormonal role of ERα in hormone sensitive MCF-7 cells to maintain basal proliferation 
(Salazar et al., 2011). Interestingly, there was no expression of Erb2 and 3, but ERα supported a 
population of basal fraction of actively dividing S phase cells which were unaffected by 
hormone depletion or hydroxy tamoxifen treatment (Salazar et al., 2011). Like breast tumors, 
breast cancer cell lines can also yield clonal populations of tamoxifen resistant cells that have 
variable ER dependence (Coser et al., 2009). This in vitro evidence supports the fact that the 
basal population of hormone sensitive cells may be a prerequisite condition for eventual 
occurrence of hormone insensitive tumors where current therapies such as tamoxifen are no 
more effective (Salazar et al., 2011). Development of resistance to tamoxifen or aromatase 
inhibitors (AIs) is a result of adaptive changes which lead to the activation of alternate 
signaling pathways. ER+ tumors unresponsive to front line therapy drugs such as tamoxifen 
or AIs will eventually become resistant; as seen in xenograft or cell line models, there is an 
eventual constitutive activation of the RAS-MAPK (RAS-mitogen activated protein kinase) 
signaling pathway and dependency on growth factor receptor (EGFR/HER1 and HER2/neu) 
signaling. Constitutive RAS-MAPK activation by EGFR or HER2 overexpression in ER- breast 
cancers results in the downstream activation of mitogen and stress activated kinase 1 and 2 
(MSK1 and MSK2) as well as several MSK substrates that are implicated in oncogenic 
programming. Given these detrimental adaptive cellular changes, there is a lot of attention 
given to breast cancers during the ER+ stage, such that alternative strategies can be used to 
circumvent the problem of drug resistance. One such approach is the use of synthetic peptides 
with sequences of natural biological molecules, such as ERα. A peptide analog, ERα17p with a 
17 amino acid motif (PLMIKRSKKNSLALSLT; P295-T311 of ERα) was synthesized which 
contained the third nuclear localization signal of ERα, a proteolysis site, as well as a binding 
site for calmodulin. This 17 amino acid motif of ERα is responsible for a number of post-
transcriptional modifications as well as of the recruitment of co-regulators. It was reported to 
elicit (pseudo)-estrogenic responses in ER+ MCF-7 cells (Gallo et al., 2007). Further studies 
showed that the ERα17p peptide induced apoptosis in the ER+ MCF-7 and T47D cells and also 
in the ER- MDA-MB-231 and SKBr-3 cells through ERα independent mechanisms. This 
peptide also caused regression of ER- breast cancer tumor xenografts without apparent 
toxicity. This suggested a potentially new attractive tool for the development of promising 
therapeutic approaches, and also provided an insight to the cellular fate of ERα (Pelekanou et 
al., 2011). 
The differences of the ER+ or ER- breast cancer not only relate to their morphology, but are 
also largely due to the differential metabolomics and differences in their transcriptional 
responses, which overall is a reflection of the selectivity of gene usage. Differences between 
these two wide phenotypes are reflected in the metabolism of sugars, fatty acids, proteins or 
even drugs that accelerate or decelerate proliferation. In the ER+ breast cancer cells, E2 is 
pivotal in controlling diverse energy metabolic pathways such as glucose transport, 
glycolysis, TCA (tricarboxylic acid) cycle, mitochondrial respiratory chain, adenosine 
nucleotide translocator and fatty acid β-oxidation and synthesis respectively. Estrogen has 
positive effects on carbohydrate and lipid metabolism. Absence of ERα causes hyperplasia 
and hypertrophy of the adipose tissue, insulin resistance, and reduced energy expenditure 
respectively [(Chen et al., 2009) and references therein]. Hence disturbances in the E2/ER 
metabolic pathways are likely to cause metabolic diseases such as heart disease, obesity  
and also cancer. Thus breast cancer progression and unresponsiveness to therapy are 
interrelated.  
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MCF-7 is a model cell line of the ER+ phenotype and the highly metastatic MDA-MB-231 is 
a model cell line of ER- phenotype. Both these cell lines have been widely used for in vitro 
cell culture and in vivo xenograft studies. We used microarray expression data obtained 
from public repositories for MCF-7 (non-stimulated) and MDA-MB-231 to compare 
interrelated factors that regulate the transition of breast cancer towards the more aggressive 
phenotype (Mandal et al., 2007b; Mandal and Davie, 2007). In this chapter, we review, 
discuss, and compare some salient features and experimental findings of major energy 
metabolic pathways, the importance of pathways that are constitutively activated and 
transcriptional responses with particular emphasis on ER+ breast cancers.  

2. Glucose metabolism 

The binding of estrogen to its receptor induces crucial metabolic changes through the 
activation of various estrogen responsive genes. Estrogen stimulates glucose metabolism, 
including glycolysis and glycogen synthesis, in target organs such as the uterus, which is a 
classic estrogen target organ (Shinkarenko et al., 1994; Smith and Gorski, 1968). It has been 
shown in many studies that estrogen stimulates the incorporation of labeled glucose (14C-
labeled glucose) into lipid, RNA, and protein (Bitman et al., 1965; Nicolette and Gorski, 1964; 
Swigart et al., 1961). The influence of estrogen in glucose metabolism is also well studied in 
another estrogen target tissue, the breast. Several studies in breast cancer cell lines have that 
the incorporation of the glucose analogue, [18F]-fluoro-2-deoxy-D-glucose (18F-FDG) varies 
with the ERα status, the acquisition of drug resistance, or alterations in the expression of 
ERα. Clinically, 18F-FDG is used for non-invasive detection of breast cancer and staging of 
axillary lymph node metastases by PET (positron emission tomography) scan (Utech et al., 
1996). PET technology utilizes the metabolic characteristic of enhanced glucose utilization 
by tumor cells (Moreno-Sanchez et al., 2007). Hence this advanced technology can be 
effectively used to study metabolic characteristics in drug resistance or hormone related 
metabolic changes. 
Tumors refractory to chemotherapy are prone to the acquisition of drug resistance. One of the 
mechanisms of acquired resistance is through alterations of glucose metabolism and the 
differential expression of GLUT (glucose transporter) expression. The higher gene and protein 
expression of GLUTs in tumors is well documented (Macheda et al., 2005; Medina and Owen, 
2002; Wood and Trayhurn, 2003). This phenomenon provides an advantage to tumors to 
harness increased glucose utilization through the glycolysis pathway. Glucose transporters 
such as GLUT12, initially identified in MCF-7 cells, have been shown to have deregulated and 
increased expression in breast tumors (Rogers et al., 2003). Facilitated transport of polar 
glucose molecules across the plasma membrane is dependent on GLUT proteins. GLUT 
proteins 1-5 have been identified in mammalian cells. These transporter proteins impart 
unique metabolic properties to cells (Rogers et al., 2003). There is evidence that in both the ER+ 
MCF-7 cells and the ER- MDA-MB-231 cells, there is an increased expression of GLUT1 under 
hypoxic conditions (Rivenzon-Segal et al., 2003). MCF-7 cells rendered resistant to the drug 5-
fluorouracil by long term exposure (the drug-sensitive parental cell line in medium with 
increasing concentrations for a period of two years), had a decreased 18F-FDG incorporation. 
Microarray data showed that the expression of GLUTs 8 and 10 was decreased in resistant 
cells, while GLUT1 was only increased in cells resistant to the lowest concentration of 5-
fluorouracil. There were no alterations in the hexokinase activity, but there was a increase in 
glucose transport (Smith et al., 2007). On the other hand, estrogen produces an positive 
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increase in the 18F-FDG uptake which has been demonstrated in ER+ cells. A comparative 
study between the ER+ T47D cells and the ER- cell lines, MDA-MB-231 and MDA-MB-468 
demonstrated the dependence of estrogen in mediating the glucose uptake. In the ER- breast 
cancer cells, the 18F-FDG uptake was totally absent; this correlated positively with the fact that 
these cells are totally unresponsive to the estrogen dependent effect on glucose uptake. To 
further demonstrate this estrogen dependence, it was seen that when the ER+ T47D cells were 
pretreated with the pure antiestrogen ICI182,780 (fulvestrant), the glucose uptake was totally 
abrogated. Unlike fulvestrant, the partial antiestrogen tamoxifen was incapable of blocking 
this estrogen response (Ko et al., 2010). 
Comparison of metabolic and morphological differences between normal breast and ER+ 
breast cancer cells gave insights into the adaptive responses adaptive responses which 
enable cancer cells to better utilize cellular energy resources. Glucose metabolism was 
studied in the finite lifespan normal human mammary epithelial cell line (HMECs) as well 
as the classical ER+ the classical ER+ MCF-7 cancer cell line. Cells were induced to grow 
rapidly under routine tissue culture conditions in nutrient rich media containing 13C-labeled 
glucose and the isotopic enrichment of cellular metabolites was quantified to calculate 
metabolic fluxes in key pathways. Cells grown in culture dishes of various sizes (with 
different surface areas) exhibited very different metabolic and morphological profiles. MCF-
7 cells have about an 80% smaller exposed surface area and contain 26% less protein per cell 
than the HMECs. The per-cell glucose consumption, lactate production, and glutamine 
consumption rate was 225-250% higher per cell relative to the cancer cells. However, the 
calculated flux per the exposed area for glucose, lactate, and glutamine was much higher in 
MCF-7 cells; MCF-7 cells also consumed amino acids at rates much higher than that 
required for protein synthesis demonstrating a greater efficacy of transport mechanisms 
(Meadows et al., 2008). In addition, the energy efficiency was much higher in MCF-7 cells 
which also had a higher dependence on the TCA cycle. These observations form the basis of 
rational drug design for metabolic drugs (Meadows et al., 2008). 

2.1 Glucose metabolism – A comparative analysis in ER+ and ER- breast cancer cells 

Glycolysis is the metabolic pathway where glucose is oxidized to pyruvate under aerobic 
conditions to yield ATP; however, under anaerobic conditions, pyruvate is converted to 
lactic acid. This biochemical pathway is regulated by the enzymes hexokinase, 
phosphofructokinase, and pyruvate kinase respectively, which are also potential sites of 
control and in most organisms these steps are irreversible. The opposite action of glycolysis 
is gluconeogenesis, which occurs when the blood sugar level falls, thus aiding in the 
replenishment of blood sugar levels. The gene expression in glycolysis and gluconeogenesis 
pathways is depicted in Fig. 1A in the ER+ MCF-7 cells and the ER- MDA-MB-231 cells. 
Some of the key patterns of gene expression are seen between the ER+ and ER- phenotypes: 
a. In both cases, the expression of genes and proteins coding for facilitated 

transmembrane GLUTs (SLCs, solute carrier family of proteins) is either absent or 
down-regulated. Interestingly, the protein encoded by the gene, GPI (phosphoglucose 
isomerase) catalyzing the irreversible isomerization of G-6-PO4 (glucose-6-phosphate) 
to F-6-PO4 (fructose-6-phosphate), is key in energy pathways and is down-regulated in 
MDA-MB-231 cells whereas, it is up-regulated in MCF-7 cells. This agrees with our 
previous studies where we had shown that the more aggressive ER+ cells have a 
reduced utilization of genes involved in the energy production and expenditure 
pathways similar to the ER- breast cancer phenotype (Mandal and Davie, 2007).  

Metabolomics and Transcriptional Responses  
in Estrogen Receptor Positive Breast Cancer Cells 

 

261 

b. Of the three isozymes of PFK (phosphofructokinase) which catalyze the conversion of 
fructose 6-phosphate (F-6-PO4) to the 1, 6-diphosphate form, PFKM is highly expressed 
in MCF-7 cells and is down-regulated in MDA-MB-231 cells; PFKM is responsible for 
the phosphorylation of F 6-PO4 to F 1, 6-bisPO4. On the other hand, expression of PFKP 
is quite high in MDA-MB-231 cells and this isoform is responsible for the catalytic 
conversion of F 6-PO4 to F 1, 6-bisPO4 and PFKP is a key regulatory enzyme of 
glycolysis. Mutations in this key enzyme can cause glycogen storage disease. 

c. A crucial difference is the down-regulated expression of the isozymes of lactate 
dehydrogenase (LDH) in MCF-7 (LDHA, LDHC) versus their up-regulation in MDA-
MB-231 cells. The proteins encoded by both these genes catalyze the conversion of L-
lactate and NAD to pyruvate and NADH as the final step of anaerobic glycolysis, a 
feature of the metastatic phenotype. 

d. Genes encoding for glycolytic enzymes like phosphoglycerate kinases (PGK1/2) are 
either down-regulated (PGK1 in MCF-7), or have low expression (PGK1 in MDA-MB-
231), or are absent (PGK2, in MCF7 and MDA-MB-231). 

e. Aldolases catalyzing the reversible aldol cleavage of fructose 1, 6-biphosphate and 
fructose 1-phosphate to dihydroxyacetone phosphate and either glyceraldehyde-3-
phosphate or glyceraldehyde respectively are either absent (ALDOA, B) or are highly 
expressed in MCF-7 cells, but down-regulated in MDA-MB-231 cells. The same pattern 
of opposite gene expression is also seen with TPI1 (triosephosphate isomerase 1), which 
catalyzes the isomerization of glyceraldehydes 3-phosphate (G3P) and dihydroxy-
acetone phosphate (DHAP) in glycolysis and gluconeogenesis.  

Glycogenesis is the glycogen synthesis process, in which glucose molecules are added to 
chains of glycogen for storage. We compared the gene expression analysis between MCF-7 
and MDA-MB-231 cells where in general, there was a down-regulation or absence of genes 
involved in critical steps [such as debranching (AGL), phosphate transfer to glucose 
molecules (PGM1)] within the pathway (Fig. 1B). Notably, mutations of most of the genes 
involved in the glycogenesis pathway are associated with glycogen storage disease. 
Interestingly, there was a selective up-regulation of genes (PPP2R3A, PPP2CA, PPP2R5A, 
PPP2R5B, PPP2R2C) in MDA-MB-231 cells encoding for protein phosphatases; the proteins 
of these genes are involved in the negative control of cell division and growth.  

3. Fatty acid (FA) metabolism 
The first step to the biosynthesis of fatty acids is the transport of citrate from the mitochondria 
to the cytoplasm. Lipogenesis is controlled by the enzyme fatty acid synthase or FASN, which 
is highly expressed in breast carcinomas and is thus an important cancer therapeutic target. 
The breakdown of fatty acids is regulated by carnitine palmitoyltransferase-1 or CPT-I. The 
preferential expression of FASN in cancer cells including breast cancer, in particular in ER+ 
breast cancer cells, is of importance because the production and levels of palmitate 
substantially differ in cancer cells. Blocking FASN has antiproliferative effects on breast cancer 
cells. A natural antibiotic, known as cerulenin derived from the fungus, C. ceruleans, caused 
apoptosis in cancer cells; C75 is a natural derivative of cerulenin. C75 has antitumor effects and 
its action is postulated to be on CPT-1 and production of high levels of malonyl CoA 
respectively. In a comparative study between C75 and EGCG (epigallocatechin-3-gallate), a 
main constituent of green tea, it was seen that EGCG caused induction of apoptosis uncoupled 
to the effects of CPT-1 in breast cancer cells through the targeted inhibition of FASN (Puig et 
al., 2008). (Information source of individual genes: www.ncbi.nlm.nih.gov). 
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Fig. 1A. A comparative view of the glycolysis and gluconeogenesis pathways operating in 
the ER+ MCF-7 and ER- MDA-MB-231 cells is shown. The pathway maps were generated 
using the pathway visualization tool, PathVisio (Version 2). The software generated a color 
scale for the visualization of expression (red is up-regulation and green is down-regulation 
of gene expression). Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or 
≤- 0.2 was used and in case of duplicate SLR values, an average SLR was taken. Note: Only 
the controlled irreversible steps of each pathway are colored. 
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Fig. 1B. A comparative view of the glycogenesis pathway operating in MCF-7 and MDA-
MB-231 cells is shown. The pathway maps were generated using the pathway visualization 
tool, PathVisio (Version 2). The software generated a color scale for the visualization of 
expression (red is up-regulation and green is down-regulation of gene expression). 
Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or ≤- 0.2 was used and 
in case of duplicate SLR values, an average SLR was taken. 
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The n-3 PUFAs (n-3 polyunsaturated fatty acids) have beneficial effects as chemopreventive 
and chemotherapeutic agents in the treatment of cancer. It is of particular interest that in recent 
years several in vitro and in vivo xenograft studies and clinical trials have presented evidence 
that there are beneficial effects of n-3 PUFAs when administered with conventional 
antineoplastic drugs and radiotherapy against many different types of cancers including breast 
cancer. Combination of drugs such as doxorubicin/epirubicin/paclitaxel with the n-3 PUFA, 
DHA (docosahexaenoic acid) had antiproliferative effects such as apoptosis induction, 
inhibition of neo-angiogenesis, or inhibition of invasiveness in MCF-7 and MDA-MB-231 cells [ 
(Calviello et al., 2009) and references therein]. The cellular antiproliferative actions of n-3 
PUFAs include modulation of metabolism, expression of cell cycle and apoptosis factors 
including caspases, and the ability of fatty acids to sensitize tumor cells to anticancer drugs by 
increasing membrane permeability. Such beneficial properties have been exploited to develop 
an interesting strategy of drug delivery, which is the design of liposomes for the targeted 
delivery of anticancer drugs. This system utilizes the fact that conventional drugs like 
doxorubicin and cisplatin in liposomal formulations are activated by secretory phospholipase 
A2 or sPLA2 which is overexpressed in inflammatory and tumor tissues (Andresen et al., 2005; 
Laye and Gill, 2003). However, such an approach has not been successful in ER+ (MCF-7) or 
ER- (MDA-MB-231) cells (Rasmussen et al., 2010). The metabolic modulatory effects of PUFAs 
leading to antiproliferation include alterations in arachidonic acid (AA) oxidative metabolism 
and metabolic conversion of n-3 PUFAs to bioactive derivatives. The cellular production of 
some AA-derived eicosanoids such as prostaglandin E2 is high in cancer and their formation is 
inhibited by n-3 PUFAs. Moreover, n-3 PUFAs also competitively inhibit the COX2 enzyme (a 
very potent oncogene) to produce the less biologically effective n-3 PUFA derived eicosanoids 
(Chell et al., 2006). A promising finding is the ability of n-3 PUFA to overcome resistance of 
breast cancer cells treated with tamoxifen. As the n-3 PUFAs are known to inhibit the Akt 
activity, it was found that EPA (eicosapentaenoic acid) cotreatment of breast cancer cells 
overexpressing Akt made cells more responsive to tamoxifen. Conjugated preparations of 
novel anticancer agent, propofol with n-3 PUFAs, DHA and EPA caused significant induction 
of apoptosis, induction of caspase 3 activity, inhibition of cell adhesion and migration in MDA-
MB-231 cells. The drug alone or in combination with the n-3 PUFAs was minimally effective to 
cause these effects (Siddiqui et al., 2005).  

3.1 FA metabolism – A comparative analysis in ER+ and ER- breast cancer cells 
In general, the ER+ MCF-7 cells show a greater number of up-regulated genes for proteins 
catalyzing the FA biosynthesis in comparison to the ER- MDA-MB-231 cells (Fig. 2A). The 
key features of gene expression are as follows: 
a. Notably, the gene expressing the primary enzyme for FA biosynthesis is FASN, which is 

up-regulated in MCF-7 cells in contrast to a down-regulated expression in MDA-MB-
231 cells. Genes encoding for enzymes catalyzing the production of FA acetyl Co-A 
esters from the TCA cycle intermediate, citrate and acetyl CoA (ACYL, FASN), or via its 
intermediate malonyl CoA (ACACB), were up-regulated in MCF-7 cells, but were 
down-regulated or absent in MDA-MB-231 cells (ACYL, FASN, ACACA, ACACB).  

b. Interestingly, in both cell types, genes for the enzymes catalyzing the production of 
triglycerides from FA CoA (ACSL1, 3, ACAS2) were down-regulated. These ligases play 
a key role not only in biosynthesis, but also in FA degradation. Thus, while it is evident 
that MCF-7 cells differ from ER- cells in the production of palmitate, the synthesis of 
triglycerides seems to be restricted in both cell types and may be a predominant 
adaptive response of cancer cells (Fig. 2A).  
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Similar to FA biosynthesis, genes encoding for enzymes of FA degradation and cholesterol 
biosynthesis (Fig. 2B) are also mostly up-regulated in MCF-7 cells in contrast to MDA-MB-
231 cells. 
a. Genes regulating cholesterol biosynthesis may be favored in a hormone responsive 

environment, cholesterol being the building block of all steroid hormones, including 
estradiol. Notably among them, is SQLE (squalene epoxidase), the protein product of 
which is a key enzyme in cholesterol key enzyme of cholesterol biosynthesis. MCF-7 
cells have an up-regulated expression of the gene, while it is down-regulated in MDA-
MB-231 cells. Clinical studies have shown that higher expression of SQLE is inversely 
correlated with distant metastasis-free survival in ER+ stage 1/II breast cancer patients 
(Helms et al., 2008).  

b. Other notable differences include the up-regulated expression of genes of enzymes 
(MVK, PMVK) producing the phosphorylated forms of mevalonic acid, which is a key 
intermediate of steroid biosynthesis, in MCF-7 cells.  

c. Gene of the enzyme catalyzing the dimerization of 2 farnesyl diphosphate molecules to 
form squalene, is down-regulated, but forms an important step in cholesterol synthesis. 
It may be assumed that this step of cholesterol biosynthesis, and hence the synthesis of 
squalene is tightly controlled with respect to the need of steroid hormone synthesis. 

d. Notably, in both cell lines, the NAD(P) dependent steroid dehydrogenase-like (NSDHL) 
enzyme is slightly up-regulated; this may be indicative of an advantage of cancer cells 
to produce cholesterol depending on its cellular needs. 

e. Two other genes whose proteins (SC4MOL, CYP51A1) are involved in the synthesis of 
the cholesterol intermediate, lathosterol are either absent (MDA-MB-231) or down-
regulated (MCF-7). Notably, among these, the CYP51A1 gene encodes for a member of 
the cytochrome P450 superfamily of monooxygenase enzymes which catalyze many 
reactions involved in drug metabolism and synthesis of cholesterol, steroids and other 
lipids. The absence or down-regulation of this enzyme allows cancer cells to metabolize 
therapeutic drugs aimed to arrest or cause death and thus aid in their overall survival. 

4. Retinoic acid (RA) metabolism 

The retinoids comprise of RA (vitamin A, all-trans retinoic acid) and related signaling 
molecules which are essential in the differentiation of various types of stem cells. A 
compromised retinoid signaling is often seen early in carcinogenesis including in breast 
carcinogenesis, where retinoids interact with the estrogen signaling pathways. These 
molecules are used for cancer therapeutics because they can induce differentiation and 
growth arrest. Efficacy of retinoid treatment is often challenged by the fact that these 
molecules are rapidly metabolized. Moreover, compromised responses, including resistance, 
to pharmacological doses of retinoids to cancer cells are also the result of epigenetic 
changes, such as the expression of various transcriptional coactivators and corepressors, the 
hypermethylation of CpGs in specific promoters in cancer cells, and the activities of other 
signaling pathways respectively. A combination therapy of retinoids with epigenetic drugs 
such as histone deacetylase or DNA methytransferase inhibitors or with other classical 
chemotherapeutic drugs may be a potential alternative route of treatment (Tang and Gudas, 
2011). Moreover, another reason limiting the potent anticarcinogenic activities of RA is the 
fact that it exhibits a paradoxical behavior in that in some cancers it facilitates proliferation 
rather than inhibition of growth (Schug et al., 2008). (Information source of individual genes: 
www.ncbi.nlm.nih.gov) 
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Fig. 2A. A comparative view of fatty acid biosynthesis pathways operating in MCF-7 and 
MDA-MB-231 cells is shown. The pathway maps were generated using the pathway 
visualization tool, PathVisio (Version 2). The software generated a color scale for the 
visualization of expression (red is up-regulation and green is down-regulation of gene 
expression). Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or ≤- 0.2 
was used and in case of duplicate SLR values, an average SLR was taken. 
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Fig. 2B. A comparative view of fatty acid degradation pathway operating in MCF-7 and 
MDA-MB-231 cells is shown. The pathway maps were generated using the pathway 
visualization tool, PathVisio (Version 2). The software generated a color scale for the 
visualization of expression (red is up-regulation and green is down-regulation of gene 
expression). Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or ≤- 0.2 
was used and in case of duplicate SLR values, an average SLR was taken. 
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The intracellular concentrations of various forms of retinoids are under the control of several 
metabolic enzymes (Duester, 2008). Within the RA generating tissue, retinol or vitamin A 
(retinol) is first converted to the aldehyde form (retinaldehyde) and then to the carboxylic acid 
(retinoic acid, RA). The expression of several alcohol and retinol dehydrogenases is 
widespread and overlapping in a variety of tissues. However, during mouse embryogenesis, 
the expression of the enzymes (retinaldehyde dehydrogenases) responsible for the second step 
which leads to RA generation, is tissue specific and non-overlapping (Mic et al., 2002). 
Oxidation of RA leads to its degradation to more polar metabolites such as 4-oxo-RA (and 
other more polar RA metabolites); this oxidative degradation is catalyzed by three cytochrome 
P450 (CYP) enzymes, CYP26A1, B1, and C1 respectively (bu-Abed et al., 1998). Enzymes 
controlling the synthesis of RA are expressed in very low levels in breast cancers relative to 
normal breast cells. The ability of normal HMECs from reduction mammoplasty has been 
shown to be competent in RA synthesis and the ability is still retained by immortal, non-
tumorigenic breast epithelial cells, such as MCF10A. However, in the ER+ MCF-7 and T47D 
cells, the impaired RA activity appeared due to the impaired biosynthesis of RA; treatment 
with the CYP26 inhibitor, liarozole did not affect the low and undetectable levels of RA (Mira 
et al., 2000). Likewise, a defect found in human primary breast tumors is the aberrantly high 
expression of the degradation enzyme, CYP26A1. The ducts and lobules of normal breast 
tissues demonstrated weak staining which was in contrast to distinct strong cytoplasmic 
staining in 46% of breast carcinomas (primary and metastatic breast carcinomas) examined 
within a tissue microarray. Kaplan-Meier analysis of these breast cancer cases suggested an 
association of high expression of CYP26A1 with a lower disease free and overall survival 
period. While overexpression of CYP26A1 in transfected AC2M2 (a breast metastatic ER- 
variant cell line) caused a decreased sensitivity to apoptosis, CYP26A1 siRNA silencing 
partially abrogated cells from the apoptosis sensitivity. In RA sensitive ER+ T47D cells, the 
induction of this enzyme was also more rapid than the ER- MDA-MB-231 cells. The growth 
inhibitory properties of RA were increased by the effect of treatment of an RA metabolism 
inhibitor, liarozole. Thus both in vivo and in vitro evidence suggested the potential oncogenic 
capacity (decreased apoptosis and increased cell survival) of RA degradation enzymes (Osanai 
et al., 2010; Sonneveld et al., 1998).  
Studies show that two critical steps in RA metabolism responsible for synthesis and 
degradation of RA are sometimes impaired in breast cancers. Thus, defects in RA 
metabolism influences its effectiveness as a cancer antiproliferative drug in the ER+/ER- 
breast cells. RA inhibited cell growth and induced apoptosis in ER+ breast cancer cell lines, 
MCF-7 and T47D, but not in ER- MDA-MB-231 and MDA-MB-453 cells. The differences 
were due to the ability of ER+ cells to uptake RA rapidly (by hour 2) and by hour 24 there 
was a disappearance of RA uptake from the medium and cells leaving oxidation products in 
the culture medium. In sharp contrast, ER- cells showed lower accumulation without any 
sharp increase and subsequent steep decline; the result was the presence of more RA in 
these cells and the culture medium (Okamoto et al., 2000). Interestingly, the ER- cell line 
MDA-MB-468 cells still retain the ability to synthesize RA (Mira et al., 2000). Though a triple 
negative ER- cell line with EGFR amplification, the MDA-MB-468 cells are responsive to 
novel drugs along with the nuclear localization of a pseudo wild-type p53 and 
delocalization of mutant p53 (Mandal et al., 2007a). 

4.1 Comparative analysis of RA metabolism between ER+ and ER- cells 
RA acts through its binding to the RA receptor (RAR), which in turn is bound to DNA as a 
heterodimer with the retinoid X receptor (RXR) in the RA response elements (RAREs). 
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Binding of RA ligand to RAR alters the conformation of the RAR resulting in the 
transcriptional induction or repression of RA target genes. As discussed in the previous 
paragraphs, the genes of proteins catalyzing the metabolism of RA has profound effects on 
breast cancer and hence also on its antiproliferative actions. Here we discuss the pattern of 
expression of genes encoding for proteins involved in RA metabolism in the ER+ and ER- 
breast cancer cells (Fig. 3). Essentially, there is a generalized down-regulation of genes 
encoding proteins involved in the production of various RA metabolites. Major differences 
are seen in RAR, RA binding proteins, and sulfotransferase enzymes (SULT) respectively. 
The key differences and similarities are discussed below: 
a. The protein encoded by SCARB1 is a plasma membrane receptor for HDL (high density 

lipoprotein) cholesterol. SCARB1 protein mediates cholesterol transfer to and from 
HDL. This gene is down-regulated in both cell lines. Among the metabolic genes, there 
is retinol saturase, (RETSAT); the protein of this gene catalyzes the conversion of all-
trans retinol to all-trans-13, 14-dihydroretinol, an intermediate of 13, 14-dehydroRA. 
All-trans-13, 14-dihydroretinol binds to the RARs in the nucleus and it is selectively up-
regulated in MCF-7, but is absent in MDA-MB-231 cells. Also, in the ER+ MCF-7 we see 
a selective up-regulation of CYP2E1, a RA degradation enzyme, which is highly up-
regulated in aggressive breast tumors as discussed above. The first step of RAR 
activation is mediated by the delivery of RA from the cytosol to the receptor in the 
nucleus, a step which involves the cellular retinoic acid-binding protein 2 (CRABP2); 
this gene is highly up-regulated in MCF-7 cells (Schug et al., 2008). 

b. In MCF-7 cells the expression of genes encoding for SULT enzymes, SULT2A1 and B1, are 
highly up-regulated. These enzymes catalyze the sulfate conjugation of many hormones, 
neurotransmitters, drugs, and xenobiotic compounds. In particular, the enzyme SULT2B1 
sulfates dehydroepiandrosterone, but not 4-nitrophenol, a typical substrate for the phenol 
and estrogen sulfotransferase subfamilies. MDA-MB-231 cells did not show expression of 
these genes. In support of this, we found that the GO term molecular functions are 
associated with sulfotransferase activity within the RA network in E2 stimulated MCF-7 
cells; genes of the RA network are associated with biological processes such as the cell 
cycle and its regulation, protein metabolic processes amino acid methylation and 
alkylation and sulphur compound biosynthetic process respectively.  

c. RARa/RXRa-these RARs are selectively up-regulated in MCF-7, but are low in 
expression and absent in MDA-MB-231 cells. This selective expression can be correlated 
to the fact that RARa protein is involved with functions such as apoptosis and 
differentiation and together as hetero/homodimers mediate the biological effects by 
RA-mediated gene activation. 

d. RARb/RXRb-RARb binds to RA and mediates cellular signaling in embryonic 
morphogenesis, cell growth and differentiation. This protein has antiproliferative 
effects in many cell types. This gene is down-regulated in both cell types; however, its 
heterodimeric counterpart, RXRb gene lies within the MHC class II region on 
chromosome 6a, is selectively up-regulated in MDA-MB-231 cells. The significance of 
this discrepancy is unknown, but may be a feature of de-regulated immune responses 
present in ER- breast cancer cells (Mandal et al., 2007b). 
RARg/RXRG-these nuclear hormone receptors are ligand-dependent transcriptional 
regulators. RXRg, the counterpart of RARg, mediates the antiproliferative effects of RA. 
RXRg is expressed at significantly lower levels in non-small cell lung cancer cells. This 
receptor pair is down-regulated in MDA-MB-231 cells, but RARg is selectively up-
regulated in MCF-7 cells. (Information source of individual genes: www.ncbi.nlm.nih.gov) 
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Binding of RA ligand to RAR alters the conformation of the RAR resulting in the 
transcriptional induction or repression of RA target genes. As discussed in the previous 
paragraphs, the genes of proteins catalyzing the metabolism of RA has profound effects on 
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lipoprotein) cholesterol. SCARB1 protein mediates cholesterol transfer to and from 
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to the fact that RARa protein is involved with functions such as apoptosis and 
differentiation and together as hetero/homodimers mediate the biological effects by 
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d. RARb/RXRb-RARb binds to RA and mediates cellular signaling in embryonic 
morphogenesis, cell growth and differentiation. This protein has antiproliferative 
effects in many cell types. This gene is down-regulated in both cell types; however, its 
heterodimeric counterpart, RXRb gene lies within the MHC class II region on 
chromosome 6a, is selectively up-regulated in MDA-MB-231 cells. The significance of 
this discrepancy is unknown, but may be a feature of de-regulated immune responses 
present in ER- breast cancer cells (Mandal et al., 2007b). 
RARg/RXRG-these nuclear hormone receptors are ligand-dependent transcriptional 
regulators. RXRg, the counterpart of RARg, mediates the antiproliferative effects of RA. 
RXRg is expressed at significantly lower levels in non-small cell lung cancer cells. This 
receptor pair is down-regulated in MDA-MB-231 cells, but RARg is selectively up-
regulated in MCF-7 cells. (Information source of individual genes: www.ncbi.nlm.nih.gov) 
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Fig. 3. A comparative view of retinoic acid metabolic pathways operating in MCF-7 and 
MDA-MB-231 cells is shown. The pathway maps were generated using the pathway 
visualization tool, PathVisio (Version 2). The software generated a color scale for the 
visualization of expression (red is up-regulation and green is down-regulation of gene 
expression). Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or ≤- 0.2 
was used and in case of duplicate SLR values, an average SLR was taken. Abbreviations 
used: ROL=retinol; RAL=retinaldehyde; RA=retinoic acid; RE=retinyl ester; RPE=retinal 
pigment epithelium. 
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5. The role of mitogen and stress activated kinase (MSK) in breast cancer 

Mitogen and stress activated kinases 1 and 2 (MSK1/RPS6KA5, MSK2/RPS6KA4) are 
serine-threonine kinases that are activated by the p38 or RAS-MAPK signaling pathway. In 
breast cancer, there is overexpression of the growth factor receptors EGFR/HER1 and 
HER2/neu; in 25-30% of breast tumors HER2 is overexpressed and 45% of breast tumors test 
positive for EGFR (Klijn et al., 1992; Slamon et al., 1989). The overexpression of these 
receptors leads to the constitutive activation of the RAS-MAPK signaling pathway and the 
subsequent phosphorylation and activation of MSK1 and MSK2. Once activated, MSK1 and 
2 can act on several substrates that are relevant to cancer signaling pathways. Importantly, 
MSKs can phosphorylate the serine residues S10 and S28 on the N-terminal tail of the 
histone protein H3 (Soloaga et al., 2003). MSK1/2 mediated H3 modification is an event that 
can lead to chromatin remodeling and the expression of immediate-early (IE) genes such as 
FOS, COX2, and JUN, which are often up-regulated during oncogenesis (Drobic et al., 2010; 
Dunn et al., 2005). MSK proteins can also phosphorylate and activate various transcription 
factors such as CREB, ATF1, ER81, and the p65 subunit of NFκB, which activate the 
transcription of genes involved in tumorigenic and metastatic progression (Arthur and 
Cohen, 2000; Vermeulen et al., 2003; Wiggin et al., 2002). 
The role of MSKs in cancer progression spans from their contribution to the process of 
anchorage-independent growth to a potential role in epithelial mesenchymal transition 
(EMT). MSK has been implied in the anchorage independent growth of mouse epidermal 
cells, H-ras transformed mouse fibroblasts and v-Src transformed mouse Balb3T3 cells (Kim 
et al., 2008; Perez-Cadahia et al., 2011; Tange et al., 2009). Inhibition of MSK by the small 
molecule inhibitor H89 implicates MSK in the EMT process in H-RAS overexpressing Caco-
H human colon cancer cells (Pelaez et al., 2010). In the ER+ breast cancer cell line MCF-7, 
stimulation with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) causes the 
activation of the RAS-MAPK pathway and hence H3S10 phosphorylation and the induction 
of the E2 response gene, TFF1 (trefoil factor 1), which has been implicated in breast cancer 
progression (Espino et al., 2006). Interestingly, MSK activation by TPA in MCF-7 cells 
induces H3S10 phosphorylation but not H3S28 phosphorylation by an unknown mechanism 
(Espino et al., 2006). However, a recent study has called into question the value of using 
TFF1 as a prognostic marker in breast cancer, as it demonstrates that knockdown of TFF1 in 
MCF-7 cells leads to enhanced colony formation in soft agar, and that TFF1 knock-out mice 
have a higher tumor incidence in mammary glands (Buache et al., 2011).  
In the ER- MDA-MB-231 and SKBR-3 cells, MSK is implicated in the expression of the pro-
inflammatory cytokine IL-6, whereby IL-6 is constitutively expressed and MSK is recruited 
to the IL-6 promoter following TNF-α signaling. The MSK-mediated expression of IL-6 
involves MSK-mediated phosphorylation of NFκBp65S276, recruitment of MSK and 
phosphorylation of H3S10 on the IL-6 promoter, followed by subsequent chromatin 
remodeling of the promoter via the recruitment of the BRG1 subunit of the SWI/SNF 
chromatin remodeling complex (Ndlovu et al., 2009). Similarly, MSK mediated H3S10 
phosphorylation can induce the chromatin remodeling of the mouse mammary tumor virus 
(MMTV) promoter in MTVL breast cancer cells that have a stably integrated luciferase 
reporter gene driven by the MMTV promoter (Vicent et al., 2008). In this system, progestin 
treatment leads to the formation of a ternary complex comprised of the PR and 
phosphorylated ERK (pERK) and MSK1 (pMSK1). The PR/pERK/pMSK1 complex is 
recruited to the MMTV promoter followed by phosphorylation of H3S10 by pMSK, leading 
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to the displacement of the HP1γ repressor complex and the subsequent activation of gene 
transcription in these cells (Vicent et al., 2008; Vicent et al., 2009). In the ER- cells (eg., MDA-
MB-231) MSK has been implicated in the migration and invasion of cells to lymphatic 
endothelial cells in vitro as well as in in vivo mouse xenograft model through the possible 
NFκB binding to the chemokine receptor CCR7 (Pan et al., 2009). MSK has also been 
implicated in cancer-related inflammation through COX2 expression. It has been observed 
that MSK-mediated COX2 expression in mouse epidermal cells induces neoplastic 
transformation (Yan et al., 2006). MSK recruitment and H3S10 and H3S28 phosphorylation 
occur at the upstream regulatory promoter region of COX2 in mouse fibroblasts in addition 
to the recruitment of chromatin remodeling factors and transcriptional activation histone 
marks at these sites (Drobic et al., 2010). In MCF-7, TPA selectively induces COX2 expression 
(Degner et al., 2006). From these data it can be speculated that MSK may be involved in 
COX2 expression/regulation in breast cancer cells, although this has yet to be 
experimentally reported. MSKs contribute to breast cancer progression through a variety of 
mechanisms including the induction of genes involved in transformation or inflammation, 
and priming gene promoters for chromatin remodeling and activation. 

5.1 A comparative analysis of the MAPK pathway in ER+ and ER- breast cancer 
As discussed in the previous paragraphs, genes of the MAPK pathway have profound 
effects on the progression of breast cancer. An overall comparison between MCF-7 and 
MDA-MB-231 shows that all the caspases are either absent or down-regulated in both cell 
lines, EGFR is up-regulated in the MDA-MB-231. cells, and the early responsive genes, FOS 
and JUN are oppositely expressed, and the p50/p105 (NFB1) subunit of NFB is up-
regulated. BDNF (brain-derived neurotrophic factor) is highly expressed in MDA-MB-231 
cells, but is totally absent in MCF-7 cells. The high expression of BDNF is of speculative 
importance because the gene encoding for this protein of the nerve growth factor family is 
responsible for the survival of striatal neurons and also responds to stress. Different 
members of MAP kinases are differntially up/down-regulated in the two cell lines, which 
may be a reflection of aggressiveness. The key differences and similarities are discussed 
below (Fig. 4): 
a. DUSP- dual specificity protein phosphatase enzymes play important roles in regulating 

cellular response to environmental stress are also negative regulators of cell 
proliferation. They negatively regulate members of the mitogen-activated protein 
(MAP) kinase superfamily, which are associated with cellular proliferation and 
differentiation. Different members of this family of phosphatases have distinct substrate 
specificities for various MAP kinases, different tissue distribution and subcellular 
localization, and different modes of inducibility of their expression by extracellular 
stimuli. Interestingly, genes encoding for these phosphatases are down-regulated in 
MCF-7 and are up-regulated in MDA-MB-231 cells.  

b. PRKC (B, Z, H, G, D)-Protein kinase C (PKC) is a family of serine- and threonine-specific 
protein kinases that can be activated by calcium and second messenger DAG 
(diacylglycerol). PKC family members phosphorylate a wide variety of protein targets 
and participate in diverse cellular signaling pathways. PKCs are major receptors for 
phorbol esters; in the comparative gene analysis, we find that most of the PKCs are 
down-regulated or absent with the exception of a few, but we have shown that the ER+ 
MCF-7 cells activate the MAPK pathway in response to TPA (Espino et al., 2006). 
(Information source of individual genes: www.ncbi.nlm.nih.gov) 
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Fig. 4. A comparative view of the MAPK pathway operating in MCF-7 and MDA-MB-231 
cells is shown. The pathway maps were generated using the pathway visualization tool, 
PathVisio (Version 2). The software generated a color scale for the visualization of 
expression (red is up-regulation and green is down-regulation of gene expression). 
Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or ≤- 0.2 was used and 
in case of duplicate values, an average SLR was taken. 
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6. Role of transcription factors, Sp1 and Sp3 in breast cancer 

Sp1 and Sp3 proteins are overexpressed in breast tumors and contribute to the proliferative 
and angiogenic phenotype, characteristics which correlate to poor prognosis (Li et al., 2004; 
Mertens-Talcott et al., 2007). There are an estimated 12000 Sp1 and Sp3 binding sites in 
human genome (Cawley et al., 2004). Inhibition of Sp1 binding to DNA by mithramycin A or 
knocking down Sp1 to the normal expression level, decreased tumor formation, growth and 
metastasis (Lou et al., 2005; Yuan et al., 2007). Likewise, antiproliferative agents such as, 
betulinic acid and curcumin reduced the expression of Sp1 and Sp3 and their target genes 
(EGFR, CCND1, VEGF, SREBF2, CD151), which have roles in metastasis (Chadalapaka et al., 
2010; Kang and Chen, 2009). Knocking out Sp1/Sp3 was lethal and caused the death of 
knockout mice at different developmental stages. Compounded Sp1 and Sp3 knockout mice 
were not viable suggesting that both these transcription factors are required to maintain 
appropriate gene expression programs (Bouwman et al., 2000; Kruger et al., 2007; Marin et 
al., 1997; Van Loo et al., 2003). This agrees with the fact that Sp1 and Sp3 are autoregulated 
genes with Sp1 and Sp3 binding sites in their proximal promoter regions (Nicolas et al., 
2001).  
In the estrogen and breast cancer context, it is known that many estrogen responsive genes 
have Sp1/3(s) sites in the estrogen response elements of their promoters (Castro-Rivera et al., 
2001; Higgins et al., 2006; Mandal and Davie, 2010; Sun et al., 2002; Sun et al., 2005). TFF1 is a 
highly expressed estrogen responsive gene in malignant breast epithelial cells but not normal 
mammary cells (Rio et al., 1987). In our studies, we predicted and validated a Sp1/3 site 6 bp 
upstream of the imperfect ERE site and the dynamic association of ERα, Sp protein, KATs and 
HDACs on the TFF1 proximal promoter in response to E2 using TFSEARCH, ChIP (chromatin 
immunoprecipitation) assay and promoter analysis. We found Sp3, but not Sp1, to be the 
major Sp protein activating the TFF1 upstream promoter region in response to E2 (Sun et al., 
2005). This was supported by other studies where it was shown that Sp3 plays a major role in 
ERα/Sp-mediated gene expression in MCF-7 cells (Khan et al., 2007). In general, Sp1 usually 
activates transcription and Sp3 represses or most weakly activates transcription (Higgins et al., 
2006; Jaiswal et al., 2006; Noe et al., 2001). Though in some studies it was shown that Sp1 and 
Sp3 synergistically enhanced gene promoter function, we have shown that Sp1 and Sp3 did 
not exist in the same protein complexes in the TFF1 promoter in MCF-7 cells (Hantusch et al., 
2007; He et al., 2005; Lee et al., 2009; Li and Davie, 2008).  

6.1 Regulation of transcriptional responses of Sp1 and Sp3 
Sp1 and Sp3 have multiple isoforms, of which Sp1 has two and Sp3 has four isoforms (Li 
and Davie, 2010). Four Sp3 isoforms have been reported. The two long forms of Sp3 and Sp1 
contain two trans-activation domains A and B, one serine /threonine rich domain for post-
translational modifications (PTMs) and the DNA binding domain C. Sp1 has domain D at 
the C-terminus which is critical for its synergistic activation. As the Sp family signature, the 
DNA binding domain C features the three Cys2His2 zinc ‘fingers’ required for sequence-
specific DNA association. The consensus Sp1 and Sp3 binding DNA sequence is 
GGGGCGGGG. Although recognizing the same DNA binding sequence, Sp1 and Sp3 differ 
structurally in the location of their inhibitory domains; it is at the N-terminus for Sp1 and 
for Sp3 this domain lies immediately in front of the DNA binding domain (Suske, 1999).  
PTMs such as sumoylation and acetylation of Sp1 and Sp3 regulate their functional roles (Li 
et al., 2004; Li and Davie, 2010). Sumoylated Sp1 was deficient in proteolytic processing; it 
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the C-terminus which is critical for its synergistic activation. As the Sp family signature, the 
DNA binding domain C features the three Cys2His2 zinc ‘fingers’ required for sequence-
specific DNA association. The consensus Sp1 and Sp3 binding DNA sequence is 
GGGGCGGGG. Although recognizing the same DNA binding sequence, Sp1 and Sp3 differ 
structurally in the location of their inhibitory domains; it is at the N-terminus for Sp1 and 
for Sp3 this domain lies immediately in front of the DNA binding domain (Suske, 1999).  
PTMs such as sumoylation and acetylation of Sp1 and Sp3 regulate their functional roles (Li 
et al., 2004; Li and Davie, 2010). Sumoylated Sp1 was deficient in proteolytic processing; it 
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was proposed that Sp1 sumoylation preserves the integrity of a negative regulatory domain 
and inhibits the Sp1-dependent transcription (Spengler and Brattain, 2006). In another study 
however, sumoylation was found to aid in Sp1 interaction with the proteosome (Wang et al., 
2008). The major sumoylation of Sp3 long and short forms occurs at K551, which is a single 
lysine in its inhibitory domain and a minor sumoylation site (K120) is in the long form. The 
K551 modification silenced or significantly decreased Sp3 activity and mutation of this site 
converted the short Sp3 isoforms into potent transactivators of the SRC 1A gene promoter, 
but did not affect the transcriptional properties of Sp3 long forms (Ellis et al., 2006; Ross et 
al., 2002; Sapetschnig et al., 2002; Spengler et al., 2008). Interestingly, acetylation of K551 by 
KAT p300 converts Sp3 to a transcriptional activator; thus the activity of Sp3 can be 
repressing or activating depending on PTM of K551 (Ammanamanchi et al., 2003). Sp1 can 
also be acetylated by p300, but the exact role of acetylation is unclear (Song et al., 2003). 
Another PTM is methylation within or around Sp1/3 site(s), which regulates Sp1 and Sp3 
association with DNA to regulate gene expression (Mudduluru and Allgayer, 2008). 
Whereas methylation within the consensus Sp1/3 site did not influence binding of Sp1/Sp3 
to the p21Waf1/Cip1 promoter, this modification outside the GC boxes reduced Sp1/Sp3 
binding to p21Waf1/Cip1 and mouse Abcc6 promoter with repression of gene expression (Zhu et 
al., 2003). Thus these Sp1/Sp3 PTMs likely influence the functional roles of these 
transcription factors for gene activation and repression. 

6.2 A comparative analysis of Sp1-Sp3 interactions in ER+ and ER- breast cancer – 
The Sp1 and Sp3 target genes 
Sp1 and Sp3 participate in the regulation of tissue-specific, viral, and inducible genes (Davie 
et al., 2008; Lu and Archer, 2010). Genes include regulators of cell cycle progression and 
arrest (eg. cyclins), pro- and anti-angiogenic factors involved in invasion and metastasis, 
pro- and anti-apoptotic factors involved in genomic stability, proto-oncogenes (eg. MYC), 
tumor suppressors (eg. p53), enhancers of cell proliferation and oncogenesis (Abdelrahim et 
al., 2002; DesJardins and Hay, 1993; Feng et al., 2000; Kavurma et al., 2001; Lagger et al., 2003; 
Olofsson et al., 2007; Yuan et al., 2007). Analysis by Ingenuity Pathway Analysis (IPA) tool 
showed that in MCF-7 and MDA-MB-231 cells, Sp1 and Sp3 share a network of 
interconnected genes inclusive of all categories discussed above (Fig. 5A, 5B). Fig. 5C is a 
snapshot cluster view of the Sp1-Sp3 gene network. Comparison showed that in the ER+ 
MCF-7 cells Sp1 was up-regulated and Sp3 was expressed at lower levels, while Sp3 was 
highly expressed in the MDA-MB-231 cells. In case of the p21Waf1/Cip1 promoter, we also 
observed a lower Sp3 association in response to estrogen stimulation in MCF-7 cells 
(Mandal and Davie, 2007). We demonstrated that both Sp1 and Sp3 associated with TFF1, 
but Sp3, not Sp1, plays a major role in the estrogen activated ERα/Sp-mediated gene 
expression in MCF-7 cells (Khan et al., 2007; Li and Davie, 2008). Therefore, in the context of 
estrogen stimulation, Sp1 and Sp3 play dual roles in regulating gene expression.  

7. Conclusions 
The evidence presented here show that metabolic patterns, transcriptional responses and 
gene expression in pathways in ER+ cells considerably differ from the ER- breast cancer 
counterpart. Generally, gene expression of energy metabolic pathways is low to absent for 
the more metastatic ER- cancer cells. Estrogen is a major mitogen which drives metabolic 
processes related to glucose and fatty acid metabolism and the hormone is also responsible  
 

Metabolomics and Transcriptional Responses  
in Estrogen Receptor Positive Breast Cancer Cells 

 

277 

 
5A 

 
5B 

Fig. 5. (Continued) 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

276 
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Another PTM is methylation within or around Sp1/3 site(s), which regulates Sp1 and Sp3 
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binding to p21Waf1/Cip1 and mouse Abcc6 promoter with repression of gene expression (Zhu et 
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The Sp1 and Sp3 target genes 
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arrest (eg. cyclins), pro- and anti-angiogenic factors involved in invasion and metastasis, 
pro- and anti-apoptotic factors involved in genomic stability, proto-oncogenes (eg. MYC), 
tumor suppressors (eg. p53), enhancers of cell proliferation and oncogenesis (Abdelrahim et 
al., 2002; DesJardins and Hay, 1993; Feng et al., 2000; Kavurma et al., 2001; Lagger et al., 2003; 
Olofsson et al., 2007; Yuan et al., 2007). Analysis by Ingenuity Pathway Analysis (IPA) tool 
showed that in MCF-7 and MDA-MB-231 cells, Sp1 and Sp3 share a network of 
interconnected genes inclusive of all categories discussed above (Fig. 5A, 5B). Fig. 5C is a 
snapshot cluster view of the Sp1-Sp3 gene network. Comparison showed that in the ER+ 
MCF-7 cells Sp1 was up-regulated and Sp3 was expressed at lower levels, while Sp3 was 
highly expressed in the MDA-MB-231 cells. In case of the p21Waf1/Cip1 promoter, we also 
observed a lower Sp3 association in response to estrogen stimulation in MCF-7 cells 
(Mandal and Davie, 2007). We demonstrated that both Sp1 and Sp3 associated with TFF1, 
but Sp3, not Sp1, plays a major role in the estrogen activated ERα/Sp-mediated gene 
expression in MCF-7 cells (Khan et al., 2007; Li and Davie, 2008). Therefore, in the context of 
estrogen stimulation, Sp1 and Sp3 play dual roles in regulating gene expression.  

7. Conclusions 
The evidence presented here show that metabolic patterns, transcriptional responses and 
gene expression in pathways in ER+ cells considerably differ from the ER- breast cancer 
counterpart. Generally, gene expression of energy metabolic pathways is low to absent for 
the more metastatic ER- cancer cells. Estrogen is a major mitogen which drives metabolic 
processes related to glucose and fatty acid metabolism and the hormone is also responsible  
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Fig. 5. A network of genes connected to the transcription factors Sp1 and Sp3 in (A) in the ER+ 
MCF-7 and the (B) ER- MDA-MB-231 cells. This network was generated using IPA (Ingenuity 
Pathway Analysis) tool. Red indicates positive and green indicates negative expression. (C) A 
cluster view of the genes in the network (Cluster Tree view; red is positive, green is negative, 
grey is total absence of expression); cluster analysis was done as described previously (Eisen et 
al., 1998). Expression values (SLR, signal log ratio) with a cutoff value of ≥ 0.2 or ≤- 0.2 was 
used and in case of duplicate values, an average SLR was taken. 

for the Sp1 and Sp3 transcriptionally driven expression of many estrogen responsive genes. 
The functional role of Sp1 and Sp3 in estrogen stimulated breast cancer cells is determined 
by the type of PTM, protein interaction, promoter context, collectively all of which 
contribute to the progression of the disease. The contribution of MSK to breast cancer 
progression is manifold. Importantly, MSK proteins can be inhibited by small molecules 
(e.g. H89) which reverse the epigenetic effects of MSK on gene transcription, and thereby 
make MSK an attractive target for cancer therapy. Moreover, it has been shown that 
treatment with MEK1/2 inhibitors such as PD98059, can cause radio-sensitization of MCF-7 
cells in clonogenic survival assay. The MAPK pathway can also be proapoptotic in breast 
cancer cells. In the ER+ T47D cells, p38 kinase inhibitors (SB202190, SB203580, PD169316) 
abolished activin-mediated growth arrest, suggesting that this pathway can be utilized by a 
growth factor for growth inhibitory effects (Cocolakis et al., 2001). Further studies are 
required to determine the mechanisms by which MEK1/2 inhibitors commit cells to killing 
via apoptotic and non-apoptotic mechanisms (Qiao et al., 2002). On the other hand, targeting 
these major transcription factors is also a promising therapeutic approach. Most of the 
current studies have focused on Sp1 mRNA/protein expression and more studies on Sp3 
isoforms are required to develop better Sp protein targeting cancer therapies. Several 
approaches to the development and delivery of metabolic drugs also hold promise to the 
treatment of hormone responsive tumors.  
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1. Introduction 
Estrogen signaling is essential in the initiation and development of neoplasia in mammary 
gland. In the past several decades, extensive efforts have been dedicated to understand the 
underlying mechanisms of this important signaling pathway in mammary carcinogenesis, 
which have facilitated the development of anti-estrogen therapy, the first targeted therapy 
for human cancer.  
It has been well documented that the diverse activities of estrogens and anti-estrogens are 
mediated by specific receptors designated as estrogen receptors (ERs). Currently, there are 
two identified ERs, ER- and ER-, both of which are ligand-activated transcription factors 
that stimulate target gene transcription. Compelling evidence indicates that estrogens, 
especially 17-estradiol (E2), up-regulate the expression and function of c-Myc and cyclin 
D1, activate cyclin E-Cdk2 complexes and promotes cell cycle progression from G1 to S 
phase in mammary epithelial cells. Thus, stimulation of target gene expression by ERs in 
response to estrogens is prevailingly thought to be responsible for estrogen-stimulated 
mammary carcinoma initiation and progression.  
Despite the clarity with which ERs have been shown to act as ligand-dependent 
transcription factors, it became apparent now that not all of the activities mediated by ERs 
are accomplished through a direct effect on gene transcription. Another signaling pathway 
(also known as a non-classic, non-genomic, extra-nuclear or membrane-initiated signaling 
pathway) exists that involves cytoplasmic signaling proteins, growth factor receptors and 
other membrane-initiated signaling pathways. Several intracellular signaling pathways have 
been shown cross-talking with the membrane-initiated estrogen signaling: the adenylate 
cyclase pathway, the phospholipase C pathway, the G-protein-coupled receptor-activated 
pathways, the PI3K/AKT and the MAPK pathways.  
Currently, the identity of the membrane-based estrogen receptor that mediates non-genomic 
estrogen effects has not been fully established. ER-, two forms of ER-, full-length (66-kDa) 
and short form (46-kDa) have been found on or near the plasma membrane and mediates 
membrane-initiated estrogen signaling. In addition, there is also evidence indicating that 
GPR30, an orphan G-protein-coupled-receptor, mediates the rapid, non-genomic responses 
to estrogens. In 2005, our laboratory identified and cloned a novel variant of ER-, which 
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1. Introduction 
Estrogen signaling is essential in the initiation and development of neoplasia in mammary 
gland. In the past several decades, extensive efforts have been dedicated to understand the 
underlying mechanisms of this important signaling pathway in mammary carcinogenesis, 
which have facilitated the development of anti-estrogen therapy, the first targeted therapy 
for human cancer.  
It has been well documented that the diverse activities of estrogens and anti-estrogens are 
mediated by specific receptors designated as estrogen receptors (ERs). Currently, there are 
two identified ERs, ER- and ER-, both of which are ligand-activated transcription factors 
that stimulate target gene transcription. Compelling evidence indicates that estrogens, 
especially 17-estradiol (E2), up-regulate the expression and function of c-Myc and cyclin 
D1, activate cyclin E-Cdk2 complexes and promotes cell cycle progression from G1 to S 
phase in mammary epithelial cells. Thus, stimulation of target gene expression by ERs in 
response to estrogens is prevailingly thought to be responsible for estrogen-stimulated 
mammary carcinoma initiation and progression.  
Despite the clarity with which ERs have been shown to act as ligand-dependent 
transcription factors, it became apparent now that not all of the activities mediated by ERs 
are accomplished through a direct effect on gene transcription. Another signaling pathway 
(also known as a non-classic, non-genomic, extra-nuclear or membrane-initiated signaling 
pathway) exists that involves cytoplasmic signaling proteins, growth factor receptors and 
other membrane-initiated signaling pathways. Several intracellular signaling pathways have 
been shown cross-talking with the membrane-initiated estrogen signaling: the adenylate 
cyclase pathway, the phospholipase C pathway, the G-protein-coupled receptor-activated 
pathways, the PI3K/AKT and the MAPK pathways.  
Currently, the identity of the membrane-based estrogen receptor that mediates non-genomic 
estrogen effects has not been fully established. ER-, two forms of ER-, full-length (66-kDa) 
and short form (46-kDa) have been found on or near the plasma membrane and mediates 
membrane-initiated estrogen signaling. In addition, there is also evidence indicating that 
GPR30, an orphan G-protein-coupled-receptor, mediates the rapid, non-genomic responses 
to estrogens. In 2005, our laboratory identified and cloned a novel variant of ER-, which 
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has a molecular weight of 36-kDa and thus we have termed it ER-36. This ER- variant 
differs from the original 66 kDa ER- (ER-66) by lacking both transcriptional activation 
domains (AF-1 and AF-2) but retaining the DNA-binding domain and partial dimerization 
and ligand-binding domains. ER-36 is predominantly expressed on the plasma membrane 
of both ER-positive and –negative breast cancer cells, mediates membrane-initiated estrogen 
and anti-estrogen signaling such as activation of the MAPK/ERK and PI3K/AKT signaling 
pathways and stimulation of cell proliferation. Thus, ER-36 is a novel membrane-
associated estrogen receptor that mediates membrane-initiated estrogen and anti-estrogen 
signaling in both ER-positive and -negative breast cancer cells.  
In this chapter, we highlight the historical understanding of non-genomic estrogen signaling 
and its role in cell survival and proliferation, and specifically illustrate the biological 
function and the possible underlying mechanisms of ER-36 in non-genomic estrogen and 
anti-estrogen signaling in both ER-positive and –negative breast cancer cells. We also 
discuss the integral roles of EGFR, Src and STAT5 in the non-genomic estrogen signaling 
mediated by ER-36 and the complex regulatory network among ER-66, 46 and 36. In 
addition, the novel biology of non-genomic estrogen signaling mediated by ER-36 also has 
significance for understanding the physiology of bone remodeling. Thus, ER-36-mediated 
signaling has a broad appeal in physiology of non-classical estrogen targeting tissues and 
general cancer research.  

2. Estrogen receptors and genomic estrogen signaling 
Estrogen signaling is pivotal in the establishment and maintenance of reproductive function 
in men and women. It is also involved in normal development and physiology of bone, 
liver, cardiovascular and neuronal systems. Inappropriate estrogen signaling is involved in 
osteoporosis, atherosclerosis and Alzheimer’s disease and is essential in the initiation and 
development of neoplasia in breast and endometrial cancers (Nilsson et al., 2001). Hence, it 
is important to understand the molecular mechanisms by which this important signaling 
pathway functions, so its participation in a wide variety of different biological processes can 
be clarified, including how its dysregulation contributes to different diseases and even 
neoplastic transformation. 
The diverse physiological and pathological functions of estrogens are mediated by specific 
receptors designated as estrogen receptors (ERs). In 1986, the cloning of the estrogen 
receptor (ER) was first reported (Green et al., 1986; Greene et al., 1986). Until 1996, it was 
assumed that there was only one ER responsible for all of the physiological and 
pharmacological effects of natural and synthetic estrogens and anti-estrogens. However, in 
1996, a second ER was cloned (Kuiper et al., 1996). Currently, the first ER discovered is 
referred to as ER-, while the second is called ER-. 
ER- and ER- share a common structural architecture (Reviewed by Kong et al., 2003; 
Zheng et al., 2003). Both are composed of three independent but interacting functional 
domains: the N-terminal A/B domain, the C or DNA-binding domain, and the D/E/F or 
ligand-binding domain. The N-terminal domain of ERs encodes a ligand-independent 
activation function (AF-1), a region involved in interaction with co-activators, and 
transcriptional activation of target genes. The DNA-binding domain or C domain contains a 
two zinc-finger structure, which is involved in receptor dimerization and binding to specific 
DNA sequences. The C-terminal E/F domain is a ligand-binding domain that mediates 
ligand binding, receptor dimerization, nuclear translocation, and a ligand-dependent 
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transactivation function (AF-2). The relative contributions that both AF-1 and AF-2 exert on 
transcriptional control vary in a cell-specific and DNA promoter-specific manner (Berry et 
al., 1990; Tzukerman et al., 1994). 
It is well established that estrogen receptors are members of the nuclear receptor 
superfamily of ligand-activated transcription factors that control various physiological 
processes. It is prevailingly thought that this control often occurs through the regulation of 
gene transcription (Reviewed by Katzenellenbogen & Katzenellenbogen, 2000; McDonnell & 
Norris, 2002).  The estrogen receptor utilizes multiple mechanisms to either activate or 
repress transcription of its target genes. These mechanisms include: (a) direct interaction of 
the ligand-occupied receptor with DNA at a consensus estrogen response elements (ERE, 
GGTCAnnnTGACC) followed by recruitment of transcriptional coregulator or mediator 
complexes (Reviewed by Klinge, 2001), (b) interaction of the ligand-occupied ER with other 
transcription factors such as AP-1 (Kushner at al., 2000), Sp1 (Safe, 2001) or NF-B (McKay & 
Cidlowski, 1999), or (c) indirect modulation of gene transcription via sequestration of 
general/common transcriptional components (Harnish et al., 2000; Speir et al., 2000). In 
addition, the ability of an estrogen receptor to regulate transcription through these 
mechanisms appears to be cell-type specific, perhaps due to differences in the complement 
of transcriptional co-regulatory factors available in each cell type (Cerillo et al., 1998; Evans 
et al., 2001; Maret et al., 1999).  Also, transcriptional regulation is dependent upon the nature 
of the ligand, with various natural and synthetic selective estrogen receptor modulators 
(SERM) acting as either estrogen receptor agonists or antagonists through these various 
mechanisms (Shang & Brown, 2002; Katzenellenbogen & Katzenellenbogen, 2002; Margeat 
et al., 2003). 

3. Estrogen signaling and breast cancer 
Experimental and clinical evidence for the role of endogenous estrogens in normal 
development of mammary glands and breast cancer etiology has been well documented 
(Reviewed by Feigelson & Henderson, 1996). Estrogen signaling is involved in mammary 
epithelial cell proliferation and differentiation. Dysregulated estrogen signaling increases 
the rate of cell proliferation and thus the risk for development of breast cancer. 
ER- is expressed in approximately 15-30% of luminal epithelial cells and not at all in any 
other cell types in the normal human breast (Clarke et. al., 1997). However, dual label 
immunofluorescent technique revealed that ER- expressing cells are separate from those 
labeled with proliferation markers such as Ki67 and cyclin A in both normal human and 
rodent mammary glands (Clarke et al., 1997; Zeps et al., 1999). This is in direct contrast to 
estrogen action in breast cancer cells, where estrogens, especially 17-estradiol (E2), 
functions as potent mitogens through promoting cell cycle progression from G1 to S phase 
(Prall et al., 1998; Altucci et al., 1996 & 1997). Thus, it is thought that estrogens directly 
interact with ERs in ER-positive human breast cancer cells, where they induce 
transcriptional activation of “immediate early” and cyclin genes, and promote cell cycle 
progression. Consistent with its role in mammary carcinogenesis, ER- expression is 
increased at the earliest stages of ductal hyperplasia and increases even more with 
increasing atypia, such that most cells in atypical ductal hyperplasias and in ductal cancer in 
situ of low and intermediate grade contain ER- (Khan et. al., 1994). As ER- expression 
increases during breast cancer development, the inverse relationship between ER- 
expression and cell proliferation become dysregulated (Shoker et. al., 1999 a and b). 
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processes. It is prevailingly thought that this control often occurs through the regulation of 
gene transcription (Reviewed by Katzenellenbogen & Katzenellenbogen, 2000; McDonnell & 
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Experimental and clinical evidence for the role of endogenous estrogens in normal 
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epithelial cell proliferation and differentiation. Dysregulated estrogen signaling increases 
the rate of cell proliferation and thus the risk for development of breast cancer. 
ER- is expressed in approximately 15-30% of luminal epithelial cells and not at all in any 
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estrogen action in breast cancer cells, where estrogens, especially 17-estradiol (E2), 
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increases during breast cancer development, the inverse relationship between ER- 
expression and cell proliferation become dysregulated (Shoker et. al., 1999 a and b). 
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Approximately 70% of invasive breast carcinomas express the ER- and most of these 
tumors contain ER- positive proliferating cells (Clarke et. al., 1997).  
Currently, ER-is the most widely used marker in diagnosis of human breast cancer. Breast 
cancers are diagnosed either as ER-positive or -negative depending on the existence or 
absence of ER-. At the onset, 46%-77% of breast cancers are ER-positive (Robertson et. al., 
1996). The ER-positive tumors are histologically well differentiated and diploid, and 
patients with ER-positive tumors generally have a better prognosis since they respond well 
to anti-estrogen treatment (Clark et. al., 1984; Osborne et. al., 1980). ER-negative breast 
cancers that account for about one third of breast cancers diagnosed, however, are more 
malignant and aggressive through a still unknown mechanism (Sheikh et. al., 1994), and 
they generally respond poorly to anti-estrogen treatment.  
ER-negative breast cancers are often considered to be the result of tumor progression from 
ER-positive premalignant lesions or ER-positive breast cancers by epigenetic alterations 
such as promoter methylation (Ferguson et. al., 1995) or ER- protein degradation by the 
proteasome system after hypoxia in non-vascularized tumors (Stoner et. al., 2002). However, 
immunohistochemical studies in human breast cancers showed that some proliferative 
ductal lesions and many high-grade ductal carcinomas in situ (DCIS) are ER--negative 
(Roger et. al., 2000), suggesting some ER-negative breast cancers may be progressed directly 
from ER-negative premalignant lesions.  

4. Non-genomic estrogen signaling 
It become clear now that estrogens elicit two signaling pathways; the first requires hours to 
days to result in transcriptional changes of target genes and is known as genomic, classic or 
nuclear signaling pathway while the second occurs in seconds to minutes after estrogen 
treatment and usually initiates at the plasma membrane. Thus, the second signaling 
pathway is also known as a non-classic, non-genomic, extra-nuclear or membrane-initiated 
signaling pathway which is mediated by estrogen binding proteins associated with the 
plasma membrane and employs various cytoplasmic signaling proteins, growth factor 
receptors and G-protein-coupled-receptor signaling pathways (Segars & Driggers, 2002; 
Driggers & Segars, 2002; Kelly & Levin, 2001; Levin, 2002; Hammes & Levin, 2007).  
Pietras and Szego first described the rapid estrogen signaling more than 30 years ago 
(Pietras & Szego, 1975 &1977), noting immediate calcium fluxes in endometrial cells induced 
by estrogen and specific binding sites at the outer surfaces of isolated endometrial cells. 
Quick estrogen responses were also recorded in neuroendocrine tissue such as a rapid rise 
of intracellular calcium in pituitary cells, which leads to cell depolarization within 1 min 
(Dufy et al., 1979). Rapid estrogen signaling also induces prolactin secretion from pituitary 
tumor cells (Watson et al., 1999). Such signaling of estrogens has also been described in 
uterine (Aronica et al., 1994) and ovarian cells (Morley et al., 1992; Tesarik & Mendoza, 1997) 
as well as bone (Endoh et al., 1997; Longo et al., 2004; Sylvia et al., 2001), vascular 
endothelial (Russell et al., 2000; Lu et al., 2004) and neuronal cells (Kelly et al., 1977; 
Mermelstein et al., 1996), indicating that the rapid, non-genomic estrogen signaling is 
involved in various physiological and pathological estrogen activities.  
Non-genomic estrogen signaling has been also documented in breast cancer cells for cell 
proliferation and survival (Song et al., 2002; Migliaccio et al., 1996; Ahmad et al., 1999; 
Lobenhofer et al., 2000; Castoria et al., 1999 & 2001). These findings strongly suggest that the 
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rapid, non-genomic estrogen signaling is involved in estrogen-induced proliferation in 
breast cancer cells.  

5. Nature of membrane-based estrogen receptor 
While it is clear that membrane-initiated estrogen signaling exists, the identity of the 
membrane-based estrogen receptor that mediates these rapid estrogen effects, especially the 
effects in mammary epithelial cell proliferation and survival, has not been fully established. 
Laboratory evidence indicated that both ER- and ER- are involved in the rapid, non-
genomic estrogen signaling (Razandi et al., 1999). However, evidence also suggests that 
more than one membrane-initiated signaling pathway is associated with estrogen action. 
Data from several laboratories using the membrane-impermeable compound 17-estradiol-
bovine serum albumin (E2-BSA) indicates the existence of two functionally distinct 
membrane-associated pathways: one sensitive to anti-estrogens and one resistant (Chen et 
al., 1999; Russell et al., 2000; Watters et al., 1997). For example, ER-/knockout mice 
retained rapid estrogen-stimulated membrane effects in neurons, which were not blocked by 
anti-estrogen ICI-182, 780 (Gu, et. al., 1999). These findings suggest that another membrane-
based ER may exist since all known ERs are sensitive to anti-estrogen inhibition. As a 
consequence, an orphan G-protein coupled receptor, GPCR30, and some other unknown 
proteins have been reported to mediate this anti-estrogen resistant non-genomic estrogen 
signaling.  

6. ER-α 
A large body of experimental evidence indicated that ER- is involved in both genomic and 
non-genomic estrogen signaling. Immunofluorescent staining of non-permeabilized pituitary 
tumor cells with anti-ER- antibodies revealed a punctuated staining pattern on cell surface 
although most ER- were localized in cell nuclei (Watson et al., 1999). ER- associated with the 
plasma membrane is also detected by a panel of antibodies targeting different domains of ER-
 in intact breast cancer cells and in breast cancer specimens (Pietras et al., 2005; Kim et al., 
2006). The findings that transfection of the nuclear ER- cDNA into ER-“null” Chinese 
hamster ovary (CHO) cells leads to expression of both membrane and nuclear ER- further 
support the notion that membrane-associated ER- is derived from the same transcript as 
nuclear ER-(Razandi et al., 1999). However, recent evidence indicates that the CHO-K1, 
Rat2-fibroblasts and COS7 cells previously considered as ER “null’ cells and extensively used 
to transfect ER cDNAs in order to demonstrate rapid estrogen signaling actually exhibit strong 
non-genomic estrogen signaling such as activation of the MAPK/ERK before transfection 
(Nethrapalli et al., 2005), suggesting these cells already posses some unknown proteins other 
than classical ERs that mediate the rapid estrogen signaling. 
It is widely accepted that estrogen signaling promotes cell proliferation in target cells. 
However, the explanation of this effect of estrogen signaling simply by the function of ER- 
is confounding. When ER- was expressed in ER-“null” CHO cells (Kushner et. al., 1990), 
and human cervical cancer HeLa cells (Touitou et. al., 1990), E2 failed to stimulate cell 
growth. On the contrary, E2 inhibited cell proliferation and even induced cell apoptosis. 
Likewise, the ER-negative immortal MCF10A breast epithelial cells (Pilat et. al., 1996), and 
MDA-MB-231 breast cancer cells (Jiang & Jordan, 1992) were both growth inhibited by 
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5. Nature of membrane-based estrogen receptor 
While it is clear that membrane-initiated estrogen signaling exists, the identity of the 
membrane-based estrogen receptor that mediates these rapid estrogen effects, especially the 
effects in mammary epithelial cell proliferation and survival, has not been fully established. 
Laboratory evidence indicated that both ER- and ER- are involved in the rapid, non-
genomic estrogen signaling (Razandi et al., 1999). However, evidence also suggests that 
more than one membrane-initiated signaling pathway is associated with estrogen action. 
Data from several laboratories using the membrane-impermeable compound 17-estradiol-
bovine serum albumin (E2-BSA) indicates the existence of two functionally distinct 
membrane-associated pathways: one sensitive to anti-estrogens and one resistant (Chen et 
al., 1999; Russell et al., 2000; Watters et al., 1997). For example, ER-/knockout mice 
retained rapid estrogen-stimulated membrane effects in neurons, which were not blocked by 
anti-estrogen ICI-182, 780 (Gu, et. al., 1999). These findings suggest that another membrane-
based ER may exist since all known ERs are sensitive to anti-estrogen inhibition. As a 
consequence, an orphan G-protein coupled receptor, GPCR30, and some other unknown 
proteins have been reported to mediate this anti-estrogen resistant non-genomic estrogen 
signaling.  

6. ER-α 
A large body of experimental evidence indicated that ER- is involved in both genomic and 
non-genomic estrogen signaling. Immunofluorescent staining of non-permeabilized pituitary 
tumor cells with anti-ER- antibodies revealed a punctuated staining pattern on cell surface 
although most ER- were localized in cell nuclei (Watson et al., 1999). ER- associated with the 
plasma membrane is also detected by a panel of antibodies targeting different domains of ER-
 in intact breast cancer cells and in breast cancer specimens (Pietras et al., 2005; Kim et al., 
2006). The findings that transfection of the nuclear ER- cDNA into ER-“null” Chinese 
hamster ovary (CHO) cells leads to expression of both membrane and nuclear ER- further 
support the notion that membrane-associated ER- is derived from the same transcript as 
nuclear ER-(Razandi et al., 1999). However, recent evidence indicates that the CHO-K1, 
Rat2-fibroblasts and COS7 cells previously considered as ER “null’ cells and extensively used 
to transfect ER cDNAs in order to demonstrate rapid estrogen signaling actually exhibit strong 
non-genomic estrogen signaling such as activation of the MAPK/ERK before transfection 
(Nethrapalli et al., 2005), suggesting these cells already posses some unknown proteins other 
than classical ERs that mediate the rapid estrogen signaling. 
It is widely accepted that estrogen signaling promotes cell proliferation in target cells. 
However, the explanation of this effect of estrogen signaling simply by the function of ER- 
is confounding. When ER- was expressed in ER-“null” CHO cells (Kushner et. al., 1990), 
and human cervical cancer HeLa cells (Touitou et. al., 1990), E2 failed to stimulate cell 
growth. On the contrary, E2 inhibited cell proliferation and even induced cell apoptosis. 
Likewise, the ER-negative immortal MCF10A breast epithelial cells (Pilat et. al., 1996), and 
MDA-MB-231 breast cancer cells (Jiang & Jordan, 1992) were both growth inhibited by 
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estrogen when stably transfected with ER- cDNA. These experimental results argue 
against a positive function of the well-known ER- alone in mitogenic estrogen signaling. 

7. ER-β 
ER- acts as a classical ligand-induced transcription factor. Like ER-, ligand-bound ER- 
functions by regulating downstream target genes. ER- also heterodimerizes with ER- and 
modulates ER- function (Reviewed by Harris, 2007; Deroo & Buensuceso, 2010). ER- has 
been shown to be S-palmitoylated, which facilitates the localization of ER- at the plasma 
membrane to mediate the rapid, non-genomic estrogen effects (Marino & Ascenzi, 2008). 
Indeed, the involvement of ER- in rapid, non-genomic estrogen signaling has been 
documented when ER- cDNA was introduced into CHO cells (Razandi et al., 1999) In 
colon cancer, pro-apoptotic activities of ER- have been reported to be mediated by 
membrane-initiated signaling; induction of ER- via the MAPK/p38 signaling pathway, 
which in turn leads to downstream apoptotic events (Caiazza et al., 2007), indicating a 
potential role of ER- as a tumor suppressor. In addition, inhibition of ER- palmitoylation 
in colon cancer cells abrogated the pro-apoptotic activity of ER-(Galluzzo et al., 2007), 
suggesting that non-genomic effects mediated by membrane–associated ER-is important 
for its pro-apoptotic function.  
The biological significance of ER- in breast cancer has not been well established. 
Approximately 70% of breast tumor express ER- and most tumor co-express both ER- and 
–(Dotzlaw et al., 1997; Fuqua et al., 1999 & 2003). Studies indicated that ER- expression in 
human breast cancer is associated with a poorer prognosis, compared with tumors that only 
express ER- (Speirs et al., 1999). ER- expression is associated with elevated levels of 
proliferation markers, Ki67 and cyclin A, in human breast cancer (Jensen et al., 2001) These 
studies suggested that ER- may promote cell proliferation and breast cancer progression.  
In contrast, accumulating evidence indicated that ER- acts as a tumor suppressor in breast 
cancer. ER- is expressed in both normal and malignant mammary glands (Warner et al., 
2000; Speirs et al., 2002). In the rodent mammary gland, ER- expressing cells can proliferate 
but the majority cells that express proliferation markers do not express either ER (Saji et al., 
2001). The levels of ER- expression are highest in normal mammary gland and are 
decreased as tumors progress from pre-invasive to invasive (Leygue et al., 1998; Iwao et al., 
2000; Roger et al., 2001). The presence of ER- in breast cancer confers a more favorable 
prognosis and is associated with node-negative, low-grade tumors (Jarvinen et al., 2000) as 
well as a greater disease-free survival rate (Omoto et al., 2001). Several laboratory studies 
demonstrated that ER- inhibited angiogenesis and malignant growth of T47D breast tumor 
xenograft and malignant growth of MCF7 breast cancer cells in vitro and in nude mice 
(Hartman et al., 2006; Paruthiyil et al., 2004). Intriguingly, ER- also inhibited proliferation 
of ER-negative breast cancer MDA-MB-231 cells in a ligand-independent manner whereas 
ER- inhibition of MDA-MB-231 cell proliferation is estrogen-dependent (Lazennec et al., 
2001). These results indicate that ER- negatively regulates mitogenic estrogen signaling.  

8. ER-α46 
Previously, it was reported that a 46-kDa antigen is tightly associated with ER- in human 
breast cancer samples (Diaz-Chico et. al., 1988). This 46-kDa antigen is enriched in the cell 
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cytosol and could be recognized by an isolated monoclonal antibody, E476, raised against 
the human ER- (Diaz-Chico et. al., 1988). Similarly, Jozan (1991) later reported that there 
are two species of ER with different molecular weight (65 and 47 kDa), and three species of 
tumors (36% containing the highest form of ER alone, 49% bearing the two forms in variable 
amounts, and 15% bearing only the minor form). These results strongly suggest that two 
different forms of ER- exist at different ratios in human breast cancer.  
In 2000, Flouriot et. al. cloned a 46-kDa isoform of ER- and demonstrated that the 46-kDa 
isoform lacks the first 173 amino acids (A/B or AF-1 domain) and is derived from 
alternative splicing of the ER- gene by skipping exon 1. This alternative splicing event 
generates an mRNA that has an AUG in a favorable Kozak sequence for translation 
initiation in frame with the remainder of the open reading frame of ER- (Flouriot et. al., 
2000). This new isoform of ER- is named as ER-46 and the original one as ER-66. ER-46 
forms homo-dimers and binds to an ERE, and it can also form heterodimers with ER-66 
(Flouriot et. al., 2000). Furthermore, the ER-46/66 heterodimers form preferentially over 
the ER-66 homodimers and ER-46 acts competitively to inhibit transactivation mediated 
by AF-1 domain of ER-66 but without effect on AF-2-dependent transactivation (Floutiot 
et. al., 2000). Therefore, ER-46 is a naturally occurring isoform of ER- that regulates 
genomic estrogen signaling mediated by the AF-1 domain of ER-66. 
Previously, two forms of ER-, full-length (66-kDa) and short form (46-kDa) were co-
purified with 5’ nucleotidase, a plasma membrane-marker enzyme (Marquez & Pietras, 
2001), suggesting a possible role of ER-46 in the rapid, non-genomic estrogen signaling. 
Recently, ER-46 was localized on the plasma membrane, in the cytosol, and nucleus of 
endothelial cells and mediated rapid estrogen signaling such as activation of the 
Src/PI3K/AKT signaling and stimulation of NO synthesis (Kim & Bender, 2005; Li et. al., 
2003; Reviewed by Moriarty et al., 2006), further confirming that the ER-46 isoform 
functions as a membrane-associated estrogen receptor.  
Although it is clear now that ER-46 is involved in both genomic and non-genomic estrogen 
signaling, its function in breast cancer has been less investigated. Forced expression of ER-
46 inhibited proliferation of MCF-7 breast cancer cells and cyclin D1 promoter activity 
(Penot et al., 2005). Overexpression of both ER-46 and ER-66 in ER-negative MDA-MB-
231 cells revealed that ER-46 inhibited basal transcription of the estrogen responsive gene 
pS2 while estrogen treatment released this inhibition (Metivier et al., 2004). Recently, 
expression levels of ER-46 was found to be down-regulated in tamoxifen-resistant breast 
cancer cells and re-introduction of ER-46 into these cells inhibited cell proliferation and ER-
66-regulated gene transcription (Klinge et al., 2010). Thus, these results suggest that ER-
46 may function as a negative-regulator of mitogenic estrogen signaling in ER-positive 
breast cancer cells. 

9. ER-α36 
In 2005, our laboratory identified a 5.4 kb cDNA clone from a normal human edometrium 
cDNA library (RZPD clone number: DKFZp686N23123) and later cloned this cDNA from a 
human placenta cDNA library (Wang et al., 2005). This cDNA clone harbors a 310 amino 
acid open-reading frame that can produce a protein with a predicted molecular weight of 
35.7 kDa. To differentiate it from ER-66 and 46, and apply consistent nomenclature, this 
novel isoform of ER- was named as ER-36.  
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estrogen when stably transfected with ER- cDNA. These experimental results argue 
against a positive function of the well-known ER- alone in mitogenic estrogen signaling. 
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ER- acts as a classical ligand-induced transcription factor. Like ER-, ligand-bound ER- 
functions by regulating downstream target genes. ER- also heterodimerizes with ER- and 
modulates ER- function (Reviewed by Harris, 2007; Deroo & Buensuceso, 2010). ER- has 
been shown to be S-palmitoylated, which facilitates the localization of ER- at the plasma 
membrane to mediate the rapid, non-genomic estrogen effects (Marino & Ascenzi, 2008). 
Indeed, the involvement of ER- in rapid, non-genomic estrogen signaling has been 
documented when ER- cDNA was introduced into CHO cells (Razandi et al., 1999) In 
colon cancer, pro-apoptotic activities of ER- have been reported to be mediated by 
membrane-initiated signaling; induction of ER- via the MAPK/p38 signaling pathway, 
which in turn leads to downstream apoptotic events (Caiazza et al., 2007), indicating a 
potential role of ER- as a tumor suppressor. In addition, inhibition of ER- palmitoylation 
in colon cancer cells abrogated the pro-apoptotic activity of ER-(Galluzzo et al., 2007), 
suggesting that non-genomic effects mediated by membrane–associated ER-is important 
for its pro-apoptotic function.  
The biological significance of ER- in breast cancer has not been well established. 
Approximately 70% of breast tumor express ER- and most tumor co-express both ER- and 
–(Dotzlaw et al., 1997; Fuqua et al., 1999 & 2003). Studies indicated that ER- expression in 
human breast cancer is associated with a poorer prognosis, compared with tumors that only 
express ER- (Speirs et al., 1999). ER- expression is associated with elevated levels of 
proliferation markers, Ki67 and cyclin A, in human breast cancer (Jensen et al., 2001) These 
studies suggested that ER- may promote cell proliferation and breast cancer progression.  
In contrast, accumulating evidence indicated that ER- acts as a tumor suppressor in breast 
cancer. ER- is expressed in both normal and malignant mammary glands (Warner et al., 
2000; Speirs et al., 2002). In the rodent mammary gland, ER- expressing cells can proliferate 
but the majority cells that express proliferation markers do not express either ER (Saji et al., 
2001). The levels of ER- expression are highest in normal mammary gland and are 
decreased as tumors progress from pre-invasive to invasive (Leygue et al., 1998; Iwao et al., 
2000; Roger et al., 2001). The presence of ER- in breast cancer confers a more favorable 
prognosis and is associated with node-negative, low-grade tumors (Jarvinen et al., 2000) as 
well as a greater disease-free survival rate (Omoto et al., 2001). Several laboratory studies 
demonstrated that ER- inhibited angiogenesis and malignant growth of T47D breast tumor 
xenograft and malignant growth of MCF7 breast cancer cells in vitro and in nude mice 
(Hartman et al., 2006; Paruthiyil et al., 2004). Intriguingly, ER- also inhibited proliferation 
of ER-negative breast cancer MDA-MB-231 cells in a ligand-independent manner whereas 
ER- inhibition of MDA-MB-231 cell proliferation is estrogen-dependent (Lazennec et al., 
2001). These results indicate that ER- negatively regulates mitogenic estrogen signaling.  

8. ER-α46 
Previously, it was reported that a 46-kDa antigen is tightly associated with ER- in human 
breast cancer samples (Diaz-Chico et. al., 1988). This 46-kDa antigen is enriched in the cell 
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cytosol and could be recognized by an isolated monoclonal antibody, E476, raised against 
the human ER- (Diaz-Chico et. al., 1988). Similarly, Jozan (1991) later reported that there 
are two species of ER with different molecular weight (65 and 47 kDa), and three species of 
tumors (36% containing the highest form of ER alone, 49% bearing the two forms in variable 
amounts, and 15% bearing only the minor form). These results strongly suggest that two 
different forms of ER- exist at different ratios in human breast cancer.  
In 2000, Flouriot et. al. cloned a 46-kDa isoform of ER- and demonstrated that the 46-kDa 
isoform lacks the first 173 amino acids (A/B or AF-1 domain) and is derived from 
alternative splicing of the ER- gene by skipping exon 1. This alternative splicing event 
generates an mRNA that has an AUG in a favorable Kozak sequence for translation 
initiation in frame with the remainder of the open reading frame of ER- (Flouriot et. al., 
2000). This new isoform of ER- is named as ER-46 and the original one as ER-66. ER-46 
forms homo-dimers and binds to an ERE, and it can also form heterodimers with ER-66 
(Flouriot et. al., 2000). Furthermore, the ER-46/66 heterodimers form preferentially over 
the ER-66 homodimers and ER-46 acts competitively to inhibit transactivation mediated 
by AF-1 domain of ER-66 but without effect on AF-2-dependent transactivation (Floutiot 
et. al., 2000). Therefore, ER-46 is a naturally occurring isoform of ER- that regulates 
genomic estrogen signaling mediated by the AF-1 domain of ER-66. 
Previously, two forms of ER-, full-length (66-kDa) and short form (46-kDa) were co-
purified with 5’ nucleotidase, a plasma membrane-marker enzyme (Marquez & Pietras, 
2001), suggesting a possible role of ER-46 in the rapid, non-genomic estrogen signaling. 
Recently, ER-46 was localized on the plasma membrane, in the cytosol, and nucleus of 
endothelial cells and mediated rapid estrogen signaling such as activation of the 
Src/PI3K/AKT signaling and stimulation of NO synthesis (Kim & Bender, 2005; Li et. al., 
2003; Reviewed by Moriarty et al., 2006), further confirming that the ER-46 isoform 
functions as a membrane-associated estrogen receptor.  
Although it is clear now that ER-46 is involved in both genomic and non-genomic estrogen 
signaling, its function in breast cancer has been less investigated. Forced expression of ER-
46 inhibited proliferation of MCF-7 breast cancer cells and cyclin D1 promoter activity 
(Penot et al., 2005). Overexpression of both ER-46 and ER-66 in ER-negative MDA-MB-
231 cells revealed that ER-46 inhibited basal transcription of the estrogen responsive gene 
pS2 while estrogen treatment released this inhibition (Metivier et al., 2004). Recently, 
expression levels of ER-46 was found to be down-regulated in tamoxifen-resistant breast 
cancer cells and re-introduction of ER-46 into these cells inhibited cell proliferation and ER-
66-regulated gene transcription (Klinge et al., 2010). Thus, these results suggest that ER-
46 may function as a negative-regulator of mitogenic estrogen signaling in ER-positive 
breast cancer cells. 

9. ER-α36 
In 2005, our laboratory identified a 5.4 kb cDNA clone from a normal human edometrium 
cDNA library (RZPD clone number: DKFZp686N23123) and later cloned this cDNA from a 
human placenta cDNA library (Wang et al., 2005). This cDNA clone harbors a 310 amino 
acid open-reading frame that can produce a protein with a predicted molecular weight of 
35.7 kDa. To differentiate it from ER-66 and 46, and apply consistent nomenclature, this 
novel isoform of ER- was named as ER-36.  
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The cDNA sequence of the open-reading frame matches 100% to the DNA sequence of the 
exons 2 to 6 of the ER-66 gene. The 5’untraslated region (5’UTR) of the cDNA showed 
100% homology to the DNA sequence of the first intron of the ER-66 gene. Thus, the 
transcript of this ER- isoform is initiated from a previously unidentified promoter in the 
first intron of the ER-66 gene (Figure 1, Zou et al., 2009). A small, non-coding novel exon in 
the first intron of the ER-66 gene was designated as exon 1’. The exon 1’ is then spliced 
directly into the exon 2 of the ER-66 gene and continues from exon 2 to exon 6 of the ER-
66 gene. Exon 6 is then spliced to an exon located 64,141 bp downstream of the ER-66 
gene (Figure 1). The cDNA sequence encoding the last 27 amino acids and the 4,293 bp 
3’untranslated region (3’UTR) was matched 100% to a continuous sequence from the 
genomic sequence of clone RP1-1304 on chromosome 6q24.2-25.3 (GeneBank accession 
number AL78582), indicating the remaining cDNA sequence of this novel ER- isoform is 
transcribed from one big exon of 4,374 bp located downstream of the ER-66 gene. This 
exon is thus designated as exon 9 to reflect the extra exon beyond the previous reported 
eight exons for ER-66 gene (Figure 1). All of these splicing events are supported by the 
identification of perfect splice donors and acceptors at the splice juncture. The protein ER-
36 can be produced from a perfect Kozak sequence located in the second exon, the same 
initiation codon used to produce ER-46 (Flouriot et. al., 2000). ER-36 differs from the ER-
66 by lacking both transcriptional activation domains (AF-1 and AF-2) but retaining the 
DNA-binding and dimerization domains, and partial ligand-binding domains. It also 
possesses an extra, unique 27 amino acid domain to replace the last 138 amino acids 
encoded by exon 7 and 8 of the ER-66 (Figure 2). Thus, ER-36 is another naturally 
occurring novel isoform of ER- that may play an important role in both genomic and non-
genomic estrogen signaling. Currently, there are three major ER- isoforms observed in ER-
positive breast cancer MCF7 cells that correspond to three mRNA variants generated from 
different promoter usage and alternative splicing (Figure 2). 
 

 
Fig. 1. Genomic organization of the human ER-36 gene. The locations of multiple 
promoters of human ER-66 gene are shown as arrows. The translation start and stop 
codons are indicated as AUG and UGA. The common exons are shown as numbered open 
boxes. The extra exon that is beyond the 8 exons of the human ER-66 gene is numbered as 
9 in the open box. The intron 1 is also shown with the exon 1’ in the open box. The lower 
panel shows mRNA structure of human ER-36 isoform. 
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Fig. 2. Domain structure and expression of human estrogen receptor- variants in ER-
positive breast cancer MCF7 cells. (A). Domain structure representation of human ER- 
isoforms. Domains (labeled A–F), and activation function domains (AF-1 and -2) are shown. 
The function of each domain is indicated. The last 27 amino acids of human ER-36 are 
indicated as a filled box. (B). Western blot analysis of three human ER- isoforms in MCF7 
cells with an anti-ER-66 antibody (H222). 

10. GPR30 
Previously, different laboratories demonstrated the existence of two distinct membrane-
associated pathways: one sensitive to anti-estrogens and one resistant (Chen et al., 1999; 
Russell et al., 2000; Watters et al., 1997). These results suggest that another membrane-
associated estrogen receptor may exist since both ER- and - are sensitive to anti-estrogen 
inhibition.   
An orphan G protein-coupled receptor, GPR30 was reported to mediate the rapid, non-
genomic estrogen signaling that was insensitive to ICI 182,780; estrogen stimulates changes 
of Ca2+ currents and cAMP signaling in cells expressing GPR30 (Revankar et al., 2005) and 
activates the MAPK/ERK phosphorylation and the PI3K/Akt signalling pathways via 
transactivation of the EGFR pathway in ER-negative but GPR30-positive breast cancer cells 
(Filardo et al., 2000 & 2007). Thus, GPR30 was considered as a novel type of membrane-
associated estrogen receptor that mediates the rapid, non-genomic estrogen signaling.  
There are also reports that challenge the role of GPR30 as a novel estrogen receptor. A study 
showed that introduction of GPR30 anti-sense oligonucleotides failed to block the 
MAPK/ERK activation and cell growth induced by estrogen in ER-positive breast cancer 
cells (Ahola et al., 2002). Pedram et al. (2006) failed to observe the cAMP or ERK activation in 
GPR30-positive, ER-negative breast cancer cells. Another study demonstrated that the 
GPR30 selective agonist G1 failed to exert estrogenic effect in two classical estrogen target 
organs, the uterus and the mammary gland (Otto et al., 2008). Recently, Otto et al. generated 
GPR30-deficient mice and demonstrated that the development of reproductive organs was 
unimpaired in these mice and the estrogenic responses in the uterus and the mammary 
gland were completely maintained in GPR30-deficient animals (Otto et al., 2009).  
Recently, our group reported that knockdown of GPR30 expression in ER-negative breast 
cancer SK-BR-3 cells down-regulated the expression levels of ER-α36 (Kang et al., 2010b). 
Introduction of a GPR30 expression vector into GPR30 non-expressing cells induced 
endogenous ER-36 expression and GPR30 activated the promoter activity of ER-36 via an 
AP-1 binding site located in the 5’-flanking region of ER-36 (Kang et al., 2010b). Thus, ER-
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genomic sequence of clone RP1-1304 on chromosome 6q24.2-25.3 (GeneBank accession 
number AL78582), indicating the remaining cDNA sequence of this novel ER- isoform is 
transcribed from one big exon of 4,374 bp located downstream of the ER-66 gene. This 
exon is thus designated as exon 9 to reflect the extra exon beyond the previous reported 
eight exons for ER-66 gene (Figure 1). All of these splicing events are supported by the 
identification of perfect splice donors and acceptors at the splice juncture. The protein ER-
36 can be produced from a perfect Kozak sequence located in the second exon, the same 
initiation codon used to produce ER-46 (Flouriot et. al., 2000). ER-36 differs from the ER-
66 by lacking both transcriptional activation domains (AF-1 and AF-2) but retaining the 
DNA-binding and dimerization domains, and partial ligand-binding domains. It also 
possesses an extra, unique 27 amino acid domain to replace the last 138 amino acids 
encoded by exon 7 and 8 of the ER-66 (Figure 2). Thus, ER-36 is another naturally 
occurring novel isoform of ER- that may play an important role in both genomic and non-
genomic estrogen signaling. Currently, there are three major ER- isoforms observed in ER-
positive breast cancer MCF7 cells that correspond to three mRNA variants generated from 
different promoter usage and alternative splicing (Figure 2). 
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Fig. 2. Domain structure and expression of human estrogen receptor- variants in ER-
positive breast cancer MCF7 cells. (A). Domain structure representation of human ER- 
isoforms. Domains (labeled A–F), and activation function domains (AF-1 and -2) are shown. 
The function of each domain is indicated. The last 27 amino acids of human ER-36 are 
indicated as a filled box. (B). Western blot analysis of three human ER- isoforms in MCF7 
cells with an anti-ER-66 antibody (H222). 

10. GPR30 
Previously, different laboratories demonstrated the existence of two distinct membrane-
associated pathways: one sensitive to anti-estrogens and one resistant (Chen et al., 1999; 
Russell et al., 2000; Watters et al., 1997). These results suggest that another membrane-
associated estrogen receptor may exist since both ER- and - are sensitive to anti-estrogen 
inhibition.   
An orphan G protein-coupled receptor, GPR30 was reported to mediate the rapid, non-
genomic estrogen signaling that was insensitive to ICI 182,780; estrogen stimulates changes 
of Ca2+ currents and cAMP signaling in cells expressing GPR30 (Revankar et al., 2005) and 
activates the MAPK/ERK phosphorylation and the PI3K/Akt signalling pathways via 
transactivation of the EGFR pathway in ER-negative but GPR30-positive breast cancer cells 
(Filardo et al., 2000 & 2007). Thus, GPR30 was considered as a novel type of membrane-
associated estrogen receptor that mediates the rapid, non-genomic estrogen signaling.  
There are also reports that challenge the role of GPR30 as a novel estrogen receptor. A study 
showed that introduction of GPR30 anti-sense oligonucleotides failed to block the 
MAPK/ERK activation and cell growth induced by estrogen in ER-positive breast cancer 
cells (Ahola et al., 2002). Pedram et al. (2006) failed to observe the cAMP or ERK activation in 
GPR30-positive, ER-negative breast cancer cells. Another study demonstrated that the 
GPR30 selective agonist G1 failed to exert estrogenic effect in two classical estrogen target 
organs, the uterus and the mammary gland (Otto et al., 2008). Recently, Otto et al. generated 
GPR30-deficient mice and demonstrated that the development of reproductive organs was 
unimpaired in these mice and the estrogenic responses in the uterus and the mammary 
gland were completely maintained in GPR30-deficient animals (Otto et al., 2009).  
Recently, our group reported that knockdown of GPR30 expression in ER-negative breast 
cancer SK-BR-3 cells down-regulated the expression levels of ER-α36 (Kang et al., 2010b). 
Introduction of a GPR30 expression vector into GPR30 non-expressing cells induced 
endogenous ER-36 expression and GPR30 activated the promoter activity of ER-36 via an 
AP-1 binding site located in the 5’-flanking region of ER-36 (Kang et al., 2010b). Thus, ER-
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36 is a downstream target gene of GPR30-mediated signaling and the previously reported 
activities of GPR30 as a membrane-based estrogen receptor are through its ability to induce 
ER-α36 expression.  

11. Other putative estrogen receptors 
Other unknown proteins that may be involved in the rapid, non-genomic estrogen signaling 
have been also reported.  For an example, a report that E2 activated the MAPK/ERK 
signaling in un-trasnfected CHO-K1, COS7 and Rat2-fibroblasts (Nethrapalli et al., 2005) 
suggested the existence of an unidentified membrane-associated mER. Recently, we 
reported that un-transfected COS7 cells express high levels of endogenous ER-36 (Kang et 
al., 2010b) and found that CHO-K1 cells also express ER-36 (Kang et al., unpublished 
observations), suggesting that ER-36 may mediates the rapid, non-genomic estrogen 
signaling observed in these cells.  
Another unique membrane-associated ER with an estimated molecular weight of 63-65 kDa, 
referred to as ER-X, is developmentally regulated differently from both ER- and –. Its 
pharmacological profile was also different from ER- and –, even with some features 
opposite to those shown for these two receptors (Toran-Allerand et al., 2002). For examples, 
ER-X mediated rapid estrogen signaling was not sensitive to anti-estrogen, and the 
association of Hsp90 is required for the inactive state of ER- while ER-X requires to be 
associated with hsp90 for its activity (Toran-Allerand et al., 2002). Whereas ER-X shares 
limited similarities with ER-36, such as reaction with antibodies to the ligand-binding 
domain of ER-66 and responding equally to 17- and -estradiol, the molecular similarity 
of these two receptors awaits for the cloning and sequencing of ER-X. 
Additionally, a heterodimeric estrogen-binding protein, referred to as the putative ER 
(pER), was reported to bind to E2 at a sub-nanomolar affinity but was unable to bind 
other estrogens or anti-estrogens. Depending on cell types, pER is expressed on the 
plasma and/or nuclear membranes or in the cytoplasm and nucleus (Rao et al., 1998). 
Since the polyclonal anti-pER antibody failed to react with estrogen receptors and was 
unable to detect pER expression in reproductive organs (Rao et al., 1998), the role of this 
putative estrogen receptor in non-genomic estrogen signaling of breast cancer cells 
remains elusive.  

12. Negative regulation of genomic estrogen signaling by ER-α36 
Comparison of protein structures of ER-66 and ER-36 indicated that ER-36 lacks both 
AF-1 and -2 transcription activation domains but retains the DNA-binding domain and 
dimerization domain. Transient co-transfection assays using a luciferase-expressing reporter 
construct that contains two Estrogen Response Element (ERE) placed upstream of the 
thymidine kinase promoter (2 X ERE-tk-Luc) revealed that ER-36 has no intrinsic 
transcriptional activity in the presence and absence of E2 (Wang et al., 2006). However, ER-
36 strongly inhibited the transactivation activities mediated by the AF-1 and -2 domains of 
both ER-66 and ER- (Wang et al., 2006). These data indicate that ER-36 itself is unable to 
mediate genomic estrogen signaling by regulate target gene expression. However, ER-36 
acts as a naturally occurring dominant-negative regulator of the genomic estrogen signaling 
mediated by the AF1 and AF2 domains of ER-66 and ER-. 
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13. Membrane-association and mitogenic signaling of ER-α36 
The fact that ER-36 posses no intrinsic transcription regulatory activity suggests that ER-
36 may be a membrane-associated estrogen receptor. The sub-cellular fractionation assay 
in ER-36 transfected HEK293 cells revealed that a high percentage of ER-36 (~50%) is 
localized on or near the plasma membrane and a low percentage of it in cytosol (~40%) and 
nucleus (~10%) (Wang et al., 2006). Immuno-fluorescence staining of intact breast cancer 
MCF7 cells and endometrial cancer Hec1A cells using the ER-36 specific antibody 
recognizing the last 20 amino acids that are unique to ER-36 exhibits a membrane 
expression pattern that is co-localized with caviolin-1, a typical cell-surface protein (Lin et 
al., 2010). Immunohistochemistry analysis of specimens from breast cancer patients also 
demonstrated an expression pattern of ER-36 predominantly on the breast cancer cell 
surface (Lee et al., 2008; Vranic et al., 2011). This anti-ER-36 specific antibody also blocked 
ER-36-mediated non-genomic estrogen signaling such as activation of the MAPK/ERK 
signaling in breast cancer cells presumably through steric hindrance of estrogen accesses to 
its binding pocket (Kang et. al., 2010b), indicating that the antibody is accessible to the C-
terminal region of the plasma membrane-associated ER-36 in intact cells. These results thus 
demonstrated that ER-36 is expressed on or near the plasma membrane and suggested that 
ER-36 may be also shuttled to the cell cytoplasm and nucleus depending on cell context 
and extracellular signals.  
Both 17-estradiol (E2) and BSA-conjugated E2 elicit the rapid, membrane-initiated 
estrogen signaling such as activation of the MAPK/ERK signaling pathway and stimulation 
of cell proliferation in ER-36 transfected HEK293 cells, which is not blocked by anti-
estrogens such as tamoxifen, 4-hydroxy-tamoxifen and ICI 182, 780 (Wang et al., 2006). In 
addition, other estrogens including estrone (E1), 17-estradiol (E2), estriol (E3) and estetrol 
(E4) all activate the ERK1/2 phosphorylation at a very similar level (Wang et al., 2006). 
Recently, it was reported that ER-36 even mediated testosterone-stimulated activation of 
the MAPK/ERK and PI3K/Akt signaling pathways in endometrial cancer Hec1A cells (Lin 
et al., 2009). ER-36 also mediates estrogen activation of the PKC/ERK signaling pathway 
(Tong et al., 2010). The finding that the non-genomic estrogen signaling mediated by ER-36 
was insensitive to anti-estrogens suggests that ER-36 may be a receptor involved in the 
anti-estrogen-insensitive estrogen signaling described in different systems before. Taken 
together, ER-36 is a membrane-associated estrogen receptor that mediates rapid and 
mitogenic estrogen signaling. 

14. ER-α36 in anti-estrogen signaling and anti-estrogen resistance 
Since mitogenic estrogen signaling plays a pivotal role in development and maintenance of 
ER-positive breast cancer, treatment with anti-estrogens such as tamoxifen (TAM) has 
become a first-line therapy for advanced ER-positive breast cancer. However, laboratory 
and clinical evidence indicated that TAM and its metabolites such as 4-hydroxytamoxifen 
(4-OHT) have mixed agonist/antagonist or estrogenic/anti-estrogenic actions depending on 
cell and tissue context, and the agonist activity of tamoxifen may contribute to tamoxifen 
resistance observed in almost all patients treated with tamoxifen. As a consequence, a more 
potent and “pure” anti-estrogen, ICI 182, 780 (Fulvestrant, Faslodex) has been developed 
(Reviewed by Howell et al., 2000). 
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36 is a downstream target gene of GPR30-mediated signaling and the previously reported 
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ER-α36 expression.  
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limited similarities with ER-36, such as reaction with antibodies to the ligand-binding 
domain of ER-66 and responding equally to 17- and -estradiol, the molecular similarity 
of these two receptors awaits for the cloning and sequencing of ER-X. 
Additionally, a heterodimeric estrogen-binding protein, referred to as the putative ER 
(pER), was reported to bind to E2 at a sub-nanomolar affinity but was unable to bind 
other estrogens or anti-estrogens. Depending on cell types, pER is expressed on the 
plasma and/or nuclear membranes or in the cytoplasm and nucleus (Rao et al., 1998). 
Since the polyclonal anti-pER antibody failed to react with estrogen receptors and was 
unable to detect pER expression in reproductive organs (Rao et al., 1998), the role of this 
putative estrogen receptor in non-genomic estrogen signaling of breast cancer cells 
remains elusive.  

12. Negative regulation of genomic estrogen signaling by ER-α36 
Comparison of protein structures of ER-66 and ER-36 indicated that ER-36 lacks both 
AF-1 and -2 transcription activation domains but retains the DNA-binding domain and 
dimerization domain. Transient co-transfection assays using a luciferase-expressing reporter 
construct that contains two Estrogen Response Element (ERE) placed upstream of the 
thymidine kinase promoter (2 X ERE-tk-Luc) revealed that ER-36 has no intrinsic 
transcriptional activity in the presence and absence of E2 (Wang et al., 2006). However, ER-
36 strongly inhibited the transactivation activities mediated by the AF-1 and -2 domains of 
both ER-66 and ER- (Wang et al., 2006). These data indicate that ER-36 itself is unable to 
mediate genomic estrogen signaling by regulate target gene expression. However, ER-36 
acts as a naturally occurring dominant-negative regulator of the genomic estrogen signaling 
mediated by the AF1 and AF2 domains of ER-66 and ER-. 
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13. Membrane-association and mitogenic signaling of ER-α36 
The fact that ER-36 posses no intrinsic transcription regulatory activity suggests that ER-
36 may be a membrane-associated estrogen receptor. The sub-cellular fractionation assay 
in ER-36 transfected HEK293 cells revealed that a high percentage of ER-36 (~50%) is 
localized on or near the plasma membrane and a low percentage of it in cytosol (~40%) and 
nucleus (~10%) (Wang et al., 2006). Immuno-fluorescence staining of intact breast cancer 
MCF7 cells and endometrial cancer Hec1A cells using the ER-36 specific antibody 
recognizing the last 20 amino acids that are unique to ER-36 exhibits a membrane 
expression pattern that is co-localized with caviolin-1, a typical cell-surface protein (Lin et 
al., 2010). Immunohistochemistry analysis of specimens from breast cancer patients also 
demonstrated an expression pattern of ER-36 predominantly on the breast cancer cell 
surface (Lee et al., 2008; Vranic et al., 2011). This anti-ER-36 specific antibody also blocked 
ER-36-mediated non-genomic estrogen signaling such as activation of the MAPK/ERK 
signaling in breast cancer cells presumably through steric hindrance of estrogen accesses to 
its binding pocket (Kang et. al., 2010b), indicating that the antibody is accessible to the C-
terminal region of the plasma membrane-associated ER-36 in intact cells. These results thus 
demonstrated that ER-36 is expressed on or near the plasma membrane and suggested that 
ER-36 may be also shuttled to the cell cytoplasm and nucleus depending on cell context 
and extracellular signals.  
Both 17-estradiol (E2) and BSA-conjugated E2 elicit the rapid, membrane-initiated 
estrogen signaling such as activation of the MAPK/ERK signaling pathway and stimulation 
of cell proliferation in ER-36 transfected HEK293 cells, which is not blocked by anti-
estrogens such as tamoxifen, 4-hydroxy-tamoxifen and ICI 182, 780 (Wang et al., 2006). In 
addition, other estrogens including estrone (E1), 17-estradiol (E2), estriol (E3) and estetrol 
(E4) all activate the ERK1/2 phosphorylation at a very similar level (Wang et al., 2006). 
Recently, it was reported that ER-36 even mediated testosterone-stimulated activation of 
the MAPK/ERK and PI3K/Akt signaling pathways in endometrial cancer Hec1A cells (Lin 
et al., 2009). ER-36 also mediates estrogen activation of the PKC/ERK signaling pathway 
(Tong et al., 2010). The finding that the non-genomic estrogen signaling mediated by ER-36 
was insensitive to anti-estrogens suggests that ER-36 may be a receptor involved in the 
anti-estrogen-insensitive estrogen signaling described in different systems before. Taken 
together, ER-36 is a membrane-associated estrogen receptor that mediates rapid and 
mitogenic estrogen signaling. 

14. ER-α36 in anti-estrogen signaling and anti-estrogen resistance 
Since mitogenic estrogen signaling plays a pivotal role in development and maintenance of 
ER-positive breast cancer, treatment with anti-estrogens such as tamoxifen (TAM) has 
become a first-line therapy for advanced ER-positive breast cancer. However, laboratory 
and clinical evidence indicated that TAM and its metabolites such as 4-hydroxytamoxifen 
(4-OHT) have mixed agonist/antagonist or estrogenic/anti-estrogenic actions depending on 
cell and tissue context, and the agonist activity of tamoxifen may contribute to tamoxifen 
resistance observed in almost all patients treated with tamoxifen. As a consequence, a more 
potent and “pure” anti-estrogen, ICI 182, 780 (Fulvestrant, Faslodex) has been developed 
(Reviewed by Howell et al., 2000). 
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TAM and 4-OHT are thought to function as antagonists by competing with E2β and other 
estrogens for binding to ERs. Further structural studies revealed that TAM induces an ER-α 
conformation that does not recruit coactivators to trans-activate target genes but recruits co-
repressors (Shang et. al., 2000), suggesting that TAM- and 4-OHT-bounded ER-α66 is unable 
to effectively activate genes involved in cell growth and breast cancer development. On the 
other hand, ICI 182, 780, a ‘pure’ antiestrogen without estrogenic activity, works in a 
different mechanism. ICI 182, 780 binds to ERs, impairs receptor dimerization and inhibits 
nuclear localization of receptor (Fawell, et. al., 1990; Dauvois et. al., 1992). Furthermore, ICI 
182, 780 also accelerates degradation of the ER-α66 protein without a reduction of ER-α66 
mRNA (Nicholson et. al., 1995). Thus, ICI 182, 780 binds ER-α66 and accelerates degradation 
of ER-α66 protein, resulting in a complete inhibition of estrogen signaling mediated by ER-
α66. 
Although ICI 182, 780 has been depicted as a non-agonist or ‘full’ or ‘pure’ anti-estrogen, 
different laboratories documented estrogenic agonist activities of ICI 182, 780 in different 
systems. Estrogenic agonist activity of ICI 182, 780 has been found in hippocampal neurons 
and in bone cells where ICI 182, 780 promoted bone growth (Zhao et al., 2006; Sibonga et al., 
1998). Agonist-like activities of ICI 182, 780 have also been reported in tamoxifen-resistant 
KPL-1 breast cancer cells (Kurebayashi et al., 1998) and Yeast (Dudley et al., 2000). Both 
tamoxifen and ICI 182, 780 were also reported to induce phosphorylation of the adhesion 
molecules p130Cas/BCR1, FAK and Src in ER-positive breast cancer MCF7 cells (Cowell et 
al., 2006).  The molecular mechanisms by which ICI 182, 780 acts as an estrogenic agonist 
have never been elucidated. Studies from a number of laboratories suggested that a 
membrane associated estrogen-binding receptor mediates the agonist actions of ICI 182, 780 
in neurons (Reviewed by Brinton 2001; Zhao et al., 2005; McEwen, 2002).  
As described above, ER-36 mediated non-genomic estrogen signaling is insensitive to anti-
estrogens such as TAM and ICI 182, 780 (Wang et al., 2006). ER-36 also mediates agonist 
activities of tamoxifen and ICI 182, 780 such as activation of the MAPK/ERK and the 
PI3K/AKT signaling pathways in breast and endometrial cancer cells (Wang et. al., 2006; Lin 
et. al., 2010). ICI 182, 780 failed to induce degradation of ER-36 (Kang et al., 2010a) 
presumably because ER-α36 has a truncated ligand-binding domain that lacks the last 4 
helixes (helix 9–12) of ER-α66 (Wang et al., 2005). The helix-12 domain is critical in protein 
degradation induced by ICI 182, 780 and different positioning of the helix 12 and the F 
domain of ER-66 regulates functional differences between agonists and antagonists 
(Mahfoudi et al., 1995; Pearce et al., 2003). Thus, it is possible that ER-36 is a receptor that 
mediates agonist activities of TAM and ICI 182, 780 recorded in different systems.  
Despite the significant anti-neoplastic activities of anti-estrogens, most breast tumors are 
eventually resistant to anti-estrogen therapy. Essentially, two forms of anti-estrogen 
resistance occur: de novo and acquired resistance (Reviewed by Clarke et. al., 2001 & 2003; 
Ring & Dowestt, 2004). Although absence of ER-66 expression is the most common de novo 
resistance mechanism, about 40-50% ER-positive tumors are already resistant to anti-
estrogens by the time of diagnosis; this de novo resistance mechanism in these ER-positive 
tumors is largely unknown (Reviewed by Clarke et. al., 2001 & 2003; Ring & Dowestt, 2004). 
Furthermore, most initially responsive breast tumors gradually acquire anti-estrogen 
resistance by loss of anti-estrogen responsiveness. The underlying mechanism of breast 
tumors loss their anti-estrogen responsiveness remains unknown. Breast tumors with 
acquired TAM resistance frequently but not always retain levels of ER-66 expression that 
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would still define them as ER-positive tumors (Reviewed by Clarke et. al., 2001 & 2003). 
Therefore, a loss of ER-66 expression is not the major mechanism driving acquired anti-
estrogen resistance. Up-regulation of Erb-B2 (Her2/Neu) and activation of the MAPK 
signaling pathways are usually associated with development of anti-estrogen resistance 
(Reviewed by Clarke et. al., 2001 & 2003; Ring & Dowsett, 2004).  
A recent retrospective study of 896 cases of breast cancer patients revealed that about 40% 
cases of human breast cancer patients were positive for ER-36; about 40% cases ER-positive 
breast cancer co-expressed ER-66 and ER-36 and about 40% cases of ER-negative breast 
cancer that lacked ER-66 expression were positive for ER-36 (Shi et al., 2009). The breast 
cancer patients with tumors expressing high levels of ER-36 were less benefited from 
tamoxifen therapy than those with low levels of ER-36 expression did, and ER-36 
expression is significantly associated with Her2/Neu expression (Shi et. al., 2009). These 
data suggest that high levels of ER-36 expression in breast cancer cells is one of the 
underlying mechanisms of de novo tamoxifen resistance found in ER-positive breast cancer 
patients. 
The aromatase inhibitors (AIs), on the other hand, inhibit the action of the enzyme 
aromatase, which converts testosterone to E2 (estradiol) and androstenedione to E1 
(estrone). The third generation AIs exemplified by anastrazole and letrozole, provides a 
second line therapeutic strategy in advanced ER-positive patients (Reviewed by Santen, 
2003). However, breast cancer cells that express high levels of ER-36 are super sensitive to 
estrogen; activation of the MAPK/ERK in response to an extreme low concentration of 
estrogen, 1 X 10-16 M/L (Zhang et al., 2011). The anastrozole usually suppresses a plasma 
level of E2 to a mean of 2.6 pmol/L and letrozole to a mean of 2.1 pmol/L (Geisler et al., 
2002). These data suggest that breast cancer patients with tumors expressing high levels of 
ER-36 may also be refractory to the third generation of AIs.  

15. ER-α36 in ER-negative breast cancer 
Because of the lack of ER-66 expression, it is prevailingly thought that estrogen signaling is 
not involved in development and progression of ER-negative breast cancer. However, early 
study showed that ovariectomy prevents formation of both ER-positive and –negative breast 
cancers (Nissen-Meyer, 1964). In addition, BRCA1 mutation related tumors, the vast 
majority of which are ER-negative, are also effectively prevented by prophylactic 
ovariectomy (Rebbeck et al., 1999). The increased risk developing breast cancer following 
pregnancy is assumed due to the ability of pregnancy-associated hormones such as estrogen 
to stimulate mammary epithelial cell proliferation. Surprisingly, however, the majority of 
breast cancers that develop following pregnancy are negative for either estrogen and 
progesterone receptors. To explain this contradictory findings, Gupta et al., (2007) proposed 
that estrogen may promote the growth of ER-negative breast cancer via a systemic increase 
in host angiogenesis.  
Rapid activation of the PI3K/Akt pathway in ER-negative breast cancer MDA-MB-231 cells 
that could not be blocked by estrogen antagonists was reported (Tsai et. al., 2001), which was 
explained as estrogen signaling through an ER-independent pathway. Taken together, these 
data suggest that subsets of ER-negative breast cancer cells may retain non-genomic 
estrogen signaling, which may contribute to development and progression of ER-negative 
breast cancers. Several studies demonstrated that ER-36 variant is expressed in established 
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TAM and 4-OHT are thought to function as antagonists by competing with E2β and other 
estrogens for binding to ERs. Further structural studies revealed that TAM induces an ER-α 
conformation that does not recruit coactivators to trans-activate target genes but recruits co-
repressors (Shang et. al., 2000), suggesting that TAM- and 4-OHT-bounded ER-α66 is unable 
to effectively activate genes involved in cell growth and breast cancer development. On the 
other hand, ICI 182, 780, a ‘pure’ antiestrogen without estrogenic activity, works in a 
different mechanism. ICI 182, 780 binds to ERs, impairs receptor dimerization and inhibits 
nuclear localization of receptor (Fawell, et. al., 1990; Dauvois et. al., 1992). Furthermore, ICI 
182, 780 also accelerates degradation of the ER-α66 protein without a reduction of ER-α66 
mRNA (Nicholson et. al., 1995). Thus, ICI 182, 780 binds ER-α66 and accelerates degradation 
of ER-α66 protein, resulting in a complete inhibition of estrogen signaling mediated by ER-
α66. 
Although ICI 182, 780 has been depicted as a non-agonist or ‘full’ or ‘pure’ anti-estrogen, 
different laboratories documented estrogenic agonist activities of ICI 182, 780 in different 
systems. Estrogenic agonist activity of ICI 182, 780 has been found in hippocampal neurons 
and in bone cells where ICI 182, 780 promoted bone growth (Zhao et al., 2006; Sibonga et al., 
1998). Agonist-like activities of ICI 182, 780 have also been reported in tamoxifen-resistant 
KPL-1 breast cancer cells (Kurebayashi et al., 1998) and Yeast (Dudley et al., 2000). Both 
tamoxifen and ICI 182, 780 were also reported to induce phosphorylation of the adhesion 
molecules p130Cas/BCR1, FAK and Src in ER-positive breast cancer MCF7 cells (Cowell et 
al., 2006).  The molecular mechanisms by which ICI 182, 780 acts as an estrogenic agonist 
have never been elucidated. Studies from a number of laboratories suggested that a 
membrane associated estrogen-binding receptor mediates the agonist actions of ICI 182, 780 
in neurons (Reviewed by Brinton 2001; Zhao et al., 2005; McEwen, 2002).  
As described above, ER-36 mediated non-genomic estrogen signaling is insensitive to anti-
estrogens such as TAM and ICI 182, 780 (Wang et al., 2006). ER-36 also mediates agonist 
activities of tamoxifen and ICI 182, 780 such as activation of the MAPK/ERK and the 
PI3K/AKT signaling pathways in breast and endometrial cancer cells (Wang et. al., 2006; Lin 
et. al., 2010). ICI 182, 780 failed to induce degradation of ER-36 (Kang et al., 2010a) 
presumably because ER-α36 has a truncated ligand-binding domain that lacks the last 4 
helixes (helix 9–12) of ER-α66 (Wang et al., 2005). The helix-12 domain is critical in protein 
degradation induced by ICI 182, 780 and different positioning of the helix 12 and the F 
domain of ER-66 regulates functional differences between agonists and antagonists 
(Mahfoudi et al., 1995; Pearce et al., 2003). Thus, it is possible that ER-36 is a receptor that 
mediates agonist activities of TAM and ICI 182, 780 recorded in different systems.  
Despite the significant anti-neoplastic activities of anti-estrogens, most breast tumors are 
eventually resistant to anti-estrogen therapy. Essentially, two forms of anti-estrogen 
resistance occur: de novo and acquired resistance (Reviewed by Clarke et. al., 2001 & 2003; 
Ring & Dowestt, 2004). Although absence of ER-66 expression is the most common de novo 
resistance mechanism, about 40-50% ER-positive tumors are already resistant to anti-
estrogens by the time of diagnosis; this de novo resistance mechanism in these ER-positive 
tumors is largely unknown (Reviewed by Clarke et. al., 2001 & 2003; Ring & Dowestt, 2004). 
Furthermore, most initially responsive breast tumors gradually acquire anti-estrogen 
resistance by loss of anti-estrogen responsiveness. The underlying mechanism of breast 
tumors loss their anti-estrogen responsiveness remains unknown. Breast tumors with 
acquired TAM resistance frequently but not always retain levels of ER-66 expression that 
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would still define them as ER-positive tumors (Reviewed by Clarke et. al., 2001 & 2003). 
Therefore, a loss of ER-66 expression is not the major mechanism driving acquired anti-
estrogen resistance. Up-regulation of Erb-B2 (Her2/Neu) and activation of the MAPK 
signaling pathways are usually associated with development of anti-estrogen resistance 
(Reviewed by Clarke et. al., 2001 & 2003; Ring & Dowsett, 2004).  
A recent retrospective study of 896 cases of breast cancer patients revealed that about 40% 
cases of human breast cancer patients were positive for ER-36; about 40% cases ER-positive 
breast cancer co-expressed ER-66 and ER-36 and about 40% cases of ER-negative breast 
cancer that lacked ER-66 expression were positive for ER-36 (Shi et al., 2009). The breast 
cancer patients with tumors expressing high levels of ER-36 were less benefited from 
tamoxifen therapy than those with low levels of ER-36 expression did, and ER-36 
expression is significantly associated with Her2/Neu expression (Shi et. al., 2009). These 
data suggest that high levels of ER-36 expression in breast cancer cells is one of the 
underlying mechanisms of de novo tamoxifen resistance found in ER-positive breast cancer 
patients. 
The aromatase inhibitors (AIs), on the other hand, inhibit the action of the enzyme 
aromatase, which converts testosterone to E2 (estradiol) and androstenedione to E1 
(estrone). The third generation AIs exemplified by anastrazole and letrozole, provides a 
second line therapeutic strategy in advanced ER-positive patients (Reviewed by Santen, 
2003). However, breast cancer cells that express high levels of ER-36 are super sensitive to 
estrogen; activation of the MAPK/ERK in response to an extreme low concentration of 
estrogen, 1 X 10-16 M/L (Zhang et al., 2011). The anastrozole usually suppresses a plasma 
level of E2 to a mean of 2.6 pmol/L and letrozole to a mean of 2.1 pmol/L (Geisler et al., 
2002). These data suggest that breast cancer patients with tumors expressing high levels of 
ER-36 may also be refractory to the third generation of AIs.  

15. ER-α36 in ER-negative breast cancer 
Because of the lack of ER-66 expression, it is prevailingly thought that estrogen signaling is 
not involved in development and progression of ER-negative breast cancer. However, early 
study showed that ovariectomy prevents formation of both ER-positive and –negative breast 
cancers (Nissen-Meyer, 1964). In addition, BRCA1 mutation related tumors, the vast 
majority of which are ER-negative, are also effectively prevented by prophylactic 
ovariectomy (Rebbeck et al., 1999). The increased risk developing breast cancer following 
pregnancy is assumed due to the ability of pregnancy-associated hormones such as estrogen 
to stimulate mammary epithelial cell proliferation. Surprisingly, however, the majority of 
breast cancers that develop following pregnancy are negative for either estrogen and 
progesterone receptors. To explain this contradictory findings, Gupta et al., (2007) proposed 
that estrogen may promote the growth of ER-negative breast cancer via a systemic increase 
in host angiogenesis.  
Rapid activation of the PI3K/Akt pathway in ER-negative breast cancer MDA-MB-231 cells 
that could not be blocked by estrogen antagonists was reported (Tsai et. al., 2001), which was 
explained as estrogen signaling through an ER-independent pathway. Taken together, these 
data suggest that subsets of ER-negative breast cancer cells may retain non-genomic 
estrogen signaling, which may contribute to development and progression of ER-negative 
breast cancers. Several studies demonstrated that ER-36 variant is expressed in established 
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ER-negative breast cancer cell lines such as MDA-MB-231 and MDA-MB-436 and about 40% 
specimens from ER-negative breast cancer patients (Wang et al., 2006; Lee et al., 2008; Shi et 
al., 2009). Our group recently reported that E2 treatment activated the MAPK/ERK 
signaling pathway, induced expression of growth-promoting genes, c-Myc and cyclin D1, 
stimulated cell proliferation and accelerated tumor growth in vivo in ER-negative breast 
cancer MDA-MB-231 and MDA-MB-436 cells, all of which could be abrogated by knock-
down of ER-36 expression using ER-36 specific shRNA (Zhang et al., 2011). Thus, ER-36-
mediated mitogenic estrogen signaling contributes malignant growth of ER-negative breast 
cancer cells. 

16. Underlying mechanism of mitogenic estrogen signaling mediated by  
ER-α36 
Compelling evidence demonstrated that estrogens up-regulate the expression and function 
of c-Myc and cyclin D1, and activate cyclin E-Cdk2 complexes, all of which are rate limiting 
factors for cell cycle progression from G1 to S phase (Prall et. al., 1998; Altucci et. al., 1996 & 
1997). Based on these findings, it is believed that estrogens directly interact with ERs in ER-
positive human breast cancer cells, where they induce transcriptional activation of 
“immediate early” and cyclin genes and promote cell cycle progression. However, 
membrane-initiated estrogen signaling, including rapid changes of the signal transduction 
cascades, has been proposed to be also essential for the mitogenic action of estrogen 
signaling. Castoria et. al., (1999) reported that NIH3T3 fibroblasts are made equally E2-
responsive in terms of DNA synthesis by transient transfection with either the wild-type or 
the transcriptionally inactive ER-66 mutant. Castoria et. al., (2001) later demonstrated that 
the PI3K/Akt signaling pathway and Src together mediates activation of cyclin D1 promoter 
activity and promotion of the S-phase entry in estrogen–stimulated ER-positive breast 
cancer MCF7 cells. These findings together with other reports (Song et al., 2002; Migliaccio 
et al., 1996; Ahmad et al., 1999; Lobenhofer et al., 2000) highlight the importance of the non-
genomic action of estrogen signaling in estrogen-stimulated cell proliferation and mammary 
tumorigenesis. 
The epidermal growth factor receptor (EGFR) is essential for ductal morphogenesis during 
normal mammary gland development and its overexpression either at the gene or protein 
levels is well documented in human breast cancer (Reviewed by Troyer & Lee, 2001). 
Overexpression of EGFR alone usually does not constitute efficient transformation and 
tumorigenesis in breast cancer models. However, co-expression with the non-receptor 
kinase c-Src dramatically increases tumorigenesis (Maa et al., 1995; Tice et al., 1999; Biscardi 
et al., 1998). Co-expression of EGFR and c-Src in breast cancer cell lines results in their 
association and c-Src-mediated phosphorylation of the EGFR at tyrosine 845 (Tyr845) within 
its catalytic domain, which contributes to enhanced proliferation in vitro and tumor 
formation in vivo (Biscardi et al., 1998; Maa et al., 1995; Tice et al., 1999; Biscardi et al., 2000). 
Accumulating evidence indicated that c-Src is involved in non-genomic estrogen signaling 
by interacting with ER-66 in ER-positive breast cancer cells (Shupnik, 2004). In ER-negative 
breast cancer cells, E2 induced the MAPK/ERK activation through a mechanism that 
involves the interaction between ER-36 and the EGFR/Src/Shc complex (Zhang et al, 
2011). Intriguingly, ER-36 interacts strongly with EGFR in the absence of estrogen and is 
progressively dissociated from EGFR after estrogen treatment (Zhang et al., 2011), which is 
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in contradictory to the finding that estrogen stimulates recruitment of ER-66 to the EGFR 
complex (Reviewed by Levin, 2003). Like ER-66 (Song et al., 2002), interaction between ER-
36 and the Src/Shc was estrogen-dependent (Zhang et al., 2011), which results in Src-Tyr-
416 phosphorylation and phosphorylation of the EGFR-Tyr-845 but not the major auto-
phosphorylation sites of EGFR such as Tyr-992, -1068 and -1073. Tyr-845 in the EGFR is not 
an auto-phosphorylation site and is not required for EGFR kinase activity but is 
phosphorylated by Src (Biscardi et al., 1998).  
Signal transducer and activator of transcription 5b (STAT5b), c-Src and EGFR play 
important roles in estrogen-stimulated proliferation of ER-positive breast cancer cells (Fox et 
al., 2008). Estrogen-induced Src activation and Src-dependent phosphorylation of EGFR-Tyr-
845 recruit STAT5b as a downstream effector of phosphorylated EGFR-Tyr-845 to induce c-
Myc and cyclin D1 expression (Fox et al., 2008). Introduction of a dominant-negative 
STAT5a into ER-positive T47D breast cancer cells inhibits E2-stimulated cell proliferation 
and induces apoptosis (Yamashita et al., 2003). The involvement of STAT5 in ER-36-
mediated estrogen activation of the cyclin D1 promoter activity has been established (Zhang 
et al., unpublished data). Thus, it is possible that ER-36 mediates mitogenic estrogen 
signaling through the EGFR/Src/STAT5 pathway in breast cancer cells. 

17. Transcriptional regulation of ER-α36 
Transcription of ER-36 is initiated from a previously unidentified promoter in the first 
intron of the ER-66 gene (Figure 1). The putative 5’-flanking region of the ER-36 has been 
cloned and sequenced (Zou et al., 2009). Computer analysis revealed a TATA binding 
protein (TBP) recognition sequence upstream of the cDNA start site and several Sp1, NF-B 
and Ap1 binding sites in the 5’-flanking region of ER-36. A perfect half ERE site was 
identified at the promoter region of ER-36 that is involved in suppression of ER-36 
promoter activity by ER-66, indicating that ER-36 expression is subjected to negative 
regulation of ER-66 (Zou et al., 2009). This is consistent with the finding that ER-positive 
breast cancer cells tend to express lower levels of ER-36 compared to ER-negative breast 
cancer cells (Wang et al., 2006; Zou et al., 2009). ER-46 that lacks the AF-1 domain, 
however, had no effect on ER-36 promoter activity while ER-46 released the suppression 
activity of ER-66 when co-expressed with ER-66 (Zou et al., 2009). Thus ER-66 
suppresses the promoter activity of ER-36 presumably through ligand-independent 
activity mediated by its AF1 domain, which can be blocked by ER-46. In addition, co-
expression of ER-36 also released the suppression activity mediated by ER-66 (Zou et al., 
2009), suggesting that ER-36 may be regulated by a positive-feedback mechanism.  
BRCA1 mutations and downregulation are found in familial and sporadic breast cancers and 
BRCA1-related tumors are more likely to be ER-negative than are non-BRCA1 related breast 
cancers. It is still unknown why dysfunctional BRCA1 only predispose to cancers of estrogen 
responsive tissues and why these BRCA1-related breast tumors are often ER-negative. BRCA1 
mediates the ligand-independent transcriptional repression activity of the ER-66 through its 
AF-1 domain (Zheng et. al., 2003). Since ER-66 represses the promoter activity of ER-36 
through its AF-1 domain, it is reasonable to postulate that loss of BRCA1 function either by 
mutations or downregulation may activate ER-36 expression, which then activates ER-36-
mediated mitogenic estrogen signaling that eventually leads to development of breast cancers 
characterized as ER-negative since they lack ER-66 expression. 
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ER-negative breast cancer cell lines such as MDA-MB-231 and MDA-MB-436 and about 40% 
specimens from ER-negative breast cancer patients (Wang et al., 2006; Lee et al., 2008; Shi et 
al., 2009). Our group recently reported that E2 treatment activated the MAPK/ERK 
signaling pathway, induced expression of growth-promoting genes, c-Myc and cyclin D1, 
stimulated cell proliferation and accelerated tumor growth in vivo in ER-negative breast 
cancer MDA-MB-231 and MDA-MB-436 cells, all of which could be abrogated by knock-
down of ER-36 expression using ER-36 specific shRNA (Zhang et al., 2011). Thus, ER-36-
mediated mitogenic estrogen signaling contributes malignant growth of ER-negative breast 
cancer cells. 

16. Underlying mechanism of mitogenic estrogen signaling mediated by  
ER-α36 
Compelling evidence demonstrated that estrogens up-regulate the expression and function 
of c-Myc and cyclin D1, and activate cyclin E-Cdk2 complexes, all of which are rate limiting 
factors for cell cycle progression from G1 to S phase (Prall et. al., 1998; Altucci et. al., 1996 & 
1997). Based on these findings, it is believed that estrogens directly interact with ERs in ER-
positive human breast cancer cells, where they induce transcriptional activation of 
“immediate early” and cyclin genes and promote cell cycle progression. However, 
membrane-initiated estrogen signaling, including rapid changes of the signal transduction 
cascades, has been proposed to be also essential for the mitogenic action of estrogen 
signaling. Castoria et. al., (1999) reported that NIH3T3 fibroblasts are made equally E2-
responsive in terms of DNA synthesis by transient transfection with either the wild-type or 
the transcriptionally inactive ER-66 mutant. Castoria et. al., (2001) later demonstrated that 
the PI3K/Akt signaling pathway and Src together mediates activation of cyclin D1 promoter 
activity and promotion of the S-phase entry in estrogen–stimulated ER-positive breast 
cancer MCF7 cells. These findings together with other reports (Song et al., 2002; Migliaccio 
et al., 1996; Ahmad et al., 1999; Lobenhofer et al., 2000) highlight the importance of the non-
genomic action of estrogen signaling in estrogen-stimulated cell proliferation and mammary 
tumorigenesis. 
The epidermal growth factor receptor (EGFR) is essential for ductal morphogenesis during 
normal mammary gland development and its overexpression either at the gene or protein 
levels is well documented in human breast cancer (Reviewed by Troyer & Lee, 2001). 
Overexpression of EGFR alone usually does not constitute efficient transformation and 
tumorigenesis in breast cancer models. However, co-expression with the non-receptor 
kinase c-Src dramatically increases tumorigenesis (Maa et al., 1995; Tice et al., 1999; Biscardi 
et al., 1998). Co-expression of EGFR and c-Src in breast cancer cell lines results in their 
association and c-Src-mediated phosphorylation of the EGFR at tyrosine 845 (Tyr845) within 
its catalytic domain, which contributes to enhanced proliferation in vitro and tumor 
formation in vivo (Biscardi et al., 1998; Maa et al., 1995; Tice et al., 1999; Biscardi et al., 2000). 
Accumulating evidence indicated that c-Src is involved in non-genomic estrogen signaling 
by interacting with ER-66 in ER-positive breast cancer cells (Shupnik, 2004). In ER-negative 
breast cancer cells, E2 induced the MAPK/ERK activation through a mechanism that 
involves the interaction between ER-36 and the EGFR/Src/Shc complex (Zhang et al, 
2011). Intriguingly, ER-36 interacts strongly with EGFR in the absence of estrogen and is 
progressively dissociated from EGFR after estrogen treatment (Zhang et al., 2011), which is 
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in contradictory to the finding that estrogen stimulates recruitment of ER-66 to the EGFR 
complex (Reviewed by Levin, 2003). Like ER-66 (Song et al., 2002), interaction between ER-
36 and the Src/Shc was estrogen-dependent (Zhang et al., 2011), which results in Src-Tyr-
416 phosphorylation and phosphorylation of the EGFR-Tyr-845 but not the major auto-
phosphorylation sites of EGFR such as Tyr-992, -1068 and -1073. Tyr-845 in the EGFR is not 
an auto-phosphorylation site and is not required for EGFR kinase activity but is 
phosphorylated by Src (Biscardi et al., 1998).  
Signal transducer and activator of transcription 5b (STAT5b), c-Src and EGFR play 
important roles in estrogen-stimulated proliferation of ER-positive breast cancer cells (Fox et 
al., 2008). Estrogen-induced Src activation and Src-dependent phosphorylation of EGFR-Tyr-
845 recruit STAT5b as a downstream effector of phosphorylated EGFR-Tyr-845 to induce c-
Myc and cyclin D1 expression (Fox et al., 2008). Introduction of a dominant-negative 
STAT5a into ER-positive T47D breast cancer cells inhibits E2-stimulated cell proliferation 
and induces apoptosis (Yamashita et al., 2003). The involvement of STAT5 in ER-36-
mediated estrogen activation of the cyclin D1 promoter activity has been established (Zhang 
et al., unpublished data). Thus, it is possible that ER-36 mediates mitogenic estrogen 
signaling through the EGFR/Src/STAT5 pathway in breast cancer cells. 

17. Transcriptional regulation of ER-α36 
Transcription of ER-36 is initiated from a previously unidentified promoter in the first 
intron of the ER-66 gene (Figure 1). The putative 5’-flanking region of the ER-36 has been 
cloned and sequenced (Zou et al., 2009). Computer analysis revealed a TATA binding 
protein (TBP) recognition sequence upstream of the cDNA start site and several Sp1, NF-B 
and Ap1 binding sites in the 5’-flanking region of ER-36. A perfect half ERE site was 
identified at the promoter region of ER-36 that is involved in suppression of ER-36 
promoter activity by ER-66, indicating that ER-36 expression is subjected to negative 
regulation of ER-66 (Zou et al., 2009). This is consistent with the finding that ER-positive 
breast cancer cells tend to express lower levels of ER-36 compared to ER-negative breast 
cancer cells (Wang et al., 2006; Zou et al., 2009). ER-46 that lacks the AF-1 domain, 
however, had no effect on ER-36 promoter activity while ER-46 released the suppression 
activity of ER-66 when co-expressed with ER-66 (Zou et al., 2009). Thus ER-66 
suppresses the promoter activity of ER-36 presumably through ligand-independent 
activity mediated by its AF1 domain, which can be blocked by ER-46. In addition, co-
expression of ER-36 also released the suppression activity mediated by ER-66 (Zou et al., 
2009), suggesting that ER-36 may be regulated by a positive-feedback mechanism.  
BRCA1 mutations and downregulation are found in familial and sporadic breast cancers and 
BRCA1-related tumors are more likely to be ER-negative than are non-BRCA1 related breast 
cancers. It is still unknown why dysfunctional BRCA1 only predispose to cancers of estrogen 
responsive tissues and why these BRCA1-related breast tumors are often ER-negative. BRCA1 
mediates the ligand-independent transcriptional repression activity of the ER-66 through its 
AF-1 domain (Zheng et. al., 2003). Since ER-66 represses the promoter activity of ER-36 
through its AF-1 domain, it is reasonable to postulate that loss of BRCA1 function either by 
mutations or downregulation may activate ER-36 expression, which then activates ER-36-
mediated mitogenic estrogen signaling that eventually leads to development of breast cancers 
characterized as ER-negative since they lack ER-66 expression. 
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The analysis of ER-36 promoter revealed several important features of transcriptional 
regulation of this potentially important player in estrogen signaling. The finding of several 
NF-B binding sites indicates that ER-36 is subject to regulation by the NF-B signaling 
pathway and by different cytokines that activate the NF-B signaling pathway. The 
existence of Ap-1 binding sites in the ER-36 promoter region raised the possibility that 
growth factor signaling may regulate ER-36 expression, which was confirmed by our 
recent report that EGFR-mediated signaling induces ER-36 expression via one of the Ap-1 
binding sites (Zhang et al., 2011). Thus, further study of the transcription regulation of ER-
36 will provide more information about the mechanisms underlying regulation of ER-36 
mediated non-genomic estrogen signaling in cells and tissues other than mammary gland. 

18. Cross-regulation of ER-α36 and members of the EGFR family 
In ER-positive breast cancer cells, it has been well documented that the cross-
communication between EGFR and ER-66 leads to serine phosphorylation of ER-66 and 
ligand-independent activation of the ER-66-mediated transcription (Kato et al., 1995; 
Bunone et al., 1996). Conversely, EGF signaling is strongly enhanced by the ER-66 in ER-
positive MCF7 cells and anti-estrogen ICI 182, 780 was able to block the EGF signaling 
(Migliaccio et al., 2006). In addition, our group has reported another level of cross-talk 
mechanism by which EGFR and ER-36 positively regulate each other’s expression in triple-
negative breast cancer cells (Zhang et al., 2011); EGFR signaling activates the promoter 
activity of ER-36 and ER-36 stabilizes the steady state levels of EGFR protein. This 
positive feedback loop provides a molecular explanation to the aggressiveness of triple-
negative breast cancer. A similar cross-regulation between Her2/Neu and ER-36 was also 
found (Kang et al., unpublished observations). However, unlike EGFR, ER-36-mediated 
estrogen signaling up-regulates the promoter activity of Her2/Neu gene, suggesting that 
ER-36 positively regulates Her2/Neu expression. This data is consistent with the finding 
that ER-36 expression is significantly correlated with Her-2/Neu expression in specimens 
from breast cancer patients (Shi et al., 2009). Thus, the interplay between growth factor 
receptors and ER-36 may play an important role in development and progression of 
subsets of breast cancer that highly express ER-36.  

19. ER-α36 in osteoporosis 
Non-genomic estrogen signaling plays an important role in bone protection; estrogen is able 
to protect the adult skeleton against bone loss by maintaining a focal balance between bone 
formation and resorption, which mainly results from the opposite effects of osteoblasts 
(OBs) and osteoclasts (OCs). Estrogen has anti-apoptotic effects on OBs and pro-apoptotic 
effects on OCs through an extra-nuclear signaling that leads to activation of the MAPK/ERK 
signaling pathway and kinase-dependent changes in transcription activities (Reviewed by 
Manolagas, 2000; Manolagas et al., 2004). However, the underlying mechanisms of this 
opposite effects of estrogen signaling have not been established. Xie et al., (2011) recently 
reported that the postmenopausal level of E2 induces mitogenic, anti-apoptotic and anti-
osteogenic effects in postmenopausal OBs and pro-apoptotic effects in postmenopausal OCs, 
respectively. ER-36 mediates the effects of post-menopausal-level E2 on proliferation, 
apoptosis, and differentiation of OBs through transient activation of the MAPK/ERK 
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pathway, whereas ER-36 mediates post-menopausal-level E2 induced apoptosis of OCs 
through prolonged or sustained activation of the MAPK/ERK pathway. The levels of ER-
36 expression in bone are positively associated with bone mineral density in post-
menopausal women. Thus, the high levels of ER-36 expression are required for preserving 
bone mass in post-menopausal and menopausal women. 

20. Conclusions 
Most previous studies of estrogen signaling in human breast cancer were focused on the ER-
66, the only known estrogen receptor for many years. The discovery of ER-36 in our 
laboratory, combined with the previous reports of membrane-based ER-46, raised the 
intriguing possibility that ER-36 and ER-46 are also involved in estrogen signaling. Net 
estrogen response in a specific target cell thus depends on absolute and relative levels of the 
regulated expression of full-length and alternatively processed estrogen receptor- 
isoforms.  
It is well established that estrogen stimulates mammary epithelial cell proliferation. 
However, the function of ER-66, ER- and ER-46 in mitogenic estrogen signaling is 
confounding. A plethora of experimental evidence indicates that ER-66, ER-46, and ER- 
negatively regulate mitogenic estrogen signaling in transfected cells, which argue against 
the positive role of these receptors in estrogen-stimulated cell proliferation. Thus far, ER-36 
is the only reported estrogen receptor that mediates mitogenic estrogen signaling and 
stimulates cell proliferation in transfected cells and in ER-negative breast cancer cells that 
lack expression of ER-66, ER-46 and ER- but express high level of endogenous ER-36. 
In addition, the finding that ER-36 functions as a potent dominant-negative regulator of 
the genomic estrogen signaling mediated by ER-66 and ER- implicates that when ER-36 
mediates mitogenic estrogen signalling, it may require the silence of genomic estrogen 
signaling. This again challenges the well-known role of genomic estrogen signaling in 
estrogen-stimulated cell proliferation. 
Accumulating evidence highlights the importance of ER-36-mediated non-genomic 
estrogen signaling in malignant growth of breast cancer and endometrial cancer cells. The 
expression of ER-36 has also been detected in other types of human cancer such as human 
colon cancer and liver cancer (Jiang et al., 2008; Miceli et al., 2011), suggesting that ER-36 
may also involved in initiation and development of human malignancy in non-classical 
estrogen targeting organs. Elucidating the functions of ER-36-mediated non-genomic 
estrogen signaling in different types of human malignancy could provide more informed 
approaches to better understand the underlying mechanisms of mitogenic estrogen 
signaling in mammary carcinogenesis. We hope that further investigation of the function 
and underlying mechanisms of this ER variant in different subtypes of human breast cancer 
and even in the putative breast cancer stem/progenitor cells will lead to development of 
high efficacy, less toxic therapeutic agents for patients affected with mammary 
malignancies. 
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The analysis of ER-36 promoter revealed several important features of transcriptional 
regulation of this potentially important player in estrogen signaling. The finding of several 
NF-B binding sites indicates that ER-36 is subject to regulation by the NF-B signaling 
pathway and by different cytokines that activate the NF-B signaling pathway. The 
existence of Ap-1 binding sites in the ER-36 promoter region raised the possibility that 
growth factor signaling may regulate ER-36 expression, which was confirmed by our 
recent report that EGFR-mediated signaling induces ER-36 expression via one of the Ap-1 
binding sites (Zhang et al., 2011). Thus, further study of the transcription regulation of ER-
36 will provide more information about the mechanisms underlying regulation of ER-36 
mediated non-genomic estrogen signaling in cells and tissues other than mammary gland. 

18. Cross-regulation of ER-α36 and members of the EGFR family 
In ER-positive breast cancer cells, it has been well documented that the cross-
communication between EGFR and ER-66 leads to serine phosphorylation of ER-66 and 
ligand-independent activation of the ER-66-mediated transcription (Kato et al., 1995; 
Bunone et al., 1996). Conversely, EGF signaling is strongly enhanced by the ER-66 in ER-
positive MCF7 cells and anti-estrogen ICI 182, 780 was able to block the EGF signaling 
(Migliaccio et al., 2006). In addition, our group has reported another level of cross-talk 
mechanism by which EGFR and ER-36 positively regulate each other’s expression in triple-
negative breast cancer cells (Zhang et al., 2011); EGFR signaling activates the promoter 
activity of ER-36 and ER-36 stabilizes the steady state levels of EGFR protein. This 
positive feedback loop provides a molecular explanation to the aggressiveness of triple-
negative breast cancer. A similar cross-regulation between Her2/Neu and ER-36 was also 
found (Kang et al., unpublished observations). However, unlike EGFR, ER-36-mediated 
estrogen signaling up-regulates the promoter activity of Her2/Neu gene, suggesting that 
ER-36 positively regulates Her2/Neu expression. This data is consistent with the finding 
that ER-36 expression is significantly correlated with Her-2/Neu expression in specimens 
from breast cancer patients (Shi et al., 2009). Thus, the interplay between growth factor 
receptors and ER-36 may play an important role in development and progression of 
subsets of breast cancer that highly express ER-36.  

19. ER-α36 in osteoporosis 
Non-genomic estrogen signaling plays an important role in bone protection; estrogen is able 
to protect the adult skeleton against bone loss by maintaining a focal balance between bone 
formation and resorption, which mainly results from the opposite effects of osteoblasts 
(OBs) and osteoclasts (OCs). Estrogen has anti-apoptotic effects on OBs and pro-apoptotic 
effects on OCs through an extra-nuclear signaling that leads to activation of the MAPK/ERK 
signaling pathway and kinase-dependent changes in transcription activities (Reviewed by 
Manolagas, 2000; Manolagas et al., 2004). However, the underlying mechanisms of this 
opposite effects of estrogen signaling have not been established. Xie et al., (2011) recently 
reported that the postmenopausal level of E2 induces mitogenic, anti-apoptotic and anti-
osteogenic effects in postmenopausal OBs and pro-apoptotic effects in postmenopausal OCs, 
respectively. ER-36 mediates the effects of post-menopausal-level E2 on proliferation, 
apoptosis, and differentiation of OBs through transient activation of the MAPK/ERK 
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pathway, whereas ER-36 mediates post-menopausal-level E2 induced apoptosis of OCs 
through prolonged or sustained activation of the MAPK/ERK pathway. The levels of ER-
36 expression in bone are positively associated with bone mineral density in post-
menopausal women. Thus, the high levels of ER-36 expression are required for preserving 
bone mass in post-menopausal and menopausal women. 
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Most previous studies of estrogen signaling in human breast cancer were focused on the ER-
66, the only known estrogen receptor for many years. The discovery of ER-36 in our 
laboratory, combined with the previous reports of membrane-based ER-46, raised the 
intriguing possibility that ER-36 and ER-46 are also involved in estrogen signaling. Net 
estrogen response in a specific target cell thus depends on absolute and relative levels of the 
regulated expression of full-length and alternatively processed estrogen receptor- 
isoforms.  
It is well established that estrogen stimulates mammary epithelial cell proliferation. 
However, the function of ER-66, ER- and ER-46 in mitogenic estrogen signaling is 
confounding. A plethora of experimental evidence indicates that ER-66, ER-46, and ER- 
negatively regulate mitogenic estrogen signaling in transfected cells, which argue against 
the positive role of these receptors in estrogen-stimulated cell proliferation. Thus far, ER-36 
is the only reported estrogen receptor that mediates mitogenic estrogen signaling and 
stimulates cell proliferation in transfected cells and in ER-negative breast cancer cells that 
lack expression of ER-66, ER-46 and ER- but express high level of endogenous ER-36. 
In addition, the finding that ER-36 functions as a potent dominant-negative regulator of 
the genomic estrogen signaling mediated by ER-66 and ER- implicates that when ER-36 
mediates mitogenic estrogen signalling, it may require the silence of genomic estrogen 
signaling. This again challenges the well-known role of genomic estrogen signaling in 
estrogen-stimulated cell proliferation. 
Accumulating evidence highlights the importance of ER-36-mediated non-genomic 
estrogen signaling in malignant growth of breast cancer and endometrial cancer cells. The 
expression of ER-36 has also been detected in other types of human cancer such as human 
colon cancer and liver cancer (Jiang et al., 2008; Miceli et al., 2011), suggesting that ER-36 
may also involved in initiation and development of human malignancy in non-classical 
estrogen targeting organs. Elucidating the functions of ER-36-mediated non-genomic 
estrogen signaling in different types of human malignancy could provide more informed 
approaches to better understand the underlying mechanisms of mitogenic estrogen 
signaling in mammary carcinogenesis. We hope that further investigation of the function 
and underlying mechanisms of this ER variant in different subtypes of human breast cancer 
and even in the putative breast cancer stem/progenitor cells will lead to development of 
high efficacy, less toxic therapeutic agents for patients affected with mammary 
malignancies. 
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1. Introduction  
The estrogen-related receptors (ERRs) α, β and γ comprise the NR3B orphan subgroup 
within the nuclear receptor superfamily. Although the ERRs were identified based on their 
sequence homology to estrogen receptor alpha (ERα), they do not bind estrogen or any other 
natural hormones. Recent studies have defined the roles of ERRs in the regulation of target 
genes at the transcriptional level as well as their participation in a broad range of 
physiological functions such as energy metabolism and growth progression. The expression 
of ERRs has been shown to be up-regulated in advanced breast cancer cells and is 
considered to be a negative prognostic marker for the diagnosis of the disease. This review 
will cover what is currently known in regards to the gene structure of ERRs in addition to 
their regulation, function and relationship to breast cancer. 
Breast cancer is a complicated disease with 200,000 women diagnosed in the United States 
each year. There are many factors that influence breast cancer development and 
progression with hormone and nuclear receptors playing critical roles. Several reviews 
have been written on the emerging roles of estrogen and nuclear receptors in breast 
cancer (reviews (Conzen 2008; Hayashi, Niwa et al. 2009; Riggins, Mazzotta et al. 2010)). 
In this review we will focus on the estrogen-related receptor alpha, beta and gamma 
(ERRα, β and γ). ERRα and ERRβ were the first orphan nuclear receptors to be cloned in 
the late 1980’s (Giguere, Yang et al. 1988) with ERRγ following 10 years later (Eudy, Yao 
et al. 1998; Hong, Yang et al. 1999; Heard, Norby et al. 2000). Although these receptors 
were cloned many years ago based on their sequence homology at the DNA binding 
domain to estrogen receptor alpha (ERα), their biological relevance (s) has only recently 
been uncovered (Giguere 2008; Villena and Kralli 2008) along with potential roles in 
cancer, and more specifically breast cancer. 

1.1 Background of nuclear receptor family  
ERRs belong to the orphan nuclear receptor NR3B subfamily which do not bind to any 
known natural ligands and are constitutively active in transcription (Benoit, Cooney et al. 
2006). Crystal structure analyses of the ERRs revealed that the AF-2 containing helix 12, 
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physiological functions such as energy metabolism and growth progression. The expression 
of ERRs has been shown to be up-regulated in advanced breast cancer cells and is 
considered to be a negative prognostic marker for the diagnosis of the disease. This review 
will cover what is currently known in regards to the gene structure of ERRs in addition to 
their regulation, function and relationship to breast cancer. 
Breast cancer is a complicated disease with 200,000 women diagnosed in the United States 
each year. There are many factors that influence breast cancer development and 
progression with hormone and nuclear receptors playing critical roles. Several reviews 
have been written on the emerging roles of estrogen and nuclear receptors in breast 
cancer (reviews (Conzen 2008; Hayashi, Niwa et al. 2009; Riggins, Mazzotta et al. 2010)). 
In this review we will focus on the estrogen-related receptor alpha, beta and gamma 
(ERRα, β and γ). ERRα and ERRβ were the first orphan nuclear receptors to be cloned in 
the late 1980’s (Giguere, Yang et al. 1988) with ERRγ following 10 years later (Eudy, Yao 
et al. 1998; Hong, Yang et al. 1999; Heard, Norby et al. 2000). Although these receptors 
were cloned many years ago based on their sequence homology at the DNA binding 
domain to estrogen receptor alpha (ERα), their biological relevance (s) has only recently 
been uncovered (Giguere 2008; Villena and Kralli 2008) along with potential roles in 
cancer, and more specifically breast cancer. 

1.1 Background of nuclear receptor family  
ERRs belong to the orphan nuclear receptor NR3B subfamily which do not bind to any 
known natural ligands and are constitutively active in transcription (Benoit, Cooney et al. 
2006). Crystal structure analyses of the ERRs revealed that the AF-2 containing helix 12, 
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essential for coactivator interaction (Nettles and Greene 2005), is in an active conformation 
while the ligand-binding pocket (LBP) remains empty (Greschik, Wurtz et al. 2002; Kallen, 
Schlaeppi et al. 2004). ERRs bind to TCAA/GGTCA elements called SFRE/ERRE and 
continually transactivate the target gene (Yang, Shigeta et al. 1996; Sladek, Beatty et al. 1997). 
While there are three members in this subfamily, both ERRβ (Zhou, Liu et al. 2006; Bombail, 
Collins et al. 2010) and ERRγ (Heard, Norby et al. 2000) have multiple variants that are 
expressed in a tissue-specific manner whereas there are no reports on variants of ERRα.  
Although ERRs have high amino acid sequence homology, they are located on different 
chromosomes and cover a wide range of genomic space. The ESRRA gene is located at 
chromosome 11q13.1 (Shi, Shigeta et al. 1997) with a processed pseudogene present at 
13q12.1 (Sladek, Beatty et al. 1997). It contains 7 exons and spans approximately 11 kbp 
genomic-space. The ESRRB gene is located at chromosome 14q24.3, has 12 exons and at least 
5 variants from alternative splicing. It covers 130 kbp genomic-space ((Zhou, Liu et al. 2006; 
Collin, Kalay et al. 2008); Ensembl genome browser 61). The ESRRG gene spans 635 kbp 
genomic space, is located at chromosome 1q41 with 9 exons and 5 variants ((Eudy, Yao et al. 
1998; Hong, Yang et al. 1999; Heard, Norby et al. 2000); Ensembl genome browser). A 
diagrammatic presentation of the relationship between ERRs and the ERs protein 
demonstrated that the highly conserved DNA binding domain (DBD) among the ERRs is 
closely related to the ERs DBD (Fig. 1). As indicated above, the ERR genes are located on 
different chromosomes which suggests that the gene and/or genome duplication event 
occurred over a long period of evolutionary time. Additionally, some of the coding exons 
are separated by large introns while others are clustered together. 
 

 
Fig. 1. A. Protein structures of the ERRs and ERs. DBD, DNA binding domain; AF2, 
activation function 2. Number on top indicates the amino acid position of the modular 
domains for the nuclear receptor. % in the box indicates the amino acid sequence homology 
to ERRα within the same domain. B: Gene structures of the ERRs. The size of the gene and 
the locations of the exons (vertical bar or box) are in approximation. Chromosome locations 
and the approximate gene sizes are indicated. 
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1.2 Expression of ERRs 
Surveying the expression of all 49 nuclear receptors from 39 mouse tissues uncovered the 
coordination of several nuclear receptor groups with the transcriptional programs necessary 
to affect distinct physiologic pathways (Bookout, Jeong et al. 2006). Indeed expression of 
some of the nuclear receptors including the ERRs is linked to the circadian clock in key 
metabolic tissues suggesting their role in regulation of nutrient and energy metabolism 
(Horard, Castet et al. 2004; Yang, Downes et al. 2006; Giguere 2008; Villena and Kralli 2008). 
These studies underscore the importance of regulation and expression of nuclear receptors 
in normal and abnormal physiological conditions. ERRα is ubiquitously expressed in all 
tissues examined and is especially abundant in those with high metabolic needs such as 
heart, skeletal muscle and kidney (Giguere 2008). In addition, ERRα is expressed in both 
human and mouse embryonic stem cells (Xie, Jeong et al. 2009), during adipocyte 
differentiation (Fu, Sun et al. 2005) and bone morphogenesis (Bonnelye and Aubin 2002; 
Bonnelye, Kung et al. 2002) suggesting its roles in differentiation and development. 
Although expression of ERRγ is more restricted and not detectable in every tissue examined 
with levels that are lower than ERRα, it is still highly expressed in metabolically active 
tissues such as brain, skeletal muscle, heart and kidney (Zhang and Teng 2007; Giguere 
2008). It was thought that ERRβ was mainly expressed in embryo (Giguere, Yang et al. 1988; 
Luo, Sladek et al. 1997), however as detection methods improved, ERRβ expression was 
found to be present in eye, brain, thyroid, kidney and the heart of adult tissues (Bookout, 
Jeong et al. 2006). Although ERRβ is present at lower levels as compared to ERRα and ERRγ, 
it also exhibited a distinct diurnal rhythmic expression much like the other two in white fat 
(WAT), brown fat (BAT), liver and skeletal muscle. This suggests a potential role in the 
coordination of oxidative metabolism in these tissues (Yang, Downes et al. 2006). The 
expression of ERRs in these metabolically active tissues under circadian rhythm hints to 
potential overlapping functions in energy metabolism. 
As stated earlier, the expression level of the receptors could be closely linked to their 
biological function in a cell-type specific manner. This is particularly relevant for a 
constitutive activator since they are not regulated by the addition of ligands. Therefore the 
function of ERRs could be controlled by their expression level; however information 
regarding the mechanisms and signals that regulate their expression is limited.  

1.3 Regulation of ERRs 
1.3.1 Estrogen regulation of ERRs 
ERRα was demonstrated to be the target gene for estrogen in the mouse uterus (Shigeta, Zuo 
et al. 1997) 15 years ago. Later, a combinatorial estrogen response element which can bind 
several nuclear receptors termed multiple hormone response element (MHRE) was 
identified in the human ERRα gene promoter (Liu, Zhang et al. 2003). Under the influence of 
estrogen, the estrogen receptor alpha (ERα), (but not the estrogen receptor beta (ERβ)) was 
recruited to the chromatin of the human ERRα promoter which interacted with the MHRE 
in an indirect tethering manner and transactivated the promoter (Liu, Zhang et al. 2003; Hu, 
Kinyamu et al. 2008). Surprisingly, in a similar experiment conducted with ER negative 
SKBR3 cells, estrogen treatment also induced chromatin modification around the MHRE 
region and recruited the coregulators and RNA polymerase II to the ERRα promoter (Li, 
Birnbaumer et al. 2010). This suggests that the ERRα gene can be regulated by estrogen in a 
non-ER dependent manner. Indeed, the MHRE (a 57 bp region in human and a 34 bp region) 
in mouse of the ERRα gene is a pleiopropic response element for multiple nuclear receptors 
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essential for coactivator interaction (Nettles and Greene 2005), is in an active conformation 
while the ligand-binding pocket (LBP) remains empty (Greschik, Wurtz et al. 2002; Kallen, 
Schlaeppi et al. 2004). ERRs bind to TCAA/GGTCA elements called SFRE/ERRE and 
continually transactivate the target gene (Yang, Shigeta et al. 1996; Sladek, Beatty et al. 1997). 
While there are three members in this subfamily, both ERRβ (Zhou, Liu et al. 2006; Bombail, 
Collins et al. 2010) and ERRγ (Heard, Norby et al. 2000) have multiple variants that are 
expressed in a tissue-specific manner whereas there are no reports on variants of ERRα.  
Although ERRs have high amino acid sequence homology, they are located on different 
chromosomes and cover a wide range of genomic space. The ESRRA gene is located at 
chromosome 11q13.1 (Shi, Shigeta et al. 1997) with a processed pseudogene present at 
13q12.1 (Sladek, Beatty et al. 1997). It contains 7 exons and spans approximately 11 kbp 
genomic-space. The ESRRB gene is located at chromosome 14q24.3, has 12 exons and at least 
5 variants from alternative splicing. It covers 130 kbp genomic-space ((Zhou, Liu et al. 2006; 
Collin, Kalay et al. 2008); Ensembl genome browser 61). The ESRRG gene spans 635 kbp 
genomic space, is located at chromosome 1q41 with 9 exons and 5 variants ((Eudy, Yao et al. 
1998; Hong, Yang et al. 1999; Heard, Norby et al. 2000); Ensembl genome browser). A 
diagrammatic presentation of the relationship between ERRs and the ERs protein 
demonstrated that the highly conserved DNA binding domain (DBD) among the ERRs is 
closely related to the ERs DBD (Fig. 1). As indicated above, the ERR genes are located on 
different chromosomes which suggests that the gene and/or genome duplication event 
occurred over a long period of evolutionary time. Additionally, some of the coding exons 
are separated by large introns while others are clustered together. 
 

 
Fig. 1. A. Protein structures of the ERRs and ERs. DBD, DNA binding domain; AF2, 
activation function 2. Number on top indicates the amino acid position of the modular 
domains for the nuclear receptor. % in the box indicates the amino acid sequence homology 
to ERRα within the same domain. B: Gene structures of the ERRs. The size of the gene and 
the locations of the exons (vertical bar or box) are in approximation. Chromosome locations 
and the approximate gene sizes are indicated. 
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1.2 Expression of ERRs 
Surveying the expression of all 49 nuclear receptors from 39 mouse tissues uncovered the 
coordination of several nuclear receptor groups with the transcriptional programs necessary 
to affect distinct physiologic pathways (Bookout, Jeong et al. 2006). Indeed expression of 
some of the nuclear receptors including the ERRs is linked to the circadian clock in key 
metabolic tissues suggesting their role in regulation of nutrient and energy metabolism 
(Horard, Castet et al. 2004; Yang, Downes et al. 2006; Giguere 2008; Villena and Kralli 2008). 
These studies underscore the importance of regulation and expression of nuclear receptors 
in normal and abnormal physiological conditions. ERRα is ubiquitously expressed in all 
tissues examined and is especially abundant in those with high metabolic needs such as 
heart, skeletal muscle and kidney (Giguere 2008). In addition, ERRα is expressed in both 
human and mouse embryonic stem cells (Xie, Jeong et al. 2009), during adipocyte 
differentiation (Fu, Sun et al. 2005) and bone morphogenesis (Bonnelye and Aubin 2002; 
Bonnelye, Kung et al. 2002) suggesting its roles in differentiation and development. 
Although expression of ERRγ is more restricted and not detectable in every tissue examined 
with levels that are lower than ERRα, it is still highly expressed in metabolically active 
tissues such as brain, skeletal muscle, heart and kidney (Zhang and Teng 2007; Giguere 
2008). It was thought that ERRβ was mainly expressed in embryo (Giguere, Yang et al. 1988; 
Luo, Sladek et al. 1997), however as detection methods improved, ERRβ expression was 
found to be present in eye, brain, thyroid, kidney and the heart of adult tissues (Bookout, 
Jeong et al. 2006). Although ERRβ is present at lower levels as compared to ERRα and ERRγ, 
it also exhibited a distinct diurnal rhythmic expression much like the other two in white fat 
(WAT), brown fat (BAT), liver and skeletal muscle. This suggests a potential role in the 
coordination of oxidative metabolism in these tissues (Yang, Downes et al. 2006). The 
expression of ERRs in these metabolically active tissues under circadian rhythm hints to 
potential overlapping functions in energy metabolism. 
As stated earlier, the expression level of the receptors could be closely linked to their 
biological function in a cell-type specific manner. This is particularly relevant for a 
constitutive activator since they are not regulated by the addition of ligands. Therefore the 
function of ERRs could be controlled by their expression level; however information 
regarding the mechanisms and signals that regulate their expression is limited.  

1.3 Regulation of ERRs 
1.3.1 Estrogen regulation of ERRs 
ERRα was demonstrated to be the target gene for estrogen in the mouse uterus (Shigeta, Zuo 
et al. 1997) 15 years ago. Later, a combinatorial estrogen response element which can bind 
several nuclear receptors termed multiple hormone response element (MHRE) was 
identified in the human ERRα gene promoter (Liu, Zhang et al. 2003). Under the influence of 
estrogen, the estrogen receptor alpha (ERα), (but not the estrogen receptor beta (ERβ)) was 
recruited to the chromatin of the human ERRα promoter which interacted with the MHRE 
in an indirect tethering manner and transactivated the promoter (Liu, Zhang et al. 2003; Hu, 
Kinyamu et al. 2008). Surprisingly, in a similar experiment conducted with ER negative 
SKBR3 cells, estrogen treatment also induced chromatin modification around the MHRE 
region and recruited the coregulators and RNA polymerase II to the ERRα promoter (Li, 
Birnbaumer et al. 2010). This suggests that the ERRα gene can be regulated by estrogen in a 
non-ER dependent manner. Indeed, the MHRE (a 57 bp region in human and a 34 bp region) 
in mouse of the ERRα gene is a pleiopropic response element for multiple nuclear receptors 
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(Liu, Zhang et al. 2005) and also serves as the binding site for ERRα and ERRγ (Laganiere, 
Tremblay et al. 2004; Mootha, Handschin et al. 2004; Liu, Zhang et al. 2005). ERRγ was 
recently found to be responsive to estrogen, its expression able to be stimulated in a dose 
dependent manner. Furthermore, this response can be blocked by the pure estrogen 
antagonist ICI 182,780 (Ijichi, Shigekawa et al. 2011). By using chromatin 
immunoprecipitation (ChIP)-on chip analysis with MCF-cells, a number of potential EREs in 
the second intron of the human ERRγ gene were previously identified (Carroll, Meyer et al. 
2006). These studies demonstrated a functional cross-talk between ERs and ERRs in the 
estrogen signaling pathway. 

1.3.2 PCG-1α regulation of ERRα 
While nuclear receptor binding to its target gene is important for transcriptional activation, 
it requires specific interactions with coregulatory proteins (Glass, Rose et al. 1997; McKenna, 
Lanz et al. 1999). One of the key regulators in energy metabolism is peroxisome proliferator-
activated receptor γ coactivator -1α (PGC-1α). PGC-1α not only interacts with and 
stimulates ERRα transcriptional activity, it also enhances its expression in an autoregulatory 
loop mechanism (Schreiber, Knutti et al. 2003; Laganiere, Tremblay et al. 2004; Mootha, 
Handschin et al. 2004; Zhang and Teng 2007; Wang, Li et al. 2008). By combining PGC-1α 
induced genome-wide transcriptional profiles with a computational strategy to detect cis-
regulatory motifs approach, ERRα was discovered to be a key transcription factor that is 
involved in cross-talk with PGC-1α in regulating the oxidative phosphorylation pathway 
(Mootha, Handschin et al. 2004). PGC-1α is capable of co-activating nearly all known 
nuclear receptors and many other transcription factors (Puigserver and Spiegelman 2003), 
yet it possesses a unique protein interaction surface that is dedicated specifically to the ERRs 
(see review and references therein (Villena and Kralli 2008)). With this unique relationship, 
ERRα expression is co-regulated with PGC-1α under various physiological stimuli such as 
during fasting (Ichida, Nemoto et al. 2002), under cold exposure (Schreiber, Knutti et al. 
2003) and exercise (Cartoni, Leger et al. 2005). Therefore, induction of PGC-1α expression by 
physiological stimuli also induces ERRα expression in a positive feed-forward mechanism. 
The expression level of ERRα is also affected by ERRγ (Liu, Zhang et al. 2005; Zhang and 
Teng 2007) and cAMP (Liu, Benlhabib et al. 2009). These studies showed that multiple 
mechanisms are involved in the regulation of ERRs expression and function. 

1.4 Function of the ERRs  
1.4.1 ERRs interactions with ERs and other nuclear receptors 
Understanding the role of ERRs in ER-mediated function starts with their cloning. ERRα 
and ERRβ were identified based on a search for genes with sequence homology at the DNA 
binding domain to ERα (Giguere, Yang et al. 1988). Eight years later, ERRα was re-cloned as 
a specific binding protein to an extended hormone response element (HRE) half-site, the 
TCAAGGTCATC region of the human lactoferrin gene promoter (Yang, Shigeta et al. 1996). 
This finding revealed that ERRα binds to the steroidogenic factor 1 (SF-1) binding element 
termed SFRE and later renamed this element to ERRE as estrogen-related receptor response 
element whenever addressing the ERRs binding (Sladek, Bader et al. 1997). It was 
demonstrated that binding of ERRα to this ERRE enhances the ER-mediated estrogen 
response of the lactoferrin gene (Yang, Shigeta et al. 1996). ERRα was later shown to bind a 
variety of EREs as a monomer or homodimer (Johnston, Liu et al. 1997; Vanacker, Pettersson 
et al. 1999; Zhang and Teng 2000; Zhang and Teng 2001) and genes possessing such ERE or 
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ERRE or both were subject to ERRα regulation (Sladek, Beatty et al. 1997; Vega and Kelly 
1997; Vanacker, Bonnelye et al. 1998; Vanacker, Delmarre et al. 1998; Sumi and Ignarro 
2003). Other than the binding elements, ERRs and ERs recognize similar co-activators and 
co-repressors (Xie, Hong et al. 1999; Zhang and Teng 2000). Therefore, an extensive cross-
talk between the ERRα and ERα occurs at the multiple steps of the transcriptional process 
((Giguere 2002) and references therein). Depending on the EREs and the surrounding 
elements, ERRα could either enhance or inhibit the estrogen responsiveness of the target 
genes (Yang, Shigeta et al. 1996; Kraus, Ariazi et al. 2002; Zhang, Chen et al. 2006).  
ERRβ represses glucocorticoid receptor (GR) activity (Trapp and Holsboer 1996) and inhibits 
the function of NF-E2 Related Factor 2 (Nrf2) on antioxidant response element mediated 
gene expression (Zhou, Lo et al. 2007) in a cell-specific manner. Recently, variant isoforms 
(Long and Short) of ERRβ were found in the human endometrium. Increasing the 
expression of the Long form enhanced the ERα-mediated stimulation of c-myc expression 
and cell proliferation in Ishikawa cells whereas the Short form had no effect (Bombail, 
Collins et al. 2010). Interestingly, ERRγ (but not ERRα or ERRβ) was shown to activate the 
orphan nuclear receptor small heterodimer partner (SHP; NR0B2) (Sanyal, Kim et al. 2002) 
and the dosage-sensitive sex reversal (DAX-1) promoter (Park, Ahn et al. 2005). ERRs could 
bind to the promoter of other nuclear receptors such as thyroid hormone receptor (TR) 
(Vanacker, Bonnelye et al. 1998; Castet, Herledan et al. 2006), PPARα (Huss, Torra et al. 
2004), RXRα and RXRβ (Sonoda, Laganiere et al. 2007) thus potentially regulating their 
expression. These nuclear receptors are also involved in a wide range of physiological 
functions. Therefore, the cross-talk of ERRs with other nuclear receptors expands their 
functional roles and points to the importance of their expression in normal and diseased 
conditions.  

1.4.2 The role of ERRs in homeostasis 
A major advance in understanding the role of ERRα in energy homeostasis comes from the 
observation that the medium-chain acyl-coenzyme A dehydrogenase (MCAD) is an ERRα 
target (Sladek, Bader et al. 1997; Vega and Kelly 1997). The MCAD is an enzyme that 
mediates the first step in the mitochondrial β-oxidation of fatty acids (Schulz 1991). This was 
followed by the discovery of a close relationship between ERRα and PGC-1α in 
transcriptional regulation (Huss, Kopp et al. 2002; Ichida, Nemoto et al. 2002; Schreiber, 
Knutti et al. 2003). Evidence indicates that PGC-1α serves as a key regulator of 
mitochondrial biogenesis in mammals. This includes the activation of the transcription of 
mitochondrial uncoupling protein -1 (UCP-1) and the induction of the expression of NRF-1, 
NRF-2 and Tfam, all critical factors for mitochondrial function and maintenance. 
Furthermore, PGC-1α up-regulates the expression of genes involved in mitochondrial fatty 
acid oxidation and triggers mitochondrial proliferation (see review (Kelly and Scarpulla 
2004)). The regulatory roles of PGC-1α in these key metabolic processes were mediated by 
ERRα (see review and references therein (Giguere 2008; Villena and Kralli 2008)). In 
microarray studies, over expression of PGC-1α in culture cells induced hundred of genes 
encoding mitochondrial proteins involved in fatty acid oxidation (FAO), the tricarboxylic 
acid cycle (TCA), oxidative phosphorylation (OXPHOS), mitochondrial membrane and 
carbohydrate metabolism. Interestingly, these PGC-1α effects can be blocked by siRNA 
against ERRα or be induced by over expression of constitutively active ERRα (Mootha, 
Handschin et al. 2004; Schreiber, Emter et al. 2004). Taken together, ERRα plays a major role 
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(Liu, Zhang et al. 2005) and also serves as the binding site for ERRα and ERRγ (Laganiere, 
Tremblay et al. 2004; Mootha, Handschin et al. 2004; Liu, Zhang et al. 2005). ERRγ was 
recently found to be responsive to estrogen, its expression able to be stimulated in a dose 
dependent manner. Furthermore, this response can be blocked by the pure estrogen 
antagonist ICI 182,780 (Ijichi, Shigekawa et al. 2011). By using chromatin 
immunoprecipitation (ChIP)-on chip analysis with MCF-cells, a number of potential EREs in 
the second intron of the human ERRγ gene were previously identified (Carroll, Meyer et al. 
2006). These studies demonstrated a functional cross-talk between ERs and ERRs in the 
estrogen signaling pathway. 

1.3.2 PCG-1α regulation of ERRα 
While nuclear receptor binding to its target gene is important for transcriptional activation, 
it requires specific interactions with coregulatory proteins (Glass, Rose et al. 1997; McKenna, 
Lanz et al. 1999). One of the key regulators in energy metabolism is peroxisome proliferator-
activated receptor γ coactivator -1α (PGC-1α). PGC-1α not only interacts with and 
stimulates ERRα transcriptional activity, it also enhances its expression in an autoregulatory 
loop mechanism (Schreiber, Knutti et al. 2003; Laganiere, Tremblay et al. 2004; Mootha, 
Handschin et al. 2004; Zhang and Teng 2007; Wang, Li et al. 2008). By combining PGC-1α 
induced genome-wide transcriptional profiles with a computational strategy to detect cis-
regulatory motifs approach, ERRα was discovered to be a key transcription factor that is 
involved in cross-talk with PGC-1α in regulating the oxidative phosphorylation pathway 
(Mootha, Handschin et al. 2004). PGC-1α is capable of co-activating nearly all known 
nuclear receptors and many other transcription factors (Puigserver and Spiegelman 2003), 
yet it possesses a unique protein interaction surface that is dedicated specifically to the ERRs 
(see review and references therein (Villena and Kralli 2008)). With this unique relationship, 
ERRα expression is co-regulated with PGC-1α under various physiological stimuli such as 
during fasting (Ichida, Nemoto et al. 2002), under cold exposure (Schreiber, Knutti et al. 
2003) and exercise (Cartoni, Leger et al. 2005). Therefore, induction of PGC-1α expression by 
physiological stimuli also induces ERRα expression in a positive feed-forward mechanism. 
The expression level of ERRα is also affected by ERRγ (Liu, Zhang et al. 2005; Zhang and 
Teng 2007) and cAMP (Liu, Benlhabib et al. 2009). These studies showed that multiple 
mechanisms are involved in the regulation of ERRs expression and function. 

1.4 Function of the ERRs  
1.4.1 ERRs interactions with ERs and other nuclear receptors 
Understanding the role of ERRs in ER-mediated function starts with their cloning. ERRα 
and ERRβ were identified based on a search for genes with sequence homology at the DNA 
binding domain to ERα (Giguere, Yang et al. 1988). Eight years later, ERRα was re-cloned as 
a specific binding protein to an extended hormone response element (HRE) half-site, the 
TCAAGGTCATC region of the human lactoferrin gene promoter (Yang, Shigeta et al. 1996). 
This finding revealed that ERRα binds to the steroidogenic factor 1 (SF-1) binding element 
termed SFRE and later renamed this element to ERRE as estrogen-related receptor response 
element whenever addressing the ERRs binding (Sladek, Bader et al. 1997). It was 
demonstrated that binding of ERRα to this ERRE enhances the ER-mediated estrogen 
response of the lactoferrin gene (Yang, Shigeta et al. 1996). ERRα was later shown to bind a 
variety of EREs as a monomer or homodimer (Johnston, Liu et al. 1997; Vanacker, Pettersson 
et al. 1999; Zhang and Teng 2000; Zhang and Teng 2001) and genes possessing such ERE or 
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ERRE or both were subject to ERRα regulation (Sladek, Beatty et al. 1997; Vega and Kelly 
1997; Vanacker, Bonnelye et al. 1998; Vanacker, Delmarre et al. 1998; Sumi and Ignarro 
2003). Other than the binding elements, ERRs and ERs recognize similar co-activators and 
co-repressors (Xie, Hong et al. 1999; Zhang and Teng 2000). Therefore, an extensive cross-
talk between the ERRα and ERα occurs at the multiple steps of the transcriptional process 
((Giguere 2002) and references therein). Depending on the EREs and the surrounding 
elements, ERRα could either enhance or inhibit the estrogen responsiveness of the target 
genes (Yang, Shigeta et al. 1996; Kraus, Ariazi et al. 2002; Zhang, Chen et al. 2006).  
ERRβ represses glucocorticoid receptor (GR) activity (Trapp and Holsboer 1996) and inhibits 
the function of NF-E2 Related Factor 2 (Nrf2) on antioxidant response element mediated 
gene expression (Zhou, Lo et al. 2007) in a cell-specific manner. Recently, variant isoforms 
(Long and Short) of ERRβ were found in the human endometrium. Increasing the 
expression of the Long form enhanced the ERα-mediated stimulation of c-myc expression 
and cell proliferation in Ishikawa cells whereas the Short form had no effect (Bombail, 
Collins et al. 2010). Interestingly, ERRγ (but not ERRα or ERRβ) was shown to activate the 
orphan nuclear receptor small heterodimer partner (SHP; NR0B2) (Sanyal, Kim et al. 2002) 
and the dosage-sensitive sex reversal (DAX-1) promoter (Park, Ahn et al. 2005). ERRs could 
bind to the promoter of other nuclear receptors such as thyroid hormone receptor (TR) 
(Vanacker, Bonnelye et al. 1998; Castet, Herledan et al. 2006), PPARα (Huss, Torra et al. 
2004), RXRα and RXRβ (Sonoda, Laganiere et al. 2007) thus potentially regulating their 
expression. These nuclear receptors are also involved in a wide range of physiological 
functions. Therefore, the cross-talk of ERRs with other nuclear receptors expands their 
functional roles and points to the importance of their expression in normal and diseased 
conditions.  

1.4.2 The role of ERRs in homeostasis 
A major advance in understanding the role of ERRα in energy homeostasis comes from the 
observation that the medium-chain acyl-coenzyme A dehydrogenase (MCAD) is an ERRα 
target (Sladek, Bader et al. 1997; Vega and Kelly 1997). The MCAD is an enzyme that 
mediates the first step in the mitochondrial β-oxidation of fatty acids (Schulz 1991). This was 
followed by the discovery of a close relationship between ERRα and PGC-1α in 
transcriptional regulation (Huss, Kopp et al. 2002; Ichida, Nemoto et al. 2002; Schreiber, 
Knutti et al. 2003). Evidence indicates that PGC-1α serves as a key regulator of 
mitochondrial biogenesis in mammals. This includes the activation of the transcription of 
mitochondrial uncoupling protein -1 (UCP-1) and the induction of the expression of NRF-1, 
NRF-2 and Tfam, all critical factors for mitochondrial function and maintenance. 
Furthermore, PGC-1α up-regulates the expression of genes involved in mitochondrial fatty 
acid oxidation and triggers mitochondrial proliferation (see review (Kelly and Scarpulla 
2004)). The regulatory roles of PGC-1α in these key metabolic processes were mediated by 
ERRα (see review and references therein (Giguere 2008; Villena and Kralli 2008)). In 
microarray studies, over expression of PGC-1α in culture cells induced hundred of genes 
encoding mitochondrial proteins involved in fatty acid oxidation (FAO), the tricarboxylic 
acid cycle (TCA), oxidative phosphorylation (OXPHOS), mitochondrial membrane and 
carbohydrate metabolism. Interestingly, these PGC-1α effects can be blocked by siRNA 
against ERRα or be induced by over expression of constitutively active ERRα (Mootha, 
Handschin et al. 2004; Schreiber, Emter et al. 2004). Taken together, ERRα plays a major role 
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in the regulation of sets of genes involved in a wide range of energy balance activities such 
as lipid transport, fatty acid oxidation, TCA cycle, oxidative phosphorylation, and 
mitochondrial biogenesis to name a few.  

2. ERRs in breast cancer  
Searching for therapeutic targets in cancer biology is an important endeavor and the nuclear 
receptor has been shown to be one such target. Recently, the expression profile of 48 nuclear 
receptors in 51 human cancer cell lines derived from nine different tissues from the NC160 
collection was investigated (Holbeck, Chang et al. 2010). The results uncovered a number of 
potential receptor-drug interactions and demonstrated that the individual receptor levels may 
predict a response to therapeutic intervention. Like all cancers, breast cancer is a complicated 
disease and many factors, estrogen in particular, contributes to its development and 
progression (Kelsey and Bernstein 1996). Although estrogen action is mediated through two 
receptors (ERα (Greene, Gilna et al. 1986) and ERβ (Kuiper, Enmark et al. 1996)), 70% of breast 
cancers express ERα which serves as the mediator for estrogen action (Russo, Hu et al. 2000; 
Conzen 2008; Hayashi, Niwa et al. 2009). In view of the structural similarity and functional 
cross-talk of the ERs and ERRs, it is possible that ERRs are also involved in breast cancer 
biology (review and references therein (Ariazi and Jordan 2006; Riggins, Mazzotta et al. 2010)).  

2.1 ERRs as potential biomarkers  
Using qPCR to measure the mRNA levels of ERs, epidermal growth factor receptor, ErbB 
family members, and ERR mRNA levels in 38 unselected primary breast tumors and 9 
normal mammary gland epithelial cells from breast reduction surgery revealed that ERRα is 
highly expressed in a subset of tumors with elevated levels of ErbB2, an indicator of 
aggressive tumor behavior and nonfunctional ERα. Unlike ERRα, expression of ERRγ in 
breast tumors correlates with ER-positive status and ErbB4 expression which is a preferred 
clinical marker. These studies suggest that ERRα can be used as an unfavorable whereas 
ERRγ can serve as a favorable marker for diagnosis of clinical outcome. The mRNA level of 
ERRβ in the above mentioned breast tumor samples is very low and the potential as a 
biomarker unclear (Ariazi, Clark et al. 2002). Despite the proposed use of ERRγ as a 
favorable marker, over expression of ERRγ contributed to the development of tamoxifen 
(TAM)- resistance in cell lines derived from invasive lobular carcinoma (Riggins, Lan et al. 
2008). Additional studies using an immunohistochemistry approach combined with RT-PCR 
supports the earlier findings that ERRα expression in breast carcinoma is associated with an 
increased risk of recurrence and an adverse clinical outcome (Suzuki, Miki et al. 2004).  

2.2 ERRα and breast cancer cell growth 
ERRα has been extensively studied in the context of breast cancer (Ariazi, Clark et al. 2002; 
Suzuki, Miki et al. 2004; Barry and Giguere 2005; Ariazi and Jordan 2006; Ariazi, Kraus et al. 
2007; Stein, Chang et al. 2008; Chisamore, Wilkinson et al. 2009; Deblois, Hall et al. 2009; 
Stein, Gaillard et al. 2009; Dwyer, Joseph et al. 2010). Correlation between the expression of 
ERRs and disease outcome presents a first glimpse of the potential role of ERRs in breast 
cancer. Further studies using an unbiased microarray approach to understand the cross-talk 
between ERs and ERRs in MCF-7 cells yielded unexpected results (Stein, Chang et al. 2008). 
Despite the functional cross-talk between ERs and ERRs presented earlier, ERRα was found  
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to regulate a smaller set of genes that overlapped with ERα despite regulating many more 
genes not involved in estrogen signaling. Analysis of the microarray data from ER-regulated 
and ERR-regulated genes in MCF-7 cells by gene ontology (GO) showed that the majority of 
genes regulated by ERRα are involved in energy metabolism, oxidative stress and 
detoxification as expected. Interestingly, ERRα also induces vascular endothelial growth 
factor (VEGF), a highly angiogenic factor. Importantly, knockdown ERRα expression in 
MDA-MB-231 cells reduced tumor cell migration in vitro and tumor growth as xenografts in 
vivo (Stein, Chang et al. 2008). Further studies demonstrated that ERRα-dependent 
activation of VEGF mRNA expression occurs in several different breast cancer cell lines 
(Stein, Gaillard et al. 2009). This suggests that ERRα promotes tumor cell growth by 
stimulating VEGF expression. These studies together with the finding that ERRα also 
induces the pro-migratory factor, WNT11 (Dwyer, Joseph et al. 2010) provides a basis for 
highly expressed ERRα to be considered an overall negative phenotype of breast cancers. 

2.3 ERRα and aromatase  
As indicated above, there is much evidence that points to potential mechanisms of how ERRα 
influences breast cancer biology. ERRα plays a role in the local production of estrogen in breast 
cancer cells with levels in tumor tissue being several-fold higher than in normal circulating 
estrogen (Thorsen, Tangen et al. 1982; van Landeghem, Poortman et al. 1985) and aromatase, a 
key enzyme in converting androgens to estrogens, is also up-regulated in tumor cells (Miller 
and O'Neill 1987; Sasano and Harada 1998; Chen, Zhou et al. 1999). The presence of aromatase 
mRNA in the intra-tumoral location of 19 breast carcinoma tissues was detected using laser 
capture microdissection (LCM) and quantitative reverse transcription-PCR (q-PCR) while 
aromatase protein was verified by immunohistochemistry (Miki, Suzuki et al. 2007). 
Furthermore, microarray expression profiling of aromatase and ERRα mRNA in isolated 
carcinoma cells demonstrated a significant positive correlation (Miki, Suzuki et al. 2007). 
Although regulation of aromatase expression is tissue- and promoter-specific, its activity in 
breast carcinoma is higher than in normal tissue of the same patients (Silva, Rowlands et al. 
1989; Miller, Anderson et al. 1990; Lipton, Santen et al. 1992). This suggests that the regulation 
of aromatase expression in breast cancer cells of the patient has been changed. Indeed, 
promoter switching in breast cancer tissue has been reported (Chen, Zhou et al. 1999; Chen, 
Reierstad et al. 2009) and ERRα plays a positive role (Yang, Zhou et al. 1998; Miao, Shi et al. 
2010). Taken together, ERRα functions as a key modulator of intratumoral estrogen production 
in human breast carcinoma by stimulating the expression of the androgen-estrogen key 
converting enzyme, aromatase via tumor specific promoter usage. 

2.4 ERRα and EGFR 
ERRα has a close relationship with the ErbB2/epidermal growth factor receptor (EGFR) 
signaling pathway. ErbB2 is a receptor tyrosine kinase and in combination with  
EGFR, activates a complex array of downstream signaling pathways which leads to 
phosphorylation of multiple transcription factors including ERRα. Phosphorylation of these 
transcription factors promotes growth and proliferation (reviewed in ref. (Yarden and 
Sliwkowski 2001)). Upon EGF treatment, ERRα in MCF-7 cells was phosphorylated and 
preferentially recruited to the pS2 promoter. Furthermore, phosphorylated ERRα showed 
enhanced DNA binding capability in an in vitro study (Barry and Giguere 2005). 
Additionally, mitogen-activated protein kinases (MAPK) and Akts (components of the  
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ErbB2 pathway) are involved in ERRα phorphorylation and transactivation since inhibitors 
to MAPK and Akt also block ERRα target gene activation (Ariazi, Kraus et al. 2007). These 
observations suggest that ERRα phosphorylation provides a mechanism of enhanced 
transactivation function in breast cancer cells. Recently, using a mouse model of ErbB2-
initiated mammary tumorigenesis found that ablation of ERRα significantly delays ErbB2-
induced tumor development, lowers the levels of ErbB2 and co-amplifies transcripts within 
the 17q12-21 chromosomal region (the ErbB2 amplicon) (Deblois, Chahrour et al. 2010). The 
minimal 17q12 amplicon houses not only the ErbB2 gene; it also includes those involved in 
signal transduction, transcription, cell migration and invasion, inhibition of apotosis, 
genomic instability and tamoxifen resistance. ERRα binds to those genes and directs the 
recruitment of co-activators PGC-1β and RNA polymerase II to their promoters (Deblois, 
Chahrour et al. 2010). Furthermore, ERRα antagonists repress the effect of ERα on the ErbB2 
promoter which leads to the development of tamoxifen resistance in breast cancer cells.  

2.5 ERRα and AIB1 
Comparing the co-activators along with the expression of various nuclear receptors in 48 
primary breast tumor samples, a positive correlation between ERRα and AIB1 (amplified in 
breast cancer-1) (Anzick, Kononen et al. 1997) was found. AIB1 is an oncogenic co-activator 
of ERα that is frequently amplified and over expressed in human breast carcinomas (Anzick, 
Kononen et al. 1997; Liao, Kuang et al. 2002). In addition, these two proteins were abundant 
in the tumor samples and a direct interaction of the receptor and co-activator was 
demonstrated by fluorescence-resonance energy transfer, mammalian two-hybrid, and 
coimmunoprecipitation assay with endogenous proteins. On the other hand, the levels of 
PGC-1α (a well characterized ERRα co-activator) in primary breast carcinoma was low and 
no detectable association with ERRα was found (Heck, Rom et al. 2009). The enhanced 
association of ERRα with AIB1 underscores the functional significance of ERRα/AIB1 rather 
than the ERRα/PGC-1α interaction for breast tumor development and progression. 

2.6 ERRγ and PGC-1β 
Although direct evidence between cellular metabolism and breast cancer development is 
lacking, switching from aerobic oxidative phosphorylation to glycolytic metabolism is a 
typical feature of cancer cells (Warburg 1956). Recent reports demonstrated that the 
expression of miR-378, an ErbB2-regulated microRNA, correlates with the progression of 
human breast cancer by inducing the metabolic shift from an oxidative to a glycolytic 
pathway (Eichner, Perry et al. 2010). The miR-378 is embedded within PGC-1β and when 
expressed, inhibits the expression of ERRγ and GABPA (PGC-1β partners), a function that is 
opposite to the PGC-1 family of co-activators. In view of the close relationship of ERRs and 
PGC-1 coactivator family in the context of energy metabolism (Giguere 2008; Villena and 
Kralli 2008), the finding that miR-378 targets ERRγ but not ERRα demonstrated again that 
the isoforms of ERR possess differential functions as well as overlapping activities either in 
regulating energy or in breast cancer biology. 

3. The potential agonist and antagonist of ERRs 
As mentioned earlier, the ERR-coactivator or corepressor interaction determines the receptor’s 
functional activity. Any factor that interrupts this interaction has the ability to modulate ERR 
function (Huss, Kopp et al. 2002; Kamei, Ohizumi et al. 2003; Schreiber, Knutti et al. 2003; 
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Debevec, Christian et al. 2007), therefore could be a potential therapeutic target site. Small-
molecule agonists for ERRβ and ERRγ have been identified and characterized. However, 
identifying an agonist for ERRα has proved to be difficult (Yu and Forman 2005; Hyatt, 
Lockamy et al. 2007). Nonetheless, novel synthetic antagonists of ERRs, especially for ERRα, 
are emerging (Yang and Chen 1999; Coward, Lee et al. 2001; Tremblay, Bergeron et al. 2001; 
Tremblay, Kunath et al. 2001; Busch, Stevens et al. 2004; Willy, Murray et al. 2004; Chisamore, 
Cunningham et al. 2009). By disrupting the constitutive ERR/co-activator interaction or by 
inducing proteosome-dependent protein degradation of the receptor, these small molecules 
inhibit the function of ERRs and thus tumor growth and progression (Ariazi and Jordan 2006; 
Stein, Chang et al. 2008; Chisamore, Wilkinson et al. 2009; Heck, Rom et al. 2009; Wu, Wang et 
al. 2009). Recently, a series of diaryl ether-based ligands for ERRα were developed and 
demonstrated in animal models to be antidiabetic agents (Patch, Searle et al. 2011). Taken 
together, these studies provide a basis for the further development of therapeutics to treat 
breast cancers based on suppressing ERRα expression and activity. Recently, environmental 
estrogenic compounds were found to modulate ERRα (Suetsugi, Su et al. 2003) and ERRγ 
(Matsushima, Kakuta et al. 2007; Takashima-Sasaki, Mori et al. 2007; Wang, Fang et al. 2009; 
Hirvonen, Rajalin et al. 2011) activities in either a positive or negative manner. The impact of 
environmental factors on breast cancer via ERRs is currently unclear.  

4. ERRs in other cancers 
Since the over expression of ERRα in breast cancer was discovered (Ariazi, Clark et al. 2002; 
Suzuki, Miki et al. 2004), additional studies have found an association between the abnormal 
expression of ERRs and a variety of tumors and cancers such as prostate (Cheung, Yu et al. 
2005; Yu, Wang et al. 2007; Yu, Wong et al. 2008), ovarian (Sun, Sehouli et al. 2005), colon-rectal 
(Cavallini, Notarnicola et al. 2005) and endometrium (Gao, Sun et al. 2006). In neoplastic 
prostatic tissues, ERRβ and ERRγ show levels that are either reduced or undetectable as 
compared to normal prostatic epithelial cells (Cheung, Yu et al. 2005). This suggests a down-
regulation of these two receptors in prostate cancer. In a series of experiments, the forced 
induction of ERRβ or ERRγ in androgen sensitive (LNCaP) and androgen-insensitive (DU145) 
prostate cancer cells demonstrated that over expression of these two receptors suppresses cell 
proliferation and tumorigenicity of the cancer cells. The inhibition of prostate cancer cell 
proliferation was due to cell cycle arrest as demonstrated by the induction of cyclin-dependent 
kinase inhibitor p21 by ERRβ and p21/p27 by ERRγ. Moreover, ERRβ and ERRγ-mediated 
growth inhibition could be potentiated by their specific agonist DY131 and reduced by siRNA 
(Yu, Wang et al. 2007; Yu, Wong et al. 2008). The expression of ERRβ and ERRγ in prostate 
cancer is in contrast to ERRα in breast cancer cells, colorectal tumor, and malignant colon cells 
(Cavallini, Notarnicola et al. 2005). ERRα expression in endometrial adenocarcinoma is 
positively correlated with myometrial invasion while a negative correlation was observed 
between the expression of ERRγ mRNA and nodal metastasis (Gao, Sun et al. 2006). Therefore, 
the expression levels of the subtype ERRs in cancer cells provides a potential prognostic 
strategy for the therapeutic treatment of the cancer.  

5. Conclusion 
The studies cited in this review demonstrate that ERRs are differentially expressed in 
normal and cancer cells. While many factors influence their expression, ERRs in turn, 
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regulate many sets of genes involved in a wide variety of signaling pathways. As of today, 
the majority of studies are on ERRα and its relationship with breast cancer development and 
progression. How ERRα is involved in breast cancer biology is summarized in Figure 2.  
 

 
Fig. 2. Potential pathways that regulate ERRα expression and influences breast cancer 
development and progression. Yellow arrow, upregulates ERRα expression; red arrow, 
downregulates ERRα activity; green arrow, potential mechanisms of ERRα action on breast 
cancer. 

The roles of ERRγ in breast cancer have yet to be established. While ERRγ targets the same 
metabolic gene network as ERRα, it may perform distinct physiological functions such as 
participation in the metabolic shift pathway in breast cancer cells. ERRγ was recently 
demonstrated as a target for endocrine disruptors, the estrogen-mimic of the environmental 
chemicals which may be involved in breast cancer development or progression. Compared 
to ERRα and ERRγ, the number of functional studies on ERRβ has been relatively slim. 
Nonetheless, the report on the repressive function of ERRβ in prostate cancer cells will 
certainly garner additional attention to this orphan receptor. Collectively, the role of these 
ERRs in this disease state is emerging and they could prove to be a viable therapeutic target 
in the treatment of breast cancer. 
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regulate many sets of genes involved in a wide variety of signaling pathways. As of today, 
the majority of studies are on ERRα and its relationship with breast cancer development and 
progression. How ERRα is involved in breast cancer biology is summarized in Figure 2.  
 

 
Fig. 2. Potential pathways that regulate ERRα expression and influences breast cancer 
development and progression. Yellow arrow, upregulates ERRα expression; red arrow, 
downregulates ERRα activity; green arrow, potential mechanisms of ERRα action on breast 
cancer. 

The roles of ERRγ in breast cancer have yet to be established. While ERRγ targets the same 
metabolic gene network as ERRα, it may perform distinct physiological functions such as 
participation in the metabolic shift pathway in breast cancer cells. ERRγ was recently 
demonstrated as a target for endocrine disruptors, the estrogen-mimic of the environmental 
chemicals which may be involved in breast cancer development or progression. Compared 
to ERRα and ERRγ, the number of functional studies on ERRβ has been relatively slim. 
Nonetheless, the report on the repressive function of ERRβ in prostate cancer cells will 
certainly garner additional attention to this orphan receptor. Collectively, the role of these 
ERRs in this disease state is emerging and they could prove to be a viable therapeutic target 
in the treatment of breast cancer. 
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1. Introduction 

MicroRNAs (miRNAs) are a class naturally occurring small non-coding RNAs that control 
gene expression by targeting mRNAs for translational repression or cleavage (Krol et al., 
2010). Recent evidence has shown that miRNA mutations or mis-expression correlate with 
various human cancers, and that loss- or gain-of function of specific miRNAs contributes to 
breast epithelial cellular transformation and tumorigenesis (Esquela-Kerscher et al., 2006). 
miRNA expression profiling also revealed that miRNAs are differently expressed among 
molecular subtypes in breast cancer (Blenkiron et al., 2007; Iorio et al., 2005). 
There are large-scale molecular differences between estrogen receptor (ER) α-positive and 
ERα-negative breast cancers (Perou et al., 2000; Sorlie et al., 2003). Endocrine therapy has 
become the most important treatment option for women with ERα-positive breast cancer, 
and approximately 70% of primary breast cancers express ERα. ERα is essential for 
estrogen-dependent growth, and its level of expression is a crucial determinant of response 
to endocrine therapy and prognosis in ERα-positive breast cancer (Dowsett et al., 2008; 
Harvey et al., 1999; Yamashita et al., 2006). Multiple mechanisms involved in altering ERα 
gene expression in breast cancer have been proposed, including ERα gene amplification 
(Holst et al., 2007) as well as transcriptional silencing by DNA methylation of CpG islands 
within the ERα promoter (Giacinti et al., 2006) and mutations within the open reading frame 
of ERα (Herynk et al., 2004). However, expression levels of ERα in breast cancer tissues 
differ widely among patients (Yamashita et al., 2011), and frequently change during disease 
progression and in response to systemic therapies (Yamashita et al., 2009). It was reported 
that the microRNA miR-206 decreases endogenous ERα mRNA and protein levels in human 
MCF-7 breast cancer cells via two specific target sites within the 3’-untranslated region 
(UTR) of the human ERα transcript (Adams et al., 2007). We found that the expression levels 
of miR-206 were gradually decreased as ERα protein expression increased in breast cancer 
tissues, suggesting that miR-206 is a key factor for the regulation of ERα expression in 
human breast cancer (Kondo et al., 2008). Moreover, recent studies have shown that ERα-
regulating miRNAs, miR-18a, miR-18b, miR-22, miR-193b, miR-302c, and miR-221/222, as 
well as miR-206, directly targeted ERα in 3’UTR reporter assays, and suggested that several 
miRNAs regulate ERα expression. 
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1. Introduction 

MicroRNAs (miRNAs) are a class naturally occurring small non-coding RNAs that control 
gene expression by targeting mRNAs for translational repression or cleavage (Krol et al., 
2010). Recent evidence has shown that miRNA mutations or mis-expression correlate with 
various human cancers, and that loss- or gain-of function of specific miRNAs contributes to 
breast epithelial cellular transformation and tumorigenesis (Esquela-Kerscher et al., 2006). 
miRNA expression profiling also revealed that miRNAs are differently expressed among 
molecular subtypes in breast cancer (Blenkiron et al., 2007; Iorio et al., 2005). 
There are large-scale molecular differences between estrogen receptor (ER) α-positive and 
ERα-negative breast cancers (Perou et al., 2000; Sorlie et al., 2003). Endocrine therapy has 
become the most important treatment option for women with ERα-positive breast cancer, 
and approximately 70% of primary breast cancers express ERα. ERα is essential for 
estrogen-dependent growth, and its level of expression is a crucial determinant of response 
to endocrine therapy and prognosis in ERα-positive breast cancer (Dowsett et al., 2008; 
Harvey et al., 1999; Yamashita et al., 2006). Multiple mechanisms involved in altering ERα 
gene expression in breast cancer have been proposed, including ERα gene amplification 
(Holst et al., 2007) as well as transcriptional silencing by DNA methylation of CpG islands 
within the ERα promoter (Giacinti et al., 2006) and mutations within the open reading frame 
of ERα (Herynk et al., 2004). However, expression levels of ERα in breast cancer tissues 
differ widely among patients (Yamashita et al., 2011), and frequently change during disease 
progression and in response to systemic therapies (Yamashita et al., 2009). It was reported 
that the microRNA miR-206 decreases endogenous ERα mRNA and protein levels in human 
MCF-7 breast cancer cells via two specific target sites within the 3’-untranslated region 
(UTR) of the human ERα transcript (Adams et al., 2007). We found that the expression levels 
of miR-206 were gradually decreased as ERα protein expression increased in breast cancer 
tissues, suggesting that miR-206 is a key factor for the regulation of ERα expression in 
human breast cancer (Kondo et al., 2008). Moreover, recent studies have shown that ERα-
regulating miRNAs, miR-18a, miR-18b, miR-22, miR-193b, miR-302c, and miR-221/222, as 
well as miR-206, directly targeted ERα in 3’UTR reporter assays, and suggested that several 
miRNAs regulate ERα expression. 
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2. Estrogen receptor (ER) α expression in human breast cancer 
2.1 Expression of ERα in human breast cancer tissues 
2.1.1 ERα expression in normal and malignant breast epithelial cells 
ERα expression in normal and premalignant breast epithelial cells has been assessed by 
immunohistochemistry. It was reported that on average, normal premenopausal terminal 
duct lobular units contain about 30% ERα-positive cells (Allred et al., 2004). In contrast, 
nearly all cells express very high levels of ERα in the majority of premalignant breast 
lesions, including atypical ductal hyperplasia, atypical lobular hyperplasia and lobular 
carcinoma in situ. DCIS (Ductal carcinoma in situ) shows various levels of ERα expression 
ranging from high levels of lower-grade lesions to low levels of higher-grade lesions, 
including entirely ERα-negative. Furthermore, the wide range of ERα expression is observed 
in invasive ductal carcinoma. There is a substantial (~25%) subset of invasive breast cancers 
that does not contain any ERα-expressing cells. The majority (~75%) of invasive breast 
cancers, however, does contain ERα-expressing cells, but the proportion varies ranging from 
very low, to intermediate, to very high. We examined ERα expression in breast cancer 
tissues by immunohistochemistry using Allred score (Allred et al., 1998), and demonstrated 
that breast tumors show a wide range of ERα expression levels (Yamashita et al., 2011). 
Moreover, intensity of ERα expression is not equal among breast cancer cells in an 
individual tumor. Eastern cooperative oncology group compared the distribution of ERα 
protein expression by immunohistochemistry and ERα mRNA expression by quantitative 
reverse transcription (RT)-PCR in ECOG 2197 study (Badve et al., 2008). They reported that 
ERα mRNA expression in breast cancer tissues also showed continuous and the wide range. 

2.1.2 Role of expression levels of ERα in human breast cancer 
It is well established that expression levels of ERα govern response to endocrine therapy 
and prognosis in ERα-positive human breast cancer. Allred and colleagues first reported 
that expression levels of ERα assessed by immunohistochemistry affected prognosis 
(Harvey et al., 1999). ERα status using Allred score was a highly significant predictor of 
disease-free survival for patients who received adjuvant endocrine therapy. Recently, 
relationship between expression levels of ERα and prognosis was analyzed in adjuvant 
endocrine therapy trials for postmenopausal breast cancer, and demonstrated that disease-
free survival or time to recurrence were significantly different according to expression levels 
of ERα (Dowsett et al., 2008; Viale et al., 2007). It was reported that the use of a cutoff of 1% 
staining cells for ERα indicated a better prognosis and at least some degree of endocrine 
responsiveness (Hammond et al., 2010). In the neoadjuvant endocrine therapy trial for 
postmenopausal women, correlation between expression levels of ERα assessed by Allred 
score and response to neoadjuvant endocrine therapy was analyzed (Ellis et al., 2001). It 
showed that letrozole response rates were superior to tamoxifen response rates in every ERα 
Allred score from 3 to 8, indicating that letrozole is more effective than tamoxifen regardless 
of the level of ERα expression. We also studied expression levels of ERα on pretreatment 
biopsies and post-treatment surgical specimens in postmenopausal patients with ERα-
positive primary breast cancer who were treated with aromatase inhibitors for 6 months 
(Yamashita et al., 2009). We showed that ERα expression was decreased in post-treatment 
tumors compared to pretreatment specimens. On the other hand, we analyzed expression 
levels of ERα in primary breast cancer specimens from 75 metastatic breast cancer patients 
who received endocrine therapy on relapse, and analyzed the correlation between 
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expression levels of ERα and response to endocrine therapy and post-relapse survival 
(Yamashita et al., 2006). Our results indicated that patients with higher ERα expression 
responded significantly to endocrine therapy, and that patients with higher ERα expression 
had better survival after relapse. Moreover, we recently reported that patients whose breast 
tumors contained high ERα expression effectively responded to aromatase inhibitors and 
displayed longer time to progression during first-line endocrine therapy with aromatase 
inhibitors and time to endocrine therapy failure (Endo et al., 2011). 

2.2 Regulation of expression levels of ERα 
Multiple mechanisms involved in the regulation of ERα expression in breast cancer have 
been identified, including mutations of ERα gene (Herynk et al., 2004) and transcriptional 
silencing by DNA methylation within the ERα promoter (Gaudet et al., 2009; Giacinti et al., 
2006; Iwase et al., 1999). It was recently reported ERα gene amplification in breast cancer 
(Holst et al., 2007; Tomita et al., 2009). Holst and colleagues demonstrated that ERα gene 
amplification was frequent and more than 20% of breast cancers harbored genomic 
amplification by FISH analysis. They reported that ESR1 amplification was tightly linked to 
ERα protein expression, and that ESR1 amplification was also found in benign and 
precancerous breast diseases, such as atypical ductal hyperplasia, ductal carcinoma in situ 
and lobular carcinoma in situ. However, breast cancer patients show a wide range of ERα 
expression levels (Yamashita et al., 2011), and the levels of expression in individual patients 
change during disease progression and in response to systemic therapies (Yamashita et al., 
2009). Therefore, other mechanisms may also regulate ERα expression in breast cancer. 

2.2.1 miRNA biogenesis and function 
MicroRNAs (miRNAs) comprise a large family of ~21-nucleotide-long RNAs that have 
emerged as key post-transcriptional regulators of gene expression (Krol et al., 2010). In 
mammals, miRNAs are predicted to control the activity of ~50% of all protein-coding genes. 
Functional studies indicate that miRNAs participate in the regulation of almost every 
cellular process investigated so far and that changes in their expression are associated with 
many human pathologies. Primary miRNA transcripts are cleaved into 70- to 80-nucleotide 
precursor miRNA (pre-miRNA) hairpins by RNase III Drosha in the cell nucleus and 
transported to the cytoplasm, where pre-miRNAs are processed by RNA Dicer into 19- to 
25-nucleotide miRNA duplexes. One strand of each duplex is degraded, and the other 
strands become mature miRNAs, which, incorporated into the RNA-induced silencing 
complex, recognize sites in the 3’-UTR of the target mRNAs and cause translational 
repression or mRNA cleavage. miRNAs are a new player among gene regulation 
mechanisms, and their functions have not been fully explored but are known to include the 
regulation of cellular differentiation, proliferation and apoptosis. Recent evidence has 
shown that miRNA mutations or mis-expression are associated with various human cancers 
(Esquela-Kerscher et al., 2006). 

2.2.2 Regulation of expression levels of ERα by miRNAs 
Adams and colleagues first identified two potential miRNA miR-206 target sites within the 
3'-UTR of ERα mRNA via in Silico analysis (Adams et al., 2007). The validation assay 
revealed that both miR-206 target sites specifically interacted with miR-206, which in turn 
repressed the corresponding ERα mRNA and protein expression. They also demonstrated 
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2.2 Regulation of expression levels of ERα 
Multiple mechanisms involved in the regulation of ERα expression in breast cancer have 
been identified, including mutations of ERα gene (Herynk et al., 2004) and transcriptional 
silencing by DNA methylation within the ERα promoter (Gaudet et al., 2009; Giacinti et al., 
2006; Iwase et al., 1999). It was recently reported ERα gene amplification in breast cancer 
(Holst et al., 2007; Tomita et al., 2009). Holst and colleagues demonstrated that ERα gene 
amplification was frequent and more than 20% of breast cancers harbored genomic 
amplification by FISH analysis. They reported that ESR1 amplification was tightly linked to 
ERα protein expression, and that ESR1 amplification was also found in benign and 
precancerous breast diseases, such as atypical ductal hyperplasia, ductal carcinoma in situ 
and lobular carcinoma in situ. However, breast cancer patients show a wide range of ERα 
expression levels (Yamashita et al., 2011), and the levels of expression in individual patients 
change during disease progression and in response to systemic therapies (Yamashita et al., 
2009). Therefore, other mechanisms may also regulate ERα expression in breast cancer. 

2.2.1 miRNA biogenesis and function 
MicroRNAs (miRNAs) comprise a large family of ~21-nucleotide-long RNAs that have 
emerged as key post-transcriptional regulators of gene expression (Krol et al., 2010). In 
mammals, miRNAs are predicted to control the activity of ~50% of all protein-coding genes. 
Functional studies indicate that miRNAs participate in the regulation of almost every 
cellular process investigated so far and that changes in their expression are associated with 
many human pathologies. Primary miRNA transcripts are cleaved into 70- to 80-nucleotide 
precursor miRNA (pre-miRNA) hairpins by RNase III Drosha in the cell nucleus and 
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that expression levels of endogenous miR-206 were significantly higher in ERα-negative 
MDA-MB-231 cells than in ERα-positive MCF-7 cells. Moreover, they showed that miR-206 
repressed ERα mRNA and protein expression in MCF-7 and T47D cells. We showed that 
miR-206 expression assayed by quantitative RT-PCR analysis was inversely correlated with 
ERα but not ERβ mRNA expression in human breast cancer tissues (Kondo et al., 2008). 
Moreover, miR-206 expression levels were gradually decreased as ERα protein expression 
increased in human breast cancer. Transfection experiments revealed that introduction of 
miR-206 in estrogen dependent MCF-7 cells inhibited cell growth. Transfection of miR-206 
into MCF-7 cells suppressed ERα expression and inhibited cell growth in a dose-dependent 
manner. Furthermore, introduction of miR-206 produced a dose-dependent decrease of 
mRNA expression of ERα-target genes, such as progesterone receptor, cyclin D1 and pS2. 
Adams and colleagues recently reported that miR-206 coordinately targeted mRNAs 
encoding the coactivator proteins SRC-1 and SRC-3, and the transcription factor GATA-3, all 
of which contribute to estrogenic signaling and a luminal A phenotype (Adams et al., 2009). 
Furthermore, they identified that miR-206 contributed to the epidermal growth factor (EGF) 
induced repression of ERα signaling in MCF-7 cells. 

2.2.3 MiRNAs that directly target ERα in human breast cancer 
Zhao and colleagues demonstrated that miR-221 and miR-222 were highly expressed in 
ERα-negative breast cancer cells, and that miRNA in situ hybridization analyses also 
showed overexpression of miR-221 and miR-222 in ERα-negative breast tumors (Zhao et al., 
2008). Recently, two groups reported several miRNAs that down-regulated ERα in breast 
cancer cells. They identified the target sites of miRNAs, such as miR-18a and b, miR-302, 
miR-193b, miR-22, and miR221/222 as well as miR-206, in the ERα 3’-UTR, and showed that 
these miRNAs inhibited estrogen signaling by directly targeting ERα mRNA (Leivonen et 
al., 2009; Pandey et al., 2009) (Fig.1). 
 

 
Fig. 1. Schematic representation of the human ERα mRNA and the predicted miRNA target 
sites. 

We recently analyzed expression levels of miRNAs that directly target ERα, including 
miR-18a, miR-18b, miR-22, miR-193b, miR-221/222 and miR-302c in human breast cancer 
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samples by quantitative RT-PCR analysis (Yoshimoto et al., 2011). Our results showed 
that miR-18a expression was much higher in ERα-negative than ERα-positive tumors, 
with the expression levels of miR-18a not differing in ERα-positive breast cancer as a 
function of ERα protein level. Surprisingly, expression levels of miR-193b and miR-221 
were significantly lower in ERα-negative than ERα-positive tumors, and the levels of 
these miRNAs gradually increased as ERα protein expression increased. There was no 
statistically significant association between miR-22 and ERα expression, and miR-302c 
expression was minimal in human breast cancer samples. Prognostic analysis showed that 
low miR-18b expression was significantly associated with improved survival in HER2-
negative breast cancer. Our results suggest that miRNAs that directly target ERα have 
distinct roles in not only regulating ERα but also regulating other target genes in human 
breast cancer, and that some miRNAs might be associated with characteristics of ERα-
positive breast cancer. 

2.3 Role of miRNAs in breast cancer 
miRNAs can function as tumor suppressors and oncogenes (Esquela-Kerscher et al., 2006). 
The reduction or deletion of a miRNA that functions as a tumor suppressor leads to tumor 
formation. On the other hand, the amplification or overexpression of a miRNA that 
function as an oncogene results in tumor formation. Lu and colleagues first analyzed 
miRNA expression profiling in normal and tumor samples, and revealed global changes 
in miRNA expression (Lu et al., 2005). It was found that miRNA expression seems 
globally higher in normal tissues compared with tumors. Moreover, miRNAs are 
differentially expressed in various cancers. miRNA expression profiling also revealed that 
miRNAs are differently expressed among molecular subtypes in breast cancer (Blenkiron 
et al., 2007; Iorio et al., 2005). Iorio and colleagues first reported the miRNA gene 
expression profile in human breast cancer (Iorio et al., 2005). Compared with normal 
breast tissue, miRNAs are aberrantly expressed in human breast cancer. They also 
reported differentially expressed miRNAs associated with ERα expression, including 
miR-206. Blenkiron and colleagues analyzed miRNA expression in human breast cancer, 
and found that many miRNAs were differently expressed between breast cancer subtypes, 
such as luminal A, luminal B, HER2-positive, basal-like and normal-like (Blenkiron et al., 
2007). They also found significant association between miRNA expression profiling and 
clinicopathological factors such as ERα status and tumor grade. Furthermore, recent 
studies have demonstrated that loss- or gain-of function of specific miRNAs contributes to 
breast epithelial cellular transformation and tumorigenesis. The interconnections between 
miRNAs and tumor suppressor genes and oncogenes in breast cancer were summarized 
by Zoon and colleagues (Zoon et al., 2009). 

3. Conclusion 
It is well recognized that individual miRNA sequences can suppress the production of 
hundreds of proteins (Krol et al., 2010). Reduction of protein levels in this way is often 
modest, however, and many such RNAs probably collectively fine-tune gene expression. 
Accumulating evidence supports the hypothesis that the ability of miRNAs to 
simultaneously regulate many target genes makes them attractive candidates for regulating 
normal and cancer cells. miRNAs are potential therapeutic targets for more tailored 
treatment strategies for breast cancer. 
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1. Introduction 
Cancer is a multifactorial genetic disease which is characterized by uncontrolled 
proliferation of the cells. Cells undergo mutational changes in a multistep process. Cancer 
developes from a tumor clone though the firstly mutated cell doesn’t present all the features 
of a cancer cell. Accumulation of the mutations lead cells to display the properties of the 
cancer. The proliferating cells which have the capacity to survive and invade result in 
hyperplasia followed by dysplasia and invasion and metastasis at the end [1].   
Breast cancer is the most common cancer type and one of the leading cause of cancer 
mortality in women. Various factors including estrogens and its signaling, EGFR signaling 
pathway, other oncogenes and tumor suppressor genes including chromatin remodeling 
factors contribute to development of breast cancer. 
At molecular level two major group of genes are responsible for cancer development. These 
genes,  proto- oncogenes and tumor suppressor genes (TSG) control cell growth together in 
cells at a balance. They are normally required for cell survival and have a direct role in 
carcinogenesis and cancer progression. When the balance is broken between oncogenes and 
TSGs due to activation of proto-oncogene or inactivation tumor suppressor genes, cancer 
develops (Figure 1, 2). 
In cellular functions proto-oncogenes serve as growth factors, growth factor receptors, 
transcription factors and signal transduction elements. The mutated proto-oncogenes are 
named as oncogenes.  An oncogene, when mutated or altered, contributes to conversion of a 
normal cell into a cancer cell. The activation of a proto-oncogene may occur during 
replication; by a translocation; by gene amplification or by the alterations in mRNA 
expression. TSGs are also normal cellular genes taking part in regulation of the cell cycle,  
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Fig. 1. In human cells proto-oncogenes and tumor suppressor genes are at a balance. There 
exists a controlled cell division and proliferation. 

 

 
Fig. 2. In a cancer cell, over expression of oncogenes (activation) or low expression of TSGs 
(inactivation) leads cells to uncontrolled proliferation. 
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apoptosis, differentiation, surveillance of genomic integrity and repair of DNA errors, 
chromatin remodeling, signal transduction, and cell adhesion. The activation of the oncogenes 
and the inactivation of tumor suppressor genes lead cells to proliferate in an uncontrolled 
manner. Usually one mutation is sufficient for the activation mechanism of oncogenes whereas 
two hits are necessary for the inactivation of tumor suppressor genes [2,3]. However, a new 
class of tumor suppressor gene, in which one of the alleles is lost while the rest allele is kept, 
has recently been defined. Such a tumor suppressor gene is called as haploinsufficient and 
supposed to be in a cancer-prone state [4-6]. These patients develop cancer when they are 
exposed to the various carcinogens such as smoking, x-ray and chemicals. 
In eukaryotic cells, genetic information encoded by DNA is packaged into chromatin and 
kept in the nucleus. Thus chromatin is composed of DNA and proteins. The primary 
proteins of chromatin are histones. A nucleosome, basic unit of chromatin, consists of 146 
base-pairs of duplex DNA wrapped around a histone octamer composed of two of each of 
the conventional histone proteins: H2A, H2B, H3 and H4. Another histon, H1, provides 
compaction of neighboring nucleosomes by linking them. These compact situation of 
chromatin reversibly changes in an open and closed situation by various molecules such as 
histon acetyl transferases (HAT), histon deacetyl transferases (HDAC) and chromatin 
remodeling molecules, which then influence on transcriptional regulation of gene 
expression through accesibility of transcription factors by these molecules. 
Transcription is an important step to control gene expression from the very early step of life 
to the end. To maintain transcription every human cell has to deal with the step of an access 
to DNA either through histone acetylases or chromating remodelling complexes. Many 
activator proteins of transcription use both of these mechanisms. Histone Acetyl 
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By cooperation of members of these two classes of complexes, the structure of chromatin is 
dynamically regulated and thus they play important roles in the control of gene expression. 
ATP-dependent chromatin remodelers are divided into families according to the subunit 
composition and biochemical activity such as SWI/SNF, ISWI, INO80, SWR1 and 
NURD/Mi2/CHD complexes. Of these in particular, some of the members SWI/SNF 
complexes are emerging tumor suppressors, as genetic and epigenetic inactivation events in 
several SWI/SNF subunits have been detected in various human cancers [7-10]. 

2. Function of SWI/SNF family members 
Transcription factor action and then the targeted gene expression are mainly regulated by 
SWI/SNF family of chromatin remodeling complexes. SWI/SNF complexes are large 2-MDa 
(1.14 MDa in yeast) multi-subunit conglomerates that are involved in either enhancement or 
suppression of the downstream genes [7-12]. SWI/SNF complex genes were identified 
through two screens in yeast Saccharomyces cerevisiae. The first identified gene that is 
required for the expression of SUC2 for sucrose metabolism (sucrose non-fermenting (SNF) 
mutants), and the second screen showed another gene required for the activation of HO for 
mating-type switching (switch (SWI) mutants [7, 13-15].  
SWI/SNF complex is composed of three groups of subunits; 1) enzymatic (ATPase), 2) core 
subunits, and 3) accessory subunits [8,11]. Though the exact mechanisms for modification of 
chromatin structure by SWI/SNF complexes remain incompletely understood, current 
knowledge suggests that ATPase-dependent disruption of histone-DNA association and 
resultant nucleosome “sliding” is the main mechanism [8,12]. The mammalian genome 
encodes 29 different SWI/SNF-like ATPases [12]. Accordingly, each SWI/SNF complex 
consists of only one of two ATPases, BRM (Brahma) or BRG1 (Brahma-Related Gene 1), 
which show 74% homology.  
SWI/SNF complexes are classified into two major classes as BAF (BRG1 or BRM-Associated 
Factor; also known as SWI/SNF-A) or PBAF (Polybromo-Associated BAF; also known as 
SWI/SNF-B) complexes (Figure 4). BAF complexes contain either BRG1 (also known as 
SMARCA4, SNF2b, BAF190) or BRM (also known as SMARCA2, SNF2a) and PBAF 
complexes include only BRG1 as ATPase subunit. Each ATPase is accompanied with 10 to 
12 proteins as core and accessory subunits. The core subunits include BAF155 (also known 
as SWI3, SRG3, SMARC1), BAF170 (also known as SMARCC2), and SNF5 (also known as 
SMARCB1, BAF47, INI1). Accessory subunits consist of BAF45 (a,b,c,d; encoded gene names 
PHF10, DPF1, DPF2, DPF3), BAF53 (a,b; encoded gene names ACTL6A, ACTL6B), BAF57 
(encoded gene name SMARCE1), BAF60 (a,b,c; encoded gene name SMARCD1, SMARCD2, 
SMARCD3), BAF180 (encoded gene name PBRM1), BAF200 (encoded gene name ARID2), 
BRD7 and BAF250 (a,b; a: also known as ARID1A, SMARCF1, OSA1; b: also known as 
ARID1B, OSA2) [7,8]. ARID1A (BAF250a) and ARID1B (BAF250b) subunits are mutually 
exclusive and exist only in BAF complexes. BAF180, BAF200 and BRD7 are exclusively 
present in PBAF complexes [7,8] [Figure 4]. 
SWI/SNF complexes were found to be based on their roles in the transcription activation. 
However, studies show that mammalian SWI/SNF complexes have function to both 
repression and activation of the targeted genes. For development of mammalian T 
lymphocyte, BRG1 and BAF57 are necessary both for silencing CD4 and activating CD8 
expression [7,16,17]. Specific combinations of individual SWI/SNF components were 
reported to generate sub-complexes with specialized functions that are involved in  
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Fig. 4. SWI/SNF complexes are classified into two major classes as BAF (SWI/SNF-A) or 
PBAF (SWI/SNF-B) complexes. BAF complexes contain either BRG1 or BRM and PBAF 
complexes include only BRG1 as ATPase subunit. The core subunits include BAF155, 
BAF170, and SNF5. Accessory subunits consist of BAF45, BAF53, BAF57, BAF60, BAF180, 
BAF200, BRD7 and BAF250. BAF250a and BAF250b subunits are mutually exclusive and 
exist only in BAF complexes. BAF180, BAF200 and BRD7 are exclusively present in PBAF 
complexes. 

sequential stages of muscle-gene activation--i.e., initial displacement of the nucleosome 
followed by the loading of the complete myogenic transcriptosome that promotes gene 
transcription [18]. Immunoprecipitation analysis of osteocalcin promoter showed that BRM- 
and BRG1-containing complexes have different roles on it. BRG1 complexes were associated 
with the promoter induction, while BRM-specific complexes were present only on the 
repressed promoter and were required for association of the co-repressor HDAC1 [19]. In 
embryonic stem (ES) cells, BRG1 was reported to act as a repressor to inhibit programmes 
that are associated with differentiation. On the other hand, it also facilitates the expression 
of core pluripotency programmes [20,21]. Loss of Snf5 in murine fibroblasts results in more 
genes being activated such as E2F targeted genes than repressed [22]. Another example of 
repression of gene expression is recruitment histone deacetylases (HDACs), which remove 
activating acetyl marks from histone tails, by SWI/SNF complexes. By this mechanism, 
SNF5 suppresses cyclin expression in an HDAC1-dependent manner [23]. In conclusion, 
mammalian SWI/SNF complexes are composed of dynamic units with essential roles in 
regulating both the activation and the repression of gene expression programmes. 

3. Roles of SWI/SNF proteins in cancer  
Findings of abnormalities at genetic, epigenetic as well as protein levels of SWI/SNF 
complexes in various cancers provide a link between chromatin remodelling and tumour 
suppression. Tumor suppressor role of SWI/SNF complexes was first demonstrated with 
loss of BRG1 and BRM expression in many cancer cell lines and arrest of growth or slower 
growth after introduction of BRG1 or hBRM [24]. Brg mutant mice die at early embryonic 
days due to growth arrest of the inner cell mass and trophoblast [25,26]. Mice with Brg 1 
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heterozygosity develop mammary adenocarcinomas, suggesting an occurrence of cancer 
prone state due to haploinsufficiency of Brg1. On the other hand, the mouse with 
inactivation of BRM by homologous recombination (BRM-/- mice) is born alive and 
develops normally. Adult mutant mice were approximately 15% heavier than control 
littermates. This phenomenon was suggested to be caused by increased cell proliferation, 
because a higher mitotic index was detected in mutant livers and it was further supported 
by the observation that mutant embryonic fibroblasts were significantly deficient in their 
ability to arrest in the G0/G1 phase of the cell cycle in response to cell confluency or DNA 
damage. These studies suggested that BRM plays a role in the regulation of cell proliferation 
in adult mice and have some defects in control of cellular proliferation [27]. 
Chromosome transfer studies mapped tumor suppressor gene(s) at 19p13 chromosome 
locus [28,29]. Studies with microsatellite analysis and functional as well as cancer tissue 
examination for abnormalities of candidate tumor suppressor gene indicated that 
chromosome 19p13 locus includes at least two putative tumor suppressor genes namely 
STK11/LKB1 and BRG1 [30]. STK11 maps about 8.5 Mb distally from BRG1. Loss of 
heterozygosity of 19p13 was reported in various cancers including thyroid cancer, sex cord 
stromal tumors, breast cancer, oral carcinoma, prostate cancer, pancreas carcinoma, brain 
tumors, colorectal carcinoma, gynecological tumors, lung cancers and ovarian carcinoma 
[31-46]. Some of the studies included genetic analysis of STK11/LKB1 and showed mutation 
in a subset of tumors especially related with Peutz-Jeugher Syndrome such as breast, 
colorectal, lung, pancreatic, biliary and ovarian cancer [41-49]. On the other hand, quite a lot 
of studies reported mutations and/or loss or various alterations of BRG1 in human cancer 
lines and primary tumors [50-61]. Thus genes at this chromosomal locus may involve in 
various type cancer exclusively or in cooperation in some cancer types. It should be also 
noticed that some studies showed only LOH without alteration of either one of these genes. 
In this situation, each of them can still be involved in carcinogenesis due to 
haploinsufficiency. At least haploinsufficiency of BRG1 is recognized [25-27,62], while 
further studies are necessary whether such a role exists for STK11/LKB1 or not. Similar to 
BRG1, abnormalities of BRM in various cancers have been reported [58-61,63-69]. 
Though the early studies of cell lines and animal models strongly suggested subunits of 
SWI/SNF proteins as tumor suppressor, the first definitive evidence that members of these 
complexes function as tumor suppressive was shown by Versteege and colleagues. They 
demonstrated occurrence of LOH of BAF47 (SNF5) in almost all cases of pediatric rhabdoid 
sarcoma, in which the other allele was mutated or silenced by methylation [70]. Inactivation 
of SNF5 subunit of SWI/SNF is via biallelic mutations, including deletion, nonsense, mis-
sense and frameshift mutations was also shown by other studies, supporting SNF5 as a 
strong tumor suppressor gene at least in this kind of tumors [71-73]. 
SNF5 alterations have also been shown in other types of tumors though it is much rare as 
compared to malignant rhabdoid tumors. In a recent study, the effects of Ini1 
haploinsufficiency (loss of one allele) on cell growth and immortalization in mouse 
embryonic fibroblasts were examined. Their results revealed that heterozygosity for Ini1 up-
regulated cell growth and immortalization and that exogenous Ini1 down-regulated the 
growth of primary cells in a Rb-dependent manner. Furthermore, loss of Ini1 was redundant 
with loss of Rb function in the formation of pituitary tumors in Rb heterozygous mice and 
gave rise to the formation of large, atypical Rb(+/-) tumor cells lacking adrenocorticotropic 
hormone expression, confirming in vivo the relationship between Rb and Ini1 in tumor 
suppression [74]. Mutations and alterations of SNF5 were also reported in familial 
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schwannomatosis and other cancer types [75-84]. Germ line mutations of SNF5 were 
detected in brain tumors and rhabdoid tumors, suggesting its link with familial cancers [85-
88]. In some other tumors, no alteration of SNF was detected [89,90].  
Complete loss of Snf5 in genetically engineered mouse leads to early embryonic death. 
However, heterozygote mice with haploinsufficient Snf5 (snf5+/-) develop tumors similar to 
malignant rhabdoid tumors in about one third of the animals [91-93]. On the other hand, 
conditional biallelic inactivation of Snf5 (Snf5-/- mice) resulted in tumors including 
lymphomas and rhabdoid tumors in 100% of mice [94]. Onset of these tumors occurred in a 
median period of 11 weeks for a single gene inactivation. When compared to this period with 
most commonly mutated genes in human cancer i.e. p53 and RB1, p53 loss gave rise to 
lymphomas and sarcomas at 20 weeks and RB1 heterozygosity together with p53 deficiency 
resulted in similar tumors and other cancers at 16 weeks [95]. Thus shorter onset time for 
tumor occurrence in Snf5 inactivation as compared to other well-known tumor suppressors 
indicates strong tumor suppressor character of this gene. Tumor formation in the absence of 
SNF5 has been supposed to be due to loss of function of the SWI/SNF complex. However, this 
view has been challenged by several findings of a recent research. Using both human cell lines 
and mouse models, Wang et al. [96] showed that cancer formation in the absence of SNF5 does 
not result from SWI/SNF inactivation but rather that oncogenesis is dependent on continued 
presence of BRG1 activation than tumor suppressor loss. Thus Snf5 loss would lead to effects 
more frequently associated with oncogene activation than tumor suppressor loss. 
Other than BRG1 and SNF5, alterations of other member of SWI/SNF complexes have been 
reported in various cancer types. For example mutations of BAF180 (PBRM1) were identified 
in 41% of renal cell carcinomas, making this gene as the second most frequently mutated gene 
in these cancers after VHL50 [97]. The ARID1A subunit of SWI/SNF complexes was also 
recently shown to have mutation or loss of protein in primary human cancers including ovar-
ian clear cell carcinomas, low and high grade endometrioid carcinomas [98-101].ARID1A was 
also rarely mutated in medulloblastoma, breast and lung cancer [102,103]. 

4. Alterations and roles of SWI/SNF proteins in breast cancer  
Breast cancer is among the most common tumors affecting women. It is characterized by a 
number of genetic aberrations. Some 5-10% of cases are thought to be inherited. Estrogen 
plays an important role in normal physiology and malignancy of breast tissue. Biological 
functions of estrogen are mediated by estrogen receptor (ER). ER controls transcription of 
ER targeted genes by binding to estrogen responsive elements in their promoters. ATP-
dependent chromatin remodeling complexes also influence this signaling pathway by 
changing the chromatin open/close state. In this respect, heterozygous state of a SWI/SNF 
subunit, Brg1 in mice leads to mammary carcinomas, indicating roles of SWI/SNF proteins 
in breast cancer [25]. On the other hand, BRCA1 and BRCA2 genes are already known to 
have roles both in familial and sporadic breast cancers [104-106]. Breast tumors of patients 
with germ-line mutations in the BRCA1 and BRCA2 genes have more genetic defects than 
sporadic breast tumors.  
Bochar et al. [107] isolated a predominant form of a multiprotein BRCA1-containing 
complex from human cells displaying chromatin-remodeling activity using a combination of 
affinity- and conventional chromatographic techniques. Mass spectrometric sequencing of 
components of this complex proved that BRCA1 is associated with a SWI/SNF-related 
complex. They also demonstrated that BRCA1 directly interacts with the BRG1 subunit of 
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changing the chromatin open/close state. In this respect, heterozygous state of a SWI/SNF 
subunit, Brg1 in mice leads to mammary carcinomas, indicating roles of SWI/SNF proteins 
in breast cancer [25]. On the other hand, BRCA1 and BRCA2 genes are already known to 
have roles both in familial and sporadic breast cancers [104-106]. Breast tumors of patients 
with germ-line mutations in the BRCA1 and BRCA2 genes have more genetic defects than 
sporadic breast tumors.  
Bochar et al. [107] isolated a predominant form of a multiprotein BRCA1-containing 
complex from human cells displaying chromatin-remodeling activity using a combination of 
affinity- and conventional chromatographic techniques. Mass spectrometric sequencing of 
components of this complex proved that BRCA1 is associated with a SWI/SNF-related 
complex. They also demonstrated that BRCA1 directly interacts with the BRG1 subunit of 
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the SWI/SNF complex. Furthermore, p53-mediated stimulation of transcription by BRCA1 
was completely abrogated by either a dominant-negative mutant of BRG1 or the cancer-
causing deletion in exon 11 of BRCA1, revealing that BRCA1 has a direct function in 
transcriptional control through modulation of chromatin structure [107]. 
To investigate abnormalities SWI/SNF complex subunits in breast cancer, Decristofaro et al. 
[108] determined the protein status of the core subunits of BAF170, BAF155, BAF57, BAF53a, 
and BAF47 in 21 breast cancer cell lines. The authors also determined the protein status of 
the BRM, BRG1 as well as two other proteins found in human SWI/SNF complexes, BAF180 
and BAF250. A breast cancer cell line negative for the BAF57 protein was identified [108]. 
Deficiency of p270 protein (ARID1A) was shown in a subset of breast cancer. BAF180, a 
subunit of the PBAP type SWI/SNF chromatin remodeling complex maps to 3p21, in a 
region where frequent allele loss has been detected in various cancers. A study which used 
screening for tumor suppressor genes in breast cancer revealed multiple truncating 
mutations of PB1, which encodes the BAF180 subunit and the mutation was associated with 
loss of heterozygosity of the wild-type allele [109]. Functional studies showed binding of 
endogenous wild-type BAF180 to the p21 promoter, which was required for proper p21 
expression and G1 arrest after transforming growth factor-beta and gamma-radiation 
treatment, making BAF180 as a physiologic mediator of p21 expression [109]. 
In a study, Wang et al. [110] examined the role of BAF57 in breast cancer using the cell line, 
BT549, which is an invasive human breast carcinoma cell line that lacks expression of BAF57 
[111]. They prepared a BT549 stable cell line with expression of the full-length BAF57 
protein. The results showed that BT549 clones expressing BAF57 revealed remarkable 
phenotypic changes, slow growth kinetics, and restoration of contact inhibition. Moreover, 
microarray analysis showed that BAF57-mediated cell death was associated with up-
regulation of proapoptotic genes including the tumor suppressor familial cylindromatosis 
(CYLD). CYLD was found to be a direct target of BAF57 by chromatin immunoprecipitation 
analysis. Increased expression of CYLD in BT549 cells induced apoptosis, while its 
suppression by small interfering RNA inhibited cell death in BAF57 expressing BT549 cells, 
suggesting the crucial role of BAF57 in cell growth regulation and provided a novel link 
between hSWI/SNF chromatin remodeling factors and apoptosis [112]. P270 subunit of 
SWI/SNF complexes was found to be essential for normal cell cycle arrest, providing a 
direct biological basis to support the implication from tumor tissue screens that deficiency of 
p270 plays a causative role in carcinogenesis [113]. In a separate study, BAF57 was found to 
be an ER subtype-selective modulator that specifically regulates ERalpha-mediated 
transcription, linking ER with SWI/SNF proteins [114].  
Harte et al. [115] identified BRD7 as a novel binding partner of BRCA1 with a yeast two-
hybrid screen using a BRCA1 bait composed of amino acids 1 to 1142. To determine the 
functional consequences of the BRCA1-BRD7 interaction, they examined the role of BRD7 in 
BRCA1-dependent transcription with microarray-based expression profiling. A variety of 
target genes such as ERalpha was found to be coordinately regulated by BRCA1 and BRD7 
complex [115]. In a recent study, two novel mutations were found in one out of 95 breast 
cancer samples by sequencing BAF57 gene [116]. 

5. Conclusion and future aspects  
Important function of subunits of SWI/SNF complexes arises from their roles in chromatin 
remodeling and trancription regulation. Mutation and other alterations of these proteins 
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lead to cancer development. Researches on roles of SWI/SNF subunits in development and 
cancer are increasingly performed yet much work is necessary for clarifying the exact 
functions of these genes to provide therapy for various human cancers. Promising results 
are noticed at the moment for usability of some of these genes as a therapeutic and 
diagnostic target. Thus progress on the knowledge of functions of subunits of SWI/SNF 
complexes as well as the relationship with other breast cancer-related molecules such as 
BRCA1-2 and p53 will clarify their roles in human cancer including breast cancer, which will 
result in their uses in cancer diagnostics as well as therapy in near future. 
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the SWI/SNF complex. Furthermore, p53-mediated stimulation of transcription by BRCA1 
was completely abrogated by either a dominant-negative mutant of BRG1 or the cancer-
causing deletion in exon 11 of BRCA1, revealing that BRCA1 has a direct function in 
transcriptional control through modulation of chromatin structure [107]. 
To investigate abnormalities SWI/SNF complex subunits in breast cancer, Decristofaro et al. 
[108] determined the protein status of the core subunits of BAF170, BAF155, BAF57, BAF53a, 
and BAF47 in 21 breast cancer cell lines. The authors also determined the protein status of 
the BRM, BRG1 as well as two other proteins found in human SWI/SNF complexes, BAF180 
and BAF250. A breast cancer cell line negative for the BAF57 protein was identified [108]. 
Deficiency of p270 protein (ARID1A) was shown in a subset of breast cancer. BAF180, a 
subunit of the PBAP type SWI/SNF chromatin remodeling complex maps to 3p21, in a 
region where frequent allele loss has been detected in various cancers. A study which used 
screening for tumor suppressor genes in breast cancer revealed multiple truncating 
mutations of PB1, which encodes the BAF180 subunit and the mutation was associated with 
loss of heterozygosity of the wild-type allele [109]. Functional studies showed binding of 
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treatment, making BAF180 as a physiologic mediator of p21 expression [109]. 
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protein. The results showed that BT549 clones expressing BAF57 revealed remarkable 
phenotypic changes, slow growth kinetics, and restoration of contact inhibition. Moreover, 
microarray analysis showed that BAF57-mediated cell death was associated with up-
regulation of proapoptotic genes including the tumor suppressor familial cylindromatosis 
(CYLD). CYLD was found to be a direct target of BAF57 by chromatin immunoprecipitation 
analysis. Increased expression of CYLD in BT549 cells induced apoptosis, while its 
suppression by small interfering RNA inhibited cell death in BAF57 expressing BT549 cells, 
suggesting the crucial role of BAF57 in cell growth regulation and provided a novel link 
between hSWI/SNF chromatin remodeling factors and apoptosis [112]. P270 subunit of 
SWI/SNF complexes was found to be essential for normal cell cycle arrest, providing a 
direct biological basis to support the implication from tumor tissue screens that deficiency of 
p270 plays a causative role in carcinogenesis [113]. In a separate study, BAF57 was found to 
be an ER subtype-selective modulator that specifically regulates ERalpha-mediated 
transcription, linking ER with SWI/SNF proteins [114].  
Harte et al. [115] identified BRD7 as a novel binding partner of BRCA1 with a yeast two-
hybrid screen using a BRCA1 bait composed of amino acids 1 to 1142. To determine the 
functional consequences of the BRCA1-BRD7 interaction, they examined the role of BRD7 in 
BRCA1-dependent transcription with microarray-based expression profiling. A variety of 
target genes such as ERalpha was found to be coordinately regulated by BRCA1 and BRD7 
complex [115]. In a recent study, two novel mutations were found in one out of 95 breast 
cancer samples by sequencing BAF57 gene [116]. 
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Important function of subunits of SWI/SNF complexes arises from their roles in chromatin 
remodeling and trancription regulation. Mutation and other alterations of these proteins 
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lead to cancer development. Researches on roles of SWI/SNF subunits in development and 
cancer are increasingly performed yet much work is necessary for clarifying the exact 
functions of these genes to provide therapy for various human cancers. Promising results 
are noticed at the moment for usability of some of these genes as a therapeutic and 
diagnostic target. Thus progress on the knowledge of functions of subunits of SWI/SNF 
complexes as well as the relationship with other breast cancer-related molecules such as 
BRCA1-2 and p53 will clarify their roles in human cancer including breast cancer, which will 
result in their uses in cancer diagnostics as well as therapy in near future. 
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1. Introduction 
Inactivation of the tumor suppressor p53 is the single most common genetic defect in all 
human cancers. The p53 tumor suppressor is critically important in regulation of cell cycle 
progression, senescence, differentiation, DNA repair and apoptosis. The discovery of two 
closely related homologues, p63 and p73, in 1997 generated instant excitement and quick 
expectations about their tumor suppressor functions. However, despite a remarkable 
structural and partial functional similarity among p53, initial p63 and p73 mouse knockout 
studies revealed an unexpected functional diversity among them. p63 and p73 knockouts 
exhibit severe developmental abnormalities but no increased cancer susceptibility. While 
p53 is frequently mutated during tumorigenesis (in over 50% of human tumors), p63 and 
p73 are rarely mutated. Instead, the p63 locus is amplified in squamous cell carcinomas 
(Bjorkqvist et al., 1998; Massion et al., 2003) and p73 is overexpressed in many tumor types 
including breast cancers (Moll and Slade, 2004; Zaika and El-Rifai, 2006; Zaika et al., 1999). 
Although p63 and p73 can activate apoptosis in vitro, it is clear that they are not classic 
Knudson-like tumor suppressors like p53. 
Throughout the years, impressive number of evidences has been uncovered, suggesting that 
the p53-family play an important role in breast cancers. The emerging picture is that of an 
interconnected pathway, in which all p53-family proteins are involved in the response to 
oncogenic stress and physiological inputs. The p53/p63/p73 family members are capable of 
interacting in many ways that involve direct or indirect protein interactions, regulation of 
same target gene promoter and regulation of each other’s promoters. As such, fluctuations 
in the levels of selected p53 family members (or their isoforms) might change the relative 
availability of shared protein partners, as multiple p53-family proteins compete for 
interaction. Also, differential expression of selected interactors – linked with genetic 
variation – may distinguish the response of the p53 pathway to the same potentially 
oncogenic stimuli in diverse individuals. 
Despite the recent advances in understanding the unique roles of p53 family protein in 
breast cancers, there are many outstanding questions. What are the unique functions of the 
TA and N isoforms of p63 and p73? How is individual p53 family member mediates gene 
expression regulated by the interaction with mutant p53 and other family member and their 
splicing variants in the cell? What are the patterns of p53 family isoform expression during 
normal development and tumorigenesis? What are the upstream signaling pathways that 
regulate individual p53 family member? What are the p53, p63 and p73 target genes? Do 
p53, p63 and p73 regulate distinct and/or overlapping sets of genes? Understanding the 
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complexity of these interactions allow us to delineate the function of p53 family in human 
tumorigenesis and enable the development of new cancer therapeutics. 

2. The origins and gene architecture of the p53 family proteins 
The tumor suppressor gene, p53, was discovered in 1979 (Lane and Crawford, 1979; Linzer 
and Levine, 1979). Until recently, p53 was thought to be a unique gene with no genetic 
paralogues. In 1997, however, Caput and coworkers serendiptiously identified a human 
homolog of p53 which they called p73 (Irwin and Kaelin, 2001; Kaelin, 1999; Kaghad et al., 
1997). Shortly thereafter, several groups identified a third member of the family variably 
called Ket, p40, p51, p73L and p63 (Irwin and Kaelin, 2001; Kaelin, 1999; Osada et al., 1998; 
Schmale and Bamberger, 1997; Senoo et al., 1998; Trink et al., 1998; Yang et al., 1998). While 
p53 was discovered first, evolutionary conservation of DNA sequence suggests that p63 
arose first during evolution, then p73 and finally p53 (Johnson et al., 2005). 
Like many transcription factors, p53 are modular proteins with a conserved N-terminal 
transcriptional activation domain (TA), central DNA-binding domain (DBD) and a C-
terminal oligomerization domain (OD) (Fig. 1) (Arrowsmith, 1999). The DBD has the highest 
degree of homology, where p63 and p73 share 65% amino-acid identity with p53, and even 
higher identity with each other. All three genes express many spliced isoforms — a feature 
that was thought to be unique for p63 and p73 but has recently found to be true for p53.  
The existence of an internal promoter within the p53 family was first discovered in p63 
(Yang et al., 1998). The human and mouse p63 genes express at least three alternatively 
spliced C-terminal isoforms (, , ), and can be transcribed from an alternative promoter 
located in the intron 3 (Fig. 1). The transactivating isoforms (TAp63) are generated using the 
promoter upstream of exon 1 while the alternative promoter in intron 3 leads to the 
expression of N-terminal truncated isoforms (Np63) lacking the transactivation domain. 
Altogether, the p63 gene expresses at least six mRNA variants which encode for six different 
p63 protein isoforms (TAp63, TAp63, TAp63, Np63, Np63, and Np63) (Murray-
Zmijewski et al., 2006). 
The p73 gene expresses at least seven alternatively spliced C-terminal isoforms (, , , , ,  
and ) and at least four alternatively spliced N-terminal isoforms (Melino et al., 2003; Moll 
and Slade, 2004; Stiewe et al., 2002b). Like p63, the p73 gene can be transcribed from an 
alternative promoter located in the intron 3 (Fig. 1). The transactivating isoforms are 
generated by the activity of the promoter upstream of exon 1 while the alternative promoter 
in intron 3 leads to the expression of the N-terminal truncated isoforms (Np73) lacking the 
transactivation domain. Altogether, the p73 gene expresses at least 35 mRNA variants, 
which can encode theoretically 29 different p73 protein isoforms (Fig. 1). So far, 14 different 
p73 protein isoforms have been described. In contrast to p63, p73 isoforms can be initiated 
from different ATG and contain different part of the N-terminal domain, suggesting that 
they can have distinct protein interactions and specific activities (Murray-Zmijewski et al., 
2006). 

3. Developmental phenotypes of p53, p63 and p73 knockout mice 
Since p53 is a powerful tumor suppressor gene, its loss in mice predisposes the animals to 
cancers of various organs (involving tissues such as blood, muscle and bone) with no visible 
developmental defects. Similarly, human patients with Li Fraumeni syndrome, the disease  
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Fig. 1. Gene architecture of the p53 family. The p53 family includes the three genes p53, 
p63, and p73. Each of them has a modular structure consisting of the transactivation domain 
(TA), the DNA binding domain (DBD), and the oligomerization domain (OD). In addition to 
the 3 common domains, p63 and p73 also harbor a C-terminal sterile alpha-motif (SAM) 
domain in the  isoform. All p53 family genes are expressed as two major types: the full-
length proteins containing the TA domain and N proteins missing the TA domain. The P1 
promoter in the 5’-untranslated region produces TA proteins that are transcriptionally 
active, whereas the P2 promoter produces N proteins with dominant-negative functions 
toward themselves and toward wild-type p53. In addition, both p63 and p73 also undergo 
extensive C-terminal alternative splicing generating a myriad of isoforms with different 
transcriptional activity and specificity.  

caused by germ line mutation of human p53, also predisposes to various cancer especially 
breast cancers (Johnson et al., 2005). While p53 seems to play little role in embryonic 
development, the p63 and p73 deficient mice have severe developmental abnormalities 
(Westfall and Pietenpol, 2004). 

3.1 p63 in development: Role in epithelial differentiation and proliferation 
p63-deficient mice are born alive but the limbs are absent or truncated owing to a 
malfunction of the apical ectodermal ridge (Mills et al., 1999; Yang et al., 1999). They fail to 
develop a stratified epidermis and most epithelial tissues (for example, hair follicles, teeth, 
prostate, lacrimal and salivary glands, and mammary glands), and eventually die from 
dehydration within hours of birth (Stiewe, 2007). Reminiscent of the knockout phenotype in 
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breast cancers (Johnson et al., 2005). While p53 seems to play little role in embryonic 
development, the p63 and p73 deficient mice have severe developmental abnormalities 
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prostate, lacrimal and salivary glands, and mammary glands), and eventually die from 
dehydration within hours of birth (Stiewe, 2007). Reminiscent of the knockout phenotype in 
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mice, heterozygous germ line point mutations of p63 in humans also cause striking 
autosomal dominant developmental disorders including ectrodactyly-ectodermal dysplasia 
(EEC) (Celli et al., 1999), ankyloblepharon-ectodermal dysplasia clefting (Hay-Wells 
Syndrome) (Fomenkov et al., 2003), acro-dermato-ungual-lacrimal-tooth (ADULT) 
syndrome (Duijf et al., 2002), limb-mammary syndrome (LMF) (van Bokhoven et al., 2001), 
Rapp-Hodgkin syndrome (Chan et al., 2005), and split hand-split foot malformation 
syndrome (Brunner et al., 2002; Johnson et al., 2005; van Bokhoven et al., 2001). 
Although the p63-deficient mice and human cases showed prominent phenotypes, the 
actual function of p63 in developmental processes remain controversial. The two groups 
that generated the p63-deficient mice reported identical phenotypes, the conclusions drawn 
from examination of the murine tissues differed (Westfall and Pietenpol, 2004). In one case 
clumps of differentiated cells were detected in the epidermis (Yang et al., 1999), whereas in 
the other, uncommitted ectodermal cells covered the body surface (Mills et al., 1999). This 
lead to two divergent points of view emerged from these analyses: one group attributed the 
p63-null phenotype to an absence of lineage commitment and an early block in epithelial 
differentiation (Mills et al., 1999); the other postulated that the phenotype was secondary to 
a defect in epithelial stem-cell renewal (Yang et al., 1999). It thus remained uncertain 
whether the primary function of p63 was in control of differentiation or self-renewal, or both 
(Blanpain and Fuchs, 2007). 
Subsequent studies on p63 attempted to clarify this issue, but were further complicated with 
the discovery that the two principal isoforms of p63, Np63 and TAp63, each of which have 
distinct roles in epithelial development. When transgenic mice expressing either TAp63 
and/or Np63 were bred on the p63-null background, mice expressing Np63, but not 
TAp63, partially rescued basal epidermal gene expression, whereas only mice coexpressing 
both isoforms presented a significant improvement in expression of terminal differentiation 
marker. This data is consistent with the notion that Np63 governs basal-epidermal gene 
expression, whereas TAp63 (possibly together with Np63) promote terminal 
differentiation. Taken together, these studies supported a role for p63 in differentiation and 
not self-renewal. However, a later study by Senoo et al. (2007) demonstrated that p63 is not 
required for lineage commitment and differentiation of epithelial cells, as these cells present 
the typical markers for epithelial development and, in the case of the thymic epithelia, are 
fully competent to support the maturation of developing T cells in the thymus (Senoo et al., 
2007). The study provides compelling evidence that p63 functions specifically to maintain 
the extraordinary proliferative capacity of the epithelial stem cells of the thymus and 
epidermis, suggesting a general function of the p63 transcription factor in maintaining the 
stem cells of a broad array of stratified epithelia. Thus, the question whether p63 functions 
in control of differentiation, self-renewal, or both remain debatable. 

3.2 p73 in development: Role in neuronal and pheromonal pathways 
The p73 knock-out mice have profound developmental defects including hippocampal 
dysgenesis, hydrocephalus, chronic infections and inflammation (Abraham and Meyer, 
2003). They also exhibit abnormal reproductive and social behavior due to defects in 
pheromone detection, attributed to a dysfunctional nasal organ that normally expresses high 
levels of p73 (Johnson et al., 2005). The tissue specificity of the p73 deficient phenotype 
(concentrated to the brain and related structures) may be associated with variable patterns 
of isoforms expressed in brain vs. other tissues (Hu et al., 2000; Johnson et al., 2005). 
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Np73 is the predominant isoform in the developing mouse brain and might act as a 
transcriptional repressor (Pozniak et al., 2000; Yang et al., 1998). In situ hybridization reveals 
strong Np73 expression in E12.5 fetal mouse brain in the preplate layer, bed nucleus of 
stria terminalis, choroid plexus, vomeronasal area, and preoptic area (Yang et al., 2000). 
Moreover, Np73 is the only form of p73 found in mouse brain and the sympathetic 
superior cervical ganglia in P10 neonatal mice (Pozniak et al., 2000). Functional studies and 
knockout mice showed Np73 is required to counteract p53-mediated neuronal death 
during the normal development of the mouse neuronal system (Pozniak et al., 2000). 
Withdrawal of nerve growth factor, an obligate survival factor for mouse sympathetic 
neurons, leads to p53 induction and p53-dependent cell death. In pull-down assays, mixed 
protein complexes of p53/Np73 were demonstrated, suggesting one biochemical basis for 
transdominance in addition to possible promoter competition. Together, these data 
demonstrated that Np73 is downstream of nerve growth factor in the nerve growth factor 
survival pathway and explains why p73-deficient mice, missing all forms of p73 including 
protective Np73, undergo accelerated neuronal death in postnatal superior cervical ganglia 
(Moll and Slade, 2004; Pozniak et al., 2000). 
To date, there are no human developmental syndromes associated with germ line p73 
mutations (Johnson et al., 2005). Unlike p53-decifiency, p73 knock-out mice show no 
increased susceptibility to spontaneous tumorigenesis (Stiewe and Putzer, 2002; Yang et al., 
2000).  

4. Role of p53 family in breast malignancy: Tumor suppressor or oncogene? 
p53 is a powerful tumor suppressor, as proven by a wealth of in vivo models and 
dramatically confirmed by frequent mutation in human cancers. However, the role of p63 
and p73 in tumor suppression is less obvious, because they are rarely deleted or mutated in 
cancer and the respective homozygous knockout mice die tumor-free from developmental 
defects in the initial studies.  

4.1 p63 and cancer 
p63, mainly its N isoform, is highly expressed in embryonic epidermis and act as a 
molecular switch for initiation of an epithelial stratification program (Koster et al., 2004). In 
postnatal epidermis, Np63 expression is restricted to the nuclei of basal cells of normal 
epithelia (skin, esophagus, tonsil, prostate, urothelium, ectocervix, and vagina) and to 
certain populations of basal cells in glandular structures of prostate, breast, and bronchi (Di 
Como et al., 2002; Yang et al., 1998). Specifically, p63 is expressed in myoepithelial cells of 
the breast that play an important role in differentiation and carcinogenesis of the breast 
(Davis et al., 2002; Garraway et al., 2003; Moll and Slade, 2004; Reis-Filho et al., 2003a; 
Ribeiro-Silva et al., 2003). p63 expression was not detected in mesenchymal, neural, 
endothelial, smooth muscle or adipose cells consistent with restricted p63 expression in 
squamous and basal epithelial tissues (Reis-Filho et al., 2003b; Westfall and Pietenpol, 2004). 
The initial findings showed that Np63 can act antagonistically toward p53 (Yang et al., 
1998). Subsequent studies found dysregulated expression of p63, sometimes in conjunction 
with amplification of its genomic region at 3q27-28 in a many human epithelial cancers 
(Crook et al., 2000; Hibi et al., 2000; Massion et al., 2003; Park et al., 2000; Yamaguchi et al., 
2000). Amplification of the p63 gene frequently leads to overexpression of the Np63 
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mice, heterozygous germ line point mutations of p63 in humans also cause striking 
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lead to two divergent points of view emerged from these analyses: one group attributed the 
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Subsequent studies on p63 attempted to clarify this issue, but were further complicated with 
the discovery that the two principal isoforms of p63, Np63 and TAp63, each of which have 
distinct roles in epithelial development. When transgenic mice expressing either TAp63 
and/or Np63 were bred on the p63-null background, mice expressing Np63, but not 
TAp63, partially rescued basal epidermal gene expression, whereas only mice coexpressing 
both isoforms presented a significant improvement in expression of terminal differentiation 
marker. This data is consistent with the notion that Np63 governs basal-epidermal gene 
expression, whereas TAp63 (possibly together with Np63) promote terminal 
differentiation. Taken together, these studies supported a role for p63 in differentiation and 
not self-renewal. However, a later study by Senoo et al. (2007) demonstrated that p63 is not 
required for lineage commitment and differentiation of epithelial cells, as these cells present 
the typical markers for epithelial development and, in the case of the thymic epithelia, are 
fully competent to support the maturation of developing T cells in the thymus (Senoo et al., 
2007). The study provides compelling evidence that p63 functions specifically to maintain 
the extraordinary proliferative capacity of the epithelial stem cells of the thymus and 
epidermis, suggesting a general function of the p63 transcription factor in maintaining the 
stem cells of a broad array of stratified epithelia. Thus, the question whether p63 functions 
in control of differentiation, self-renewal, or both remain debatable. 

3.2 p73 in development: Role in neuronal and pheromonal pathways 
The p73 knock-out mice have profound developmental defects including hippocampal 
dysgenesis, hydrocephalus, chronic infections and inflammation (Abraham and Meyer, 
2003). They also exhibit abnormal reproductive and social behavior due to defects in 
pheromone detection, attributed to a dysfunctional nasal organ that normally expresses high 
levels of p73 (Johnson et al., 2005). The tissue specificity of the p73 deficient phenotype 
(concentrated to the brain and related structures) may be associated with variable patterns 
of isoforms expressed in brain vs. other tissues (Hu et al., 2000; Johnson et al., 2005). 
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Np73 is the predominant isoform in the developing mouse brain and might act as a 
transcriptional repressor (Pozniak et al., 2000; Yang et al., 1998). In situ hybridization reveals 
strong Np73 expression in E12.5 fetal mouse brain in the preplate layer, bed nucleus of 
stria terminalis, choroid plexus, vomeronasal area, and preoptic area (Yang et al., 2000). 
Moreover, Np73 is the only form of p73 found in mouse brain and the sympathetic 
superior cervical ganglia in P10 neonatal mice (Pozniak et al., 2000). Functional studies and 
knockout mice showed Np73 is required to counteract p53-mediated neuronal death 
during the normal development of the mouse neuronal system (Pozniak et al., 2000). 
Withdrawal of nerve growth factor, an obligate survival factor for mouse sympathetic 
neurons, leads to p53 induction and p53-dependent cell death. In pull-down assays, mixed 
protein complexes of p53/Np73 were demonstrated, suggesting one biochemical basis for 
transdominance in addition to possible promoter competition. Together, these data 
demonstrated that Np73 is downstream of nerve growth factor in the nerve growth factor 
survival pathway and explains why p73-deficient mice, missing all forms of p73 including 
protective Np73, undergo accelerated neuronal death in postnatal superior cervical ganglia 
(Moll and Slade, 2004; Pozniak et al., 2000). 
To date, there are no human developmental syndromes associated with germ line p73 
mutations (Johnson et al., 2005). Unlike p53-decifiency, p73 knock-out mice show no 
increased susceptibility to spontaneous tumorigenesis (Stiewe and Putzer, 2002; Yang et al., 
2000).  

4. Role of p53 family in breast malignancy: Tumor suppressor or oncogene? 
p53 is a powerful tumor suppressor, as proven by a wealth of in vivo models and 
dramatically confirmed by frequent mutation in human cancers. However, the role of p63 
and p73 in tumor suppression is less obvious, because they are rarely deleted or mutated in 
cancer and the respective homozygous knockout mice die tumor-free from developmental 
defects in the initial studies.  

4.1 p63 and cancer 
p63, mainly its N isoform, is highly expressed in embryonic epidermis and act as a 
molecular switch for initiation of an epithelial stratification program (Koster et al., 2004). In 
postnatal epidermis, Np63 expression is restricted to the nuclei of basal cells of normal 
epithelia (skin, esophagus, tonsil, prostate, urothelium, ectocervix, and vagina) and to 
certain populations of basal cells in glandular structures of prostate, breast, and bronchi (Di 
Como et al., 2002; Yang et al., 1998). Specifically, p63 is expressed in myoepithelial cells of 
the breast that play an important role in differentiation and carcinogenesis of the breast 
(Davis et al., 2002; Garraway et al., 2003; Moll and Slade, 2004; Reis-Filho et al., 2003a; 
Ribeiro-Silva et al., 2003). p63 expression was not detected in mesenchymal, neural, 
endothelial, smooth muscle or adipose cells consistent with restricted p63 expression in 
squamous and basal epithelial tissues (Reis-Filho et al., 2003b; Westfall and Pietenpol, 2004). 
The initial findings showed that Np63 can act antagonistically toward p53 (Yang et al., 
1998). Subsequent studies found dysregulated expression of p63, sometimes in conjunction 
with amplification of its genomic region at 3q27-28 in a many human epithelial cancers 
(Crook et al., 2000; Hibi et al., 2000; Massion et al., 2003; Park et al., 2000; Yamaguchi et al., 
2000). Amplification of the p63 gene frequently leads to overexpression of the Np63 
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variant (Hibi et al., 2000). Regardless, Np63 have been reported to be frequently 
overexpressed in bladder, breast, cervix, head and neck, lung, prostate and nasopharyngeal 
carcinoma  (Crook et al., 2000; Moll and Slade, 2004; Westfall and Pietenpol, 2004). 
Overexpression of the Np63 variant in Rat 1a cells have also been shown to increase 
growth of these cells in soft agar and as xenograft tumors (Hibi et al., 2000). Thus, the 
maintenance of the Np63 isoforms in squamous cancers may contribute to keeping the cells 
in a stem cell–like phenotype, thereby promoting tumor growth. Of note, analysis of p63 
sequence isolated from various human tumors and numerous human cancer cell lines 
showed that p63 rarely, if ever, mutated (Hagiwara et al., 1999; Osada et al., 1998). 
Collectively these data suggest that p63 does not function as a tumor suppressor but rather 
as an oncogene (Westfall and Pietenpol, 2004). 
Nevertheless, studies on the TA isoform of p63 suggest an opposite view. Transient 
transfection of TAp63 has been shown to induce cell cycle arrest and apoptosis (Osada et al., 
1998; Westfall and Pietenpol, 2004; Yang et al., 1998). The TAp63 isoforms are able to bind to 
DNA through p53 response element (p53RE) and activate transcription of a subset of p53 
target genes (Murray-Zmijewski et al., 2006). Interestingly, TAp63 had the greatest 
transactivation activity and TAp63 had the minimal activity (Westfall and Pietenpol, 2004). 
The Np63 isoforms can also bind DNA through p53RE and can exert dominant-negative 
effects over p53, p73 and p63 activities by either competing for DNA binding sites or by 
direct protein interaction (Benard et al., 2003). Moreover, Np63 isoforms were also shown 
to directly activate specific gene targets not induced by TA isoforms (Dohn et al., 2001; Wu 
et al., 2003). Thus, p63 has the ability to regulate a number of genes with diverse roles and 
possesses opposing regulatory effect by expressing different amount of TAp63 and Np63 
isoforms. Thus, an abnormal alteration in expression of these isoforms is likely to play an 
important role in tumorigenesis.  

4.2 p73 and cancer 
Like p63, p73 is rarely, if ever mutated in cancers. Unlike p63 which is frequently amplified 
in epithelial cancers, p73 frequently undergoes loss of heterozygosity in breast and colon 
cancer, neuroblastoma, oligodendroglioma, and melanoma. This fact, in conjunction with 
the functional similarity to p53, originally led to the proposal that p73 is a tumor suppressor 
gene (Kaghad et al., 1997). Genetic data on most cancer types, however, exclude p73 as a 
classic Knudson-type tumor suppressor, which by definition is targeted to undergo loss of 
expression or function during tumorigenesis. To date, loss of function mutations in p73 are 
vanishingly rare (0.6%). Moreover, imprinting of the p73 locus, initially thought to be an 
epigenetic explanation to satisfy the two-hit hypothesis, is rather uncommon and, if present, 
varies from tissue to tissue and person to person and does not correlate with p73 expression 
levels (Kovalev et al., 1998; Moll and Slade, 2004; Nomoto et al., 1998; Tsao et al., 1999; Zaika 
et al., 1999).  
In fact, TAp73 overexpression has been found in different tumor types including tumors of 
breast (Leong et al., 2007; Zaika et al., 1999), neuroblastoma (Kovalev et al., 1998), lung (Mai 
et al., 1998; Tokuchi et al., 1999), esophagus (Cai et al., 2000), stomach (Kang et al., 2000), 
colon (Sunahara et al., 1998), bladder (Chi et al., 1999; Yokomizo et al., 1999), ovarian cancer 
(Chen et al., 2000; Ng et al., 2000; Zwahlen et al., 2000), liver cancer (Tannapfel et al., 1999b), 
cholangiocellular carcinoma (Tannapfel et al., 1999a), colon carcinoma (Sun, 2002), and head 
and neck squamous carcinoma (Choi et al., 2002; Rocco et al., 2006; Weber et al., 2002). Of 

 
p53, p63 and p73 Network in Breast Cancers 

 

363 

note, primary tumors and tumor cell lines with p73 overexpression tend to simultaneously 
overexpress a complex profile of shorter C-terminal splice variants (p73, p73, p73, and 
p73), whereas the normal tissue of origin is limited to the expression of p73 and p73 
(Zaika et al., 1999). Importantly, patients with high global p73 protein expression had a 
worse survival than patients with undetectable levels (Moll and Slade, 2004; Sun, 2002; 
Tannapfel et al., 1999b). 
Little is known about which genes are regulated specifically by p73 under physiological 
conditions. When overexpressed p73 also binds to p53 DNA target sites, transactivates p53-
responsive genes and is capable of inducing cell cycle arrest and apoptosis in mammalian 
cells in a p53-like manner (Jost et al., 1997; Kaghad et al., 1997; Stiewe and Putzer, 2002). For 
example, p73 can activate the promoters of several p53-responsive genes, including p21, 
BAX, PUMA, MDM2, GADD45, 14-3-3, cyclin G, IGFBP3, and p53R2 (Irwin and Kaelin, 
2001; Jost et al., 1997; Kaghad et al., 1997; Lee and La Thangue, 1999; Nakano et al., 2000; 
Ueda et al., 1999; Vikhanskaya et al., 2001; Yang et al., 1998; Yu et al., 1999; Zhu et al., 1998). 
Nonetheless, there is evidence that p73 can activate many other genes which are not p53 
target genes. For example, aquaporin 3 (AQP3), a glycerol and water transporter, has been 
shown to be a specific p73-responsive gene. It is speculated, that in p73-deficient mice lack 
of AQP3 induction accounts for the defects in production or reabsorption of cerebrospinal 
fluid, resulting in hydrocephalus (Stiewe and Putzer, 2002; Zheng and Chen, 2001). 
Numerous reports also indicating a quantitative difference in the transcriptional activity of 
the various p73 splice variants. For example, the TAp73 is a more potent transcriptional 
activator than TAp73 (De Laurenzi et al., 1998; Lee and La Thangue, 1999; Yu et al., 1999; 
Zhu et al., 1998). Likewise TAp73 is more potent than TAp73 as an inducer of apoptosis, 
suggesting that TAp73 contains an ‘inhibitory’ region not included in the -isoform. 
Consistently, a C-terminal deletion mutant of TAp73 lacking the putative inhibitory region 
showed a significantly higher level of transcriptional activity than wild-type TAp73 (Ozaki 
et al., 1999; Ueda et al., 2001). Moreover, the transcriptional activity of TAp73 was reduced 
in trans by co-expression with either TAp73 or p73, which bears an identical C-terminal 
structure as TAp73 (Ueda et al., 2001). This suppression effect is most likely mediated by 
inter-variant associations as it depends on the presence of the oligomerization domain. 
These observations indicate that p73-mediated gene expression is regulated by the 
interaction of all p73 isoforms present in the cell. The current data therefore indicate the 
existence of transciptional specificity among the p53-family members with pronounced 
differences between p53 and p73 on the one hand and between the various p73 isoforms on 
the other hand (Stiewe and Putzer, 2002). 

5. Regulation of p53 family functions 
The p53 family proteins are entangled in a regulatory network with positive or negative 
modulators. Many regulatory pathways may be shared by multiple p53-family proteins, 
with similar or different effects (Fig. 2).  

5.1 Upstream regulation of p53 family members 
One of the clear differences that discriminate p53 family members is the fact that they 
response to viral oncoproteins differently. Adenovirus E1B55, human papilloma virus E6 
protein, and SV40 T antigen bind to and inactivate p53 during viral transformation (Fig. 2)  
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(Lechner et al., 1992; Linzer and Levine, 1979; Sarnow et al., 1982; Yew and Berk, 1992). 
These three proteins, however, do not bind to p73 (Dobbelstein and Roth, 1998; Marin et al., 
1998; Roth et al., 1998; Steegenga et al., 1999). In fact, p73 can induce growth inhibition and 
apoptosis in cancer cells that produce E6 (Prabhu et al., 1998). Likewise, E6 and SV40 T 
antigen do not interact with p63 (Roth and Dobbelstein, 1999). The adenoviral protein 
E4orf6 also binds to and antagonizes p53, but there have been conflicting reports as to 
whether it interacts with p73. Roth et al. (1998) reported that E4orf6 does not affect p73 
stability or the ability of p73 to activate transcription (Roth et al., 1998). Two other groups 
reported that E4orf6 binds to the C-terminus of p73 and blocks transcriptional activation 
and colony suppression by p73 (Higashino et al., 1998; Steegenga et al., 1999). Thus, certain 
viral oncoproteins preferentially inactivate p53 while sparing p63 and p73, despite the high 
degree of similarity between these three proteins (Fig. 2).  
Several reports have shown that the cellular oncogenes E2F1 and c-Myc can induce and 
activate the endogenous TAp73 and TAp73 proteins for target gene transactivation, 
apoptosis, and growth suppression in p53-deficient human tumor cells (Irwin et al., 2000; 
Lissy et al., 2000; Stiewe and Putzer, 2000; Zaika et al., 2001). E2F1 is a specific and direct 
transcriptional activator of TAp73 but not p63 (Fig. 2) (Irwin et al., 2000; Stiewe and Putzer, 
2000). Because oncogene deregulation of E2F1 and c-Myc are one of the most common 
genetic alterations in human tumors, these findings might provide a physiologic mechanism 
for TAp73 overexpression in tumors.  
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In a recent study, we showed that TAp73 is selective upregulated in BRCA1-associated 
ovarian tumors. Interestingly, we found that BRCA1-deficient ovarian carcinoma cells 
exhibit hypermethylation within a p73 regulatory region, which includes the binding site for 
the transcriptional repressor ZEB1. This hypermethylation leads to the abrogation of ZEB1 
binding and hence increased expression of TAp73. Similarly, ZEB1 binding site methylation 
and TAp73 expression correlated with BRCA1 status in primary ovarian carcinomas and 
with clinical response to cisplatin (Fig. 2) (Ibrahim et al., 2010). Together, these data establish 
another important link between p73 and human cancer. 

5.2 Regulation of p53 family protein stability 
p53 is a short-lived protein, and its stability is very tightly regulated by ubiquitination under 
physiological condition (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997). 
Polyubiquitination of p53 is carried out by the ubiquitin ligase MDM2. The 
polyubiquitination and degradation of p53 is influenced by a variety of factors including 
regulated changes in the subcellular localization of p53 and MDM2. Moreover, MDM2 itself 
is a p53-inducible gene, and thus activation of p53 establishes a negative feedback loop 
wherein MDM2 limits p53 accumulation (Fig. 2) (Barak et al., 1993; Irwin and Kaelin, 2001). 
In addition to its role in p53 degradation, MDM2 also binds to a sequence in the 
transactivation domain of p53 (amino acid residues 17–27) and thereby inhibits p53-
dependent transactivation (Momand et al., 1992). The MDM2 binding site in p53 is well 
conserved in both p63 and p73. Several groups have shown that MDM2 bind to p73 and 
prevent it from binding to the transcriptional coactivators p300 and CBP (Balint et al., 1999; 
Ongkeko et al., 1999; Zeng et al., 1999; Zeng et al., 2000). This leads to impaired p73-
dependent transcriptional activation and diminished apoptosis. Of note, like p53, p73 can 
activate the MDM2 promoter (Wang et al., 2001b; Zeng et al., 1999; Zhu et al., 1998). 
Although MDM2 does not target p73 for polyubiquitination, p73 stability is indirectly 
dependent upon the activity of the proteasome. Specifically, many proteosome inhibitors 
have been shown to increase p73 levels (Balint et al., 1999; Irwin and Kaelin, 2001; Ongkeko 
et al., 1999). Thus, it is possible that p73 is polyubiquitinated in cells by a yet unknown E3 
ligase.  
Unlike p73 and p53, p63 does not bind to either MDM2 (Wang et al., 2001a). Although there 
are no data implicating ubiquitination pathways in p63 degradation, Ratovitski et al. (2001) 
showed that p63 abundance could be regulated by caspase-dependent proteolysis due to the 
presence of a caspase recognition site, YVED, in the amino acid sequence (Irwin and Kaelin, 
2001; Ratovitski et al., 2001). 
Besides MDM2, the degradation and protein stability of p53 family proteins might be 
regulated by small ubiquitin-related modifier-1 (SUMO-1) (Minty et al., 2000; Moll and 
Slade, 2004). Conjugation to SUMO-1 has been shown to affect p53 transcriptional activity 
but does not appear to influence p53 stability (Fig. 2) (Gostissa et al., 1999; Irwin and Kaelin, 
2001; Rodriguez et al., 2001). Nevertheless, modification of p73 by SUMO-1 has been 
reported to alter p73 subcellular localization and increased the rate of p73 degradation. On 
the other hand, the novel Hect domain containing NEDD4-like E3 ubiquitin ligase, NEDL2, 
binds to p73 via its PY motif in the C-terminal region (Miyazaki et al., 2003). p53, which 
lacks the PY motif, does not bind to NEDL2. Overexpression of NEDL2 results in the 
ubiquitination of p73. However, rather than mediating degradation, ubiquitination by 
NEDL2 enhances the stability of p73 and its ability to transactivate p53/p73-responsive 
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promoters (Fig. 2). The differential binding of NEDL2 to p53 family members is thus another 
factor that might contribute to their functional divergence. Likewise, the NAD(P)H:quinone 
oxidoreductase-1 (NQO1) stabilizes p73 (as well as p53) but not p73 by binding to the 
SAM domain of p73 and protect p73 from 20S proteasomal degradation.. This NQO1-
mediated stabilization of p73 and p53 might explan why NQO1 knockout mice and human 
with inactive NQO1 polymorphisms are susceptible to cancer (Asher et al., 2002; Moll and 
Slade, 2004). 

5.3 Regulation of p53 family protein transcriptional activity 
The ankyrin-rich, Src holomogy 3 domain, proline-rich proteins, ASPP1 and ASPP2, 
stimulate the apoptotic function of p53, p63, and p73 (Bergamaschi et al., 2004; Samuels-Lev 
et al., 2001). By binding to the DBD of p53, p63, and p73, ASPP1 and ASPP2 stimulate the 
transactivation function of all three proteins on the promoters of BAX, PIG3, and PUMA but 
not MDM2 or p21WAF-1/CIP1. Hence, ASPP1 and ASPP2 are the first two identified common 
activators of all p53 family members.  
The transcriptional coactivator Yes-associated protein (YAP) has also been shown to 
potentiate TAp73-mediated transactivation of BAX after DNA damage. Conversely, Akt 
phosphorylates YAP, which induces interaction with 14-3-3, relocation of YAP to the 
cytoplasm, and attenuation of p73-mediated apoptosis (Basu et al., 2003; Moll and Slade, 
2004). 

5.4 DNA damage response and postranslational modification 
p53 stabilization and activation by genotoxic stress is associated with multiple post-
translational modifications at the N- and C-termini of p53. Under genotoxic stress, activation 
of stress kinases such ATM, ATR, and Chk2 lead to phosphorylation of p53 at multiple 
residues at Ser15, Ser20, Ser33, Ser37, Ser46, Thr18, Thr81, Ser315 and Ser392 to stabilize the 
protein by interfering with MDM2 binding (Fig. 2). In addition, acetylation at Lys320, 
Lys373, and Lys382, and sumoylation at Lys386 have also been reported to activate the 
transcriptional activity of p53 (Appella, 2001).  
p73 is also activated for apoptosis in response to various genotoxix agents including 
cisplatin, taxol, and -irradiation. The activation of p73 is highly dependent on the non-
receptor tyrosine kinase c-abl (Agami et al., 1999; Gong et al., 1999; Moll and Slade, 2004; 
Yuan et al., 1999). In response to -irradiation and cisplatin, TAp73 undergoes 
phosphorylation at Tyr99 by c-abl (Fig. 2). This, in turn, lead to the stabilization of the 
protein and dissociation of TAp73 from the TAp73/Np63 inhibitory complex followed by 
apoptosis (Agami et al., 1999; Leong et al., 2007; Tsai and Yuan, 2003; Yuan et al., 1999).  
The activation and phosphorylation of p73 is mainly through the direct interaction between 
the PXXP motifs of p73 and the Src homology 3 domain of c-abl (Moll and Slade, 2004). 
Because c-abl is itself phosphorylated and activated by the ATM, ATM may also be involved 
in the pathway leading to c-abl-dependent p73 activation (Shaul, 2000). These findings 
suggest that p73 might participate in a mismatch-repair signaling pathway. Recent 
microarray gene expression profiles further support a role for p73 in response to and repair 
of DNA damage (Vikhanskaya et al., 2001). In addition to cisplatin, Taxol also increases p73 
accumulation, but UV irradiation, actinomycin D, and methylmethane sulfonate do not 
(Irwin and Kaelin, 2001; Levrero et al., 1999). As p63 does not have the PXXP motifs, it is 
unlikely that c-abl will phosphorylate p63 (Moll and Slade, 2004). 
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In addition to c-abl, p73 proteins may also be regulated by cyclin-CDK complexes and play 
a role in the regulation of cell cycle. p73 physically interacts with various cyclins and certain 
cyclin-CDK complexes including cyclin A-CDK1/2, cyclin B-CDK1/ 2, and cyclin E-CDK2, 
which can phosphorylate various p73 isoforms in vitro at Thr86. This cell cycle–dependent 
phosphorylation inhibits p73 to induce endogenous p21 expression (Gaiddon et al., 2003). 
p73 is a physiologic target of the cyclin B-CDK1 mitotic kinase complex in vivo, which 
results in a decreased ability of p73 to bind DNA and activate transcription in mitotic cells. 
Thus, both p73 and p73 isoforms have been shown to be hyperphosphorylated in normal 
mitotic cells (Fulco et al., 2003).  
DNA damage also induces acetylation of p73 at Lys321, Lys327, and Lys331 by the 
acetyltransferase p300/cAMP-responsive element binding protein. Non-acetylated p73 is 
defective in inducing proapoptotic genes such as p53AIP1 but retains the ability to activate 
other target genes such as p21. This indicates that DNA damage-dependent p73 acetylation, like 
in p53, potentiates the apoptotic function of p73 by selectively increasing its ability to induce the 
transcription of proapoptotic target genes (Costanzo et al., 2002; Moll and Slade, 2004). 
Finally, the mammalian target of rapamycin (mTOR) was recently identified as a negative 
regulator of p73 (Fig. 2). Notably, pharmacologic inhibition of mTOR in primary human 
mammary epithelial cells resulted in differential regulation of p53 family members 
(Rosenbluth et al., 2008). Cells exhibited selective up-regulation of TAp73, whereas Np63 
and p53 levels were both decreased. Interestingly, inhibition of mTOR by rapamycin 
synergizes cisplatin sensitivity in breast cancer cells through upregulation of TAp73 (Wong 
et al., 2010). Since mTOR is a master regulator of energy homeostasis and cell growth, and is 
often active in tumors (Guertin and Sabatini, 2007), this suggests that mTOR may inhibit 
TAp73 in tumors. In general, cancer cells may use upstream kinases or cofactors to inhibit 
p53 family members in different cellular contexts, ultimately maintaining proliferation and 
survival (Rosenbluth and Pietenpol, 2008). 

6. The p53 pathway as a network 
The significance interplay between p53 family and their isoforms in tumor is demonstrated 
by the fact that p53 cannot induce apoptosis in response to DNA damage, without the 
presence of p63 and p73 (Flores et al., 2002). Various mechanisms by which p53/p63/p73 
proteins and their isoforms determine the cell fate through formation of transdominant 
heterocomplex, promoter competition and autoregulatory feedback loop have been 
proposed. These mechanisms are likely to play an important role in the transition between 
normal cell cycling and the onset of tumor formation. 

6.1 Homotypic and heterotypic interactions among p53 family members 
Physical interaction between oncogenic and antioncogenic p53 family members have been 
demonstrated to interfere with the tumor suppressor functions of wild-type p53 and TAp73 
(Nakagawa et al., 2002; Stiewe et al., 2003; Stiewe et al., 2002a; Zaika et al., 2002). Mixed 
protein complexes were found between endogenous Np73 or Np73 on the one hand 
and either wild-type p53, TAp73, or TAp73 on the other hand in primary human tumors, 
cultured human tumor cells, and mouse neurons (Moll and Slade, 2004). In human head and 
neck suqamous cell carcinoma and triple-negative breast cancer, endogenous Np63 was 
shown to physically interact with TAp73 and suppresses TAp73 tumor suppressor activities 
(Fig. 2) (Leong et al., 2007; Rocco et al., 2006).  
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In addition, physical interactions between certain human p53 mutants and TAp73 or TAp63 
proteins have been reported in coimmunoprecipitation assays, and these interactions 
correlate with functional transdominance. In contrast, complexes between wild-type p53 
and p73 are not observed in mammalian cells (Di Como et al., 1999; Marin et al., 2000; 
Pozniak et al., 2000; Vikhanskaya et al., 2000). Unexpectedly, protein contact occurs between 
the DBD of mutant p53 and the DBD and oligomerization domain of p73  rather than 
between the respective oligomerization domains (Davison et al., 1999; Gaiddon et al., 2001; 
Strano et al., 2000; Vikhanskaya et al., 2000). In cotransfection experiments, mixed 
heterocomplexes were shown between p53 mutants p53Ala143, p53Leu173, p53His175, 
p53Cys220, p53Trp248, or p53Gly281 and TAp73, TAp73, TAp73 and TAp63 (Di Como et 
al., 1999; Gaiddon et al., 2001; Marin et al., 2000; Strano et al., 2000). Physiologic complexes 
were found in five tumor cell lines between endogenous mutant p53 and p73 (Marin et al., 
2000; Strano et al., 2000). Functionally, formation of such stable complexes leads to a loss of 
p73- and p63-mediated transactivation and proapoptotic abilities. Moreover, E2F1-induced 
p73 transactivation, apoptosis, and colony suppression was inhibited by coexpressed 
p53His175 (Stiewe and Putzer, 2000). Interestingly, the Arg/Pro polymorphism at codon 72 
of mutant p53 is a biological determinant for binding and inactivation of p73, with 72R 
mutants of p53 being inhibitory, whereas 72P mutants are not (Fig. 2) (Bergamaschi et al., 
2003; Marin et al., 2000; Moll and Slade, 2004). 
This functional inhibition of TAp73 or TAp63 by some p53 mutants mirrors the ability of 
many transdominant missense p53 mutants to abrogate wild-type p53 function (Kern et al., 
1992; Unger et al., 1992). It suggests that in tumors that express both TAp73 and mutant p53 
(typically at very high levels due to deficient MDM2-mediated degradation), the function of 
TAp73 and TAp63 might be inactivated. If this occurs in primary human tumors, it might 
have far-reaching consequences because (a) it argues for a transdominant inhibition of the 
tumor suppressor function of TAp73 isoforms during tumor development, (b) it could be the 
underlying mechanism for the gain-of-function activity of certain p53 mutants, and (c) it 
might further increase chemoresistance in cancer therapy of established tumors.  
p53 is exceptional among tumor suppressors in that it selects for the overexpression of 
missense mutants rather than for loss of expression as most other suppressor genes do. This 
gain-of function increased tumorigenicity compared with p53-null parental cells, increased 
resistance to cancer agents, and increased genomic instability due to abrogation of the 
mitotic spindle checkpoint (Dittmer et al., 1993; Halevy et al., 1990; Shaulsky et al., 1991). 
Conceivably, p63 might also participates in this network. A recent study shown that mutant 
p53His273 is required for survival of breast cancer cells as knock-down of endogenous 
mutant p53His273 in breast cancer cells induces massive apoptosis. Surprisingly, the 
survival effects of p53His273 is independent of TAp73 or TAp63 function as depletion of 
both isoforms did not rescue the cells from apoptosis following p53His273 knock-down 
(Lim et al., 2009). Therefore, it is important to note that not all p53 mutants have 
transdominant effects against TAp73 or TAp63. Some p53 mutants are clearly recessive 
toward TAp73 (e.g., p53His283, p53Tyr277 and p53His273) and do not interfere with its 
action (Gaiddon et al., 2001; Lim et al., 2009; Moll and Slade, 2004). 

6.2 Promoter competition 
Promoter competition by Np73 and Np63 at TAp73/p53 response elements has been 
reported previously (Kartasheva et al., 2002; Rocco et al., 2006; Stiewe et al., 2002a). It is 
conceivable that Np73 or Np63 homo-oligomers might have a stronger affinity to certain 
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target gene promoters than wild-type p53 or TAp73. In those cases, p53 or TAp73 inhibition 
could occur due to competition at the level of target gene access. In the wild-type p53-
containing ovarian carcinoma cell line A2780, coexpression of increasing amounts of either 
TAp73, TAp73, TAp73, or TAp73 inhibits specific DNA binding and transcriptional 
activity of p53 in the absence of hetero-oligomer formation (Moll and Slade, 2004; Ueda et 
al., 1999; Vikhanskaya et al., 2000). These results suggest that promoter competition could be 
another mechanism for transdominance between p53 family proteins. 

6.3 Autoregulatory feedback loop among p53, TAp73, and Np73 
p53 and TAp73 regulate Np73 but not Np63 levels by binding to the p73 P2 promoter and 
inducing its transcription (Fig. 2). A p73-specific responsive element was mapped within the 
P2 region (Nakagawa et al., 2002). This generates a negative feedback loop analogous 
negatively regulates the activity of p53 and p73 (Grob et al., 2001; Kartasheva et al., 2002; 
Nakagawa et al., 2002; Vossio et al., 2002). As mentioned earlier, Np73 blocks p53 and 
TAp73 activity through heterocomplex formation (Nakagawa et al., 2002; Stiewe et al., 
2002a; Zaika et al., 2002) or through promoter competition (Kartasheva et al., 2002; Stiewe et 
al., 2002a) and thus contributes to the termination of the p53/p73 response in cells. In 
contrast to Np73, Np63 expression is transcriptionally repressed by p53 (Moll and Slade, 
2004; Waltermann et al., 2003). 

7. Targeting the p53 family for treatment of breast cancers 
As described above, activation of wild-type TAp73 (or TAp63) lead to cell death in cancer 
cells. This hypothesis is intriguing given the fact that p73 and p63 are rarely mutated in 
cancer. Instead, overexpression of TAp73 has been reported in many tumor types including 
breast cancers and head and neck squamous carcinoma (Leong et al., 2007; Rocco et al., 
2006). As such, selective activaton of TAp73 (or TAp63) might induce tumor specific cell 
death. In principle, activation of the p53 family tumor suppressive pathways might be 
achieved in several ways (Kaelin, 1999). 
First, induction and activation of TAp73 have been reported in response to wide variety of 
chemotherapeutic agents including Adriamycin, cisplatin, taxol, and etoposide in different 
tumor cell lines (Bergamaschi et al., 2003; Irwin et al., 2003; Moll and Slade, 2004). In 
particular, cisplatin treatment has been shown to induce c-abl dependent phosphorylation 
of TAp73 and lead to its dissociation from the TAp73/Np63 inhibitory complex in head 
and neck squamous cell carcinoma and breast cancer cells (Fig. 2) (Leong et al., 2007; Rocco 
et al., 2006). Similarly, a recent clinical study also shown that cells that co-overexpressed 
TAp73 and Np63 is more likely to response to cisplatin compare to tumors that have no 
TAp73 expression. These results suggest that certain chemotherapeutic agents can activate 
TAp73 even in the presence of high level of N isoforms. 
Second, a more detailed understanding of the upstream signals that impinge upon p73 and 
p63 might allow for the design of drugs that would activate the transcription of these genes 
or stabilize their protein products. For example, the mammalian target of rapamycin 
(mTOR) was recently identified as a negative regulator of p73 (Rosenbluth et al., 2008). 
Inhibition of mTOR in primary human mammary epithelial cells selectively up-regulate 
TAp73 (Rosenbluth et al., 2008; Rosenbluth and Pietenpol, 2008). Combination of cisplatin 
and mTOR inhibitor, rapamycin, has also been shown to synergizes cisplatin sensitivity in 
basal-like breast cancer cells through up-regulation of TAp73 recently (Fig. 2) (Wong et al., 
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p63 might allow for the design of drugs that would activate the transcription of these genes 
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(mTOR) was recently identified as a negative regulator of p73 (Rosenbluth et al., 2008). 
Inhibition of mTOR in primary human mammary epithelial cells selectively up-regulate 
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2010). Of note, a phase II neo-adjuvant clinical trial of cisplatin and mTOR inhibitor, 
everolimus, in patients with triple-negative breast cancer has recently opened for 
recruitment (ClinicalTrials.gov Identifier: NCT00930930) and will be able to directly address 
whether targeting these pathways will increase the sensitivity of tumors towards cisplatin 
chemotherapy. 
Finally, it might be possible to design or discover drugs that block the interaction of mutant 
p53 with p73 or intreraction of MDM2 with p73 which has been shown to inhibit p73 
transcription activity (Kaelin, 1999). In theory, molecules already in development that block 
the interaction of MDM2 with p53 or molecules that restore mutant p53 function might also 
function in this setting. For example, PRIMA-1, CP-31398 and MIRA-1 are molecules that 
have been shown to restore wild-type conformation and transcriptional transactivation to 
mutant p53 (Fig. 2) (Wiman, 2006). Similarly, MDM2 inhibitor such as Nutlins, might 
interfere MDM2-p73 binding and hence restore the tumor suppressor function of p73 
(Ambrosini et al., 2007; Shangary and Wang, 2008). Whether these molecules will selectively 
activate TAp73 remain to be investigated. 

8. Concluding remarks 
In concludion, studies of the newly identified p53 family members, p63 and p73, have 
revealed several structural and functional similarities. The p53 transactivation, DNA 
binding, and oligomerization domains are highly conserved among all family members. 
Like p53, p63 and p73 can form oligomers, bind DNA, and transactivate the promoters of a 
subset of p53 target genes and induce apoptosis. In addition, certain cellular and viral 
proteins known to bind and regulate p53 activity likewise can bind to p63 and p73.  
Despite the fact that p63 and p73 mimic many p53 activities, more recent studies highlight 
significant differences between the family members. In contrast to p53, p63 and p73 give rise 
to multiple functionally distinct protein isoforms due to alternative promoter utilization and 
alternative mRNA splicing. The N isoforms, which lack the N-terminal transactivation 
domain, can function as “dominant-negative” proteins, blocking certain activities of the 
corresponding full-length proteins.  
Differences in the upstream signaling pathways involved in activation of each of the family 
members are also becoming apparent. Only a subset of the DNA-damaging agents that 
induce p53 also induce p73. Many cellular and viral oncoproteins also discriminate between 
p53 and the newer family members. Finally, it is becoming apparent that p63 and p73 are not 
classical Knudson-type tumor suppressor genes. In particular, these genes are not frequently 
mutated in tumors, and germ-line mutations in these genes do not cause tumors in mice. 
Instead, mice with deletions in p63 and p73 have significant developmental abnormalities.  
Despite the significant advances in understanding the unique roles of p53, p63 and p73, 
there are still several outstanding questions. Understanding the complexity of p53 family 
members interactions may allow us to to delineate the function of the p53 family network in 
human tumorigenesis and facilitate the development of anticancer therapeutics that seek to 
induce the activation of “p53-responsive” genes in cells lacking wild-type p53.  
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1. Introduction 
Today cancer is one of the leading diseases, which treat human life and enormous efforts are 
being done for its eradication. Currently many cancer types including breast cancer are 
treated by extensive surgery as well as chemo-radiotherapy. These treatment modalities 
usually present extensive damage to the patient both anatomically, physiologically and 
psychologically. In addition, chemo-radiotherapy shows extreme side effects of the other 
system in the body and their efficiencies are quite limited especially in disseminated 
metastatic cases. Recent developments and progress in human genome technology provided 
us to develop novel therapeutic methods. This progress also provided novel biomarkers, 
which early diagnose the cancer and predict the sensitivity of the current chemo-radiation 
therapies. 
Tight control by various regulatory mechanisms is applied on cell proliferation and growth 
in normal cells. However, certain genetic and epigenetic alterations permit the normal cells 
to avoid these mechanisms allowing indefinite cellular activities. Cancer is basically a 
genetic disease. The collection of genetic and epigenetic alterations of multiple genes and 
chromosomes lead to the development of cancer. In this regard, two major groups of tumor-
associated genes, oncogenes and tumor suppressor genes (TSGs), have been implicated in 
the carcinogenic process (Figure 1).  
TSGs have been defined as genetic elements whose loss or mutational inactivation allows 
cell to display one or more phenotypes of neoplastic growth [1]. TSG protein products are 
known to be involved in negative regulation of the cell cycle and proliferation and induction 
of apoptosis by different mechanisms. Thus inactivation of TSGs is one of the crucial steps 
during carcinogenetic process. In this process according to Knudson two-hit hypothesis for 
inactivation of TSGs [2], the deletion of targeted chromosomal regions (location of TSGs) 
eliminates one allele, while inactivating events (mutation, deletion, or epigenetic events such 
as promoter hypermethylation) affect the other allele of a concerning TSG [2]. The detection 
of frequent loss of heterozygosity (LOH) in a chromosomal locus is considered to be critical 
evidence for the localization of a TSG.  
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1. Introduction 
Today cancer is one of the leading diseases, which treat human life and enormous efforts are 
being done for its eradication. Currently many cancer types including breast cancer are 
treated by extensive surgery as well as chemo-radiotherapy. These treatment modalities 
usually present extensive damage to the patient both anatomically, physiologically and 
psychologically. In addition, chemo-radiotherapy shows extreme side effects of the other 
system in the body and their efficiencies are quite limited especially in disseminated 
metastatic cases. Recent developments and progress in human genome technology provided 
us to develop novel therapeutic methods. This progress also provided novel biomarkers, 
which early diagnose the cancer and predict the sensitivity of the current chemo-radiation 
therapies. 
Tight control by various regulatory mechanisms is applied on cell proliferation and growth 
in normal cells. However, certain genetic and epigenetic alterations permit the normal cells 
to avoid these mechanisms allowing indefinite cellular activities. Cancer is basically a 
genetic disease. The collection of genetic and epigenetic alterations of multiple genes and 
chromosomes lead to the development of cancer. In this regard, two major groups of tumor-
associated genes, oncogenes and tumor suppressor genes (TSGs), have been implicated in 
the carcinogenic process (Figure 1).  
TSGs have been defined as genetic elements whose loss or mutational inactivation allows 
cell to display one or more phenotypes of neoplastic growth [1]. TSG protein products are 
known to be involved in negative regulation of the cell cycle and proliferation and induction 
of apoptosis by different mechanisms. Thus inactivation of TSGs is one of the crucial steps 
during carcinogenetic process. In this process according to Knudson two-hit hypothesis for 
inactivation of TSGs [2], the deletion of targeted chromosomal regions (location of TSGs) 
eliminates one allele, while inactivating events (mutation, deletion, or epigenetic events such 
as promoter hypermethylation) affect the other allele of a concerning TSG [2]. The detection 
of frequent loss of heterozygosity (LOH) in a chromosomal locus is considered to be critical 
evidence for the localization of a TSG.  
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Fig. 1. Role of Oncogene and Tumor Suppressor Gene in Cancer. 
Two group of genes (oncogene and tumor suppressor gene) influence on physiological cell 
proliferation and growth. In cancer development, balance between these two groups of 
genes is broken. Either oncogene activation or tumor suppressor gene inactivation promotes 
cancer development.  

In fact many TSGs including well-known p53, RB1, p16, p21, and FHIT etc have been 
recently identified by using LOH analysis and then positional cloning. Inactivation of these 
classical TSGs usually occurs through deletion of one of its allele and mutation in the rest 
allele (Class I TSG, Knudson hypothesis). However, a novel class of TSGs with haploid 
insufficiency, in which one allele is lost and the remaining allele is haplo-insufficient, has 
been described recently, and the patients with these hemizygous TSGs in their genome are 
accepted as carriers for deficient allele of a TSG and they show a tumor-prone phenotype 
especially when challenged with carcinogens such as smoking, alcohol, x-ray, chemicals etc 
(Class II TSG) [3-7] (Figure 2). 
The novel TSG family, inhibitor of growth (ING), belongs to the group of genes that encodes 
proteins containing structural motifs involved in chromatin remodeling and transcription 
regulation. The ING family is classified as type II tumor suppressor since its inactivation has 
been implicated in neoplastic growth of various tumors [8-10]. Five human ING genes 
(ING1-5) have been identified and among them, ING1 is the founding member and the most 
widely studied. ING1 was first isolated using subtractive hybridization between short 
segments of cDNAs from normal and a number of breast cancer cell lines [11]. These 
randomly fragmented cDNAs interfered with the activity of tumor suppressors by either 
blocking protein production through anti-sense sequences or abrogating function in a 
dominant-negative fashion through truncated sense fragments [11]. Acute expression of 
transfected constructs encoding this gene inhibited cell growth while chronic expression of  
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Fig. 2. Cancer Development through Inactivation of Tumor Suppressor Genes. 
Knudson two-hit hypothesis for inactivation of TSGs, the deletion of targeted chromosomal 
regions (location of TSGs) eliminates one allele, while inactivating events (mutation, 
deletion, or epigenetic events such as promoter hypermethylation) affect the other allele of a 
concerning TSG (Class I). TSG with haploid insufficiency, in which one allele is lost and the 
remaining hemizygous allele is not enough to provide full suppression on cellular 
proliferation. These patients are carrier for deficient allele of a TSG and they show a tumor-
prone phenotype especially when challenged with carcinogens such as smoking, alcohol, x-
ray, chemicals etc (Class II). 

antisense ING1 constructs promoted transformation of mouse breast epithelial cells and 
increased the frequency of focus formation with NIH3T3 cells and protected cells from 
apoptosis [11, 12]. Using radiation hybrid analysis, ING1 gene was mapped on human 
chromosome 13q33-34 [13]. The other four members have been disclosed through sequence 
homologies with ING1, followed by functional in-vitro and then in-vivo cancer patient 
tissue analysis [9, 10, 14-16]. However, recent researches demonstrated opposite findings for 
some of ING family members such as ING2 as a possible oncogene in specific conditions. In 
fact, ING2 expression was found to be increased in colorectal cancer and knock-down of 
ING2 suppressed cell growth and induced cell cycle arrest or apoptosis [17]. 

2. Structure and function of ING family genes 
All members of ING family have distinct N-termini, which dictate the specific role of the 
ING members and, in certain instances, their antagonistic regulatory function [9,10,14-16]. 
Also all ING family members exhibit a highly conserved C-terminal plant homeodomain 
(PHD) that is commonly found in various chromatin remodeling proteins  [9,10,14-22] 
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2. Structure and function of ING family genes 
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(Figure 3). The PHD motif consists of about 60 amino acids and shows a C4HC3 ring 
structure that typically binds two Zn2+ ions [16]. Approximately 150 distinct PHD domain-
bearing proteins have been predicted to occur in humans [16]. PHD domains have been 
implicated in chromatin remodeling due to presence of their proteins as known components 
of larger chromatin remodeling complexes, and may function by strengthening a separate 
chromatin-binding activity of either the same protein or an associated protein [16]. 
Mutations within the PHD fingers of numerous proteins have been reported to be linked to 
tumorigenesis, immuno-deficiency syndromes, autoimmune syndromes, and several other 
genetic disorders [15, 23-26]. These mutations mainly occur at zinc-coordinating residues, 
suggesting that zinc ligation and hence integrity of the PHD finger fold are critical for the 
function of PHD finger-containing proteins [15]. 
 

 
Fig. 3. Structure and Interacting Domains of ING Family Proteins. 
All ING family proteins have a highly conserved plant homeodomain (PHD) finger motif, 
Novel Conserved Region (NCR) and Nuclear Localization Sequence (NLS). NLS directs ING 
to the nucleus through binding of the karyopherin/importins. NCR serves as an interacting 
site for lamin A as well as HAT/HDACs. The PHD finger binds to histone H3 and has a role 
in chromatin regulation. PCNA-interacting motif (PIP) and Partial Bromodomain (PBD) are 
specific to ING1. The PIP motif binds to PCNA and promotes ING1-mediated apoptosis. 
PBD domain binds SAP30 of mSin3A-HDAC1 and has a role in transcription regulation. All 
ING proteins except ING1 include LZL domain, which has roles in apoptosis and nucleotide 
excision repair of DNA. Both ING1 and ING2 include a short polybasic region called as PBR, 
to which PtdIns3P and PtdIns4P bind.  

All ING proteins contain nuclear conserved region (NCR) domain, which was identified by 
sequence analyses and is the second most highly conserved domain in the ING family proteins 
[15]. This N-terminal region of ING1 has been reported to interact directly with lamin A, 
suggesting that the association with nuclear lamina is a common feature of this family [27].  
All ING proteins contain a nuclear localization signal (NLS) at the carboxy terminal, and 
some of ING proteins have multiple NLS. Deletion of the NLS of ING1 resulted in 
cytoplasmic accumulation of the protein [28,29]. Translocation of ING proteins into the 
nucleus has been thought to be critical for their function because these molecules are nuclear 
proteins, and also it is clearly considered to be so by the observation of loss of nuclear ING1 
staining in a number of cancers [16, 30]. Deletion of the entire NLS of ING4 resulted in a 
protein that could no longer bind p53 in co-transfection experiments [31]. Moreover, two 
copies of a putative nucleolar translocation signal (NTS) were found within the NLS of 
ING1, and translocation of ING1 into the nucleolus following exposure to UV light was 
suggested to be required for ING1-associated apoptosis [16,28].  
All ING proteins, except ING1, contain leucine zipper-like (LZL) domain at the N-terminus. 
LZL domain forms a hydrophobic patch consisting of four to five conserved leucine or 
isoleucine residues spanning every seven amino acids. Similar leucine distribution has also 
been reported for ING3 to ING5 [15,32,33]. There is few information about the function of 
LZL and it been has reported that the LZL domain of ING2 is required for the induction of 
apoptosis and NER [34]. ING2 deletion mutants lacking the LZL domain do not show 
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increased apoptosis following UV exposure, suggesting that this domain is necessary for 
ING2-mediated apoptosis [34]. RNAi-mediated knockdown of ING2 has also been reported 
to abrogate the nucleotide excision repair (NER) capacity of melanoma cells [35].  
Within ING family members, only ING1 includes PCNA binding domain called as PIP box 
in a DNA damage-inducible manner at N-terminus. This domain indicates the role of ING1 
in DNA repair since PCNA has roles for DNA replication and repair. The interaction of this 
domain is specifically induced upon UV damage and has been thought to change PCNA 
activity away from DNA replication towards DNA repair [36]. Another unique domain 
present only in ING1b is called as PBD (partial bromodomain because of its sequence 
homology to bromodomains), which binds SAP30 of mSin3A-HDAC1, suggesting its role in 
transcriptional regulation of some genes [37]. 
Both ING1 and ING2 include a short polybasic region called as PBR at C-terminus. Though 
exact functions of this domain remain unknown, it has been reported that PtdIns3P and 
PtdIns4P can bind to the PBR [10,38], while PtdIns5P binds to the PHD motif of ING2 
[10,39].  

3. Genomic location, structure and expression of ING family genes 
Most ING family genes are ubiquitously expressed in human tissues. We characterized 
genomic structure of human ING1 gene, and demonstrated that the human ING1 gene 
contains three exons (1a, 1b and 2) and two introns [8]. The gene has been mapped to 
chromosome 13 (13q33-34), and it has been found to encode 4 different mRNA variants. 
ING1 is ubiquitously expressed in various tissues [8]. The second member of the ING 
family, ING2 gene, has been mapped on chromosome 4 (4q35.1) and has been known to 
have 2 variants; ING2a and ING2b [40]. ING2 has 3 exons including ex1a, ex1b and 2 [41]. 
Our group identified the ING3 gene on chromosome 7 (7q31). The ING3 also encodes 2 
different variants [9,10,41,42]. ING3 has 12 exons at its genomic location. The ING4 gene has 
been mapped on chromosome 12 (12q13.3) and encodes 8 variants with 8 exons [9,10,43,44]. 
The ING5 gene has been mapped on chromosome 2 (2q37.3) and encodes at least 5 different 
splicing variants with 8 exons [9,10,45].  

4. Biological functions of ING family genes 
ING proteins are involved in regulation of various cellular processes and signaling 
pathways such as angiogenesis, growth regulation, senescence, apoptosis, chemosensitivity, 
cell cycle, cell migration and DNA repair through p53-dependent and -independent 
pathways. ING proteins form complexes with HAT/HDAC [9,10,46]. After discovery of 
ING family genes prototype ING1, most of the functional studies have been conducted 
using ING1 variants, but fewer recently increasing studies, involving other ING family 
members, have also identified similar roles for these ING proteins. In addition, inhibition of 
ING proteins has been shown to increase cell spreading as well as migration, and relieve 
contact inhibition. 
p33ING1b physically associates with the p53 tumor suppressor protein and seems to be a 
critical cofactor in p53-mediated regulation of cell growth and apoptosis [9,10,46,47]. 
However in a separate study, p37Ing1, mouse variant of human p33ING1b, blocked cell 
proliferation regardless of p53 and did not affect p53-mediated cell growth arrest following 
DNA damage [48]. p37Ing1 in mice regulated Bax levels in a negative way and worked as a 
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increased apoptosis following UV exposure, suggesting that this domain is necessary for 
ING2-mediated apoptosis [34]. RNAi-mediated knockdown of ING2 has also been reported 
to abrogate the nucleotide excision repair (NER) capacity of melanoma cells [35].  
Within ING family members, only ING1 includes PCNA binding domain called as PIP box 
in a DNA damage-inducible manner at N-terminus. This domain indicates the role of ING1 
in DNA repair since PCNA has roles for DNA replication and repair. The interaction of this 
domain is specifically induced upon UV damage and has been thought to change PCNA 
activity away from DNA replication towards DNA repair [36]. Another unique domain 
present only in ING1b is called as PBD (partial bromodomain because of its sequence 
homology to bromodomains), which binds SAP30 of mSin3A-HDAC1, suggesting its role in 
transcriptional regulation of some genes [37]. 
Both ING1 and ING2 include a short polybasic region called as PBR at C-terminus. Though 
exact functions of this domain remain unknown, it has been reported that PtdIns3P and 
PtdIns4P can bind to the PBR [10,38], while PtdIns5P binds to the PHD motif of ING2 
[10,39].  

3. Genomic location, structure and expression of ING family genes 
Most ING family genes are ubiquitously expressed in human tissues. We characterized 
genomic structure of human ING1 gene, and demonstrated that the human ING1 gene 
contains three exons (1a, 1b and 2) and two introns [8]. The gene has been mapped to 
chromosome 13 (13q33-34), and it has been found to encode 4 different mRNA variants. 
ING1 is ubiquitously expressed in various tissues [8]. The second member of the ING 
family, ING2 gene, has been mapped on chromosome 4 (4q35.1) and has been known to 
have 2 variants; ING2a and ING2b [40]. ING2 has 3 exons including ex1a, ex1b and 2 [41]. 
Our group identified the ING3 gene on chromosome 7 (7q31). The ING3 also encodes 2 
different variants [9,10,41,42]. ING3 has 12 exons at its genomic location. The ING4 gene has 
been mapped on chromosome 12 (12q13.3) and encodes 8 variants with 8 exons [9,10,43,44]. 
The ING5 gene has been mapped on chromosome 2 (2q37.3) and encodes at least 5 different 
splicing variants with 8 exons [9,10,45].  

4. Biological functions of ING family genes 
ING proteins are involved in regulation of various cellular processes and signaling 
pathways such as angiogenesis, growth regulation, senescence, apoptosis, chemosensitivity, 
cell cycle, cell migration and DNA repair through p53-dependent and -independent 
pathways. ING proteins form complexes with HAT/HDAC [9,10,46]. After discovery of 
ING family genes prototype ING1, most of the functional studies have been conducted 
using ING1 variants, but fewer recently increasing studies, involving other ING family 
members, have also identified similar roles for these ING proteins. In addition, inhibition of 
ING proteins has been shown to increase cell spreading as well as migration, and relieve 
contact inhibition. 
p33ING1b physically associates with the p53 tumor suppressor protein and seems to be a 
critical cofactor in p53-mediated regulation of cell growth and apoptosis [9,10,46,47]. 
However in a separate study, p37Ing1, mouse variant of human p33ING1b, blocked cell 
proliferation regardless of p53 and did not affect p53-mediated cell growth arrest following 
DNA damage [48]. p37Ing1 in mice regulated Bax levels in a negative way and worked as a 
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prosurvival molecule following DNA damage independent of p53 status, complicating the 
function of ING1 in mouse and human and in various other circumstances. Moreover, recent 
experiments have also suggested that there are p53-independent functions for the ING 
proteins, including regulation of the NF-kB and hypoxia inducible factor (HIF) pathways 
[49-52].  
ING2 shows a high rate of homology with ING1 about 70% [9,10,30,34,53]. Similar to other 
members of the ING family, ING2 is reported to have function in cooperation with p53, 
which is important for modulation of p53-mediated chromatin remodeling [54]. p33ING2 
induces G1 phase cell cycle arrest or apoptosis in a p53-dependent manner following DNA 
damage [53]. ING2 has important roles in senescence, cellular response to DNA damage and 
DNA repair [34, 54]. Recently ING2 was also shown to interact with members of the 
transforming growth factor (TGF)- signaling pathways enhancing transcription of target 
genes and cell cycle arrest [55]. However, overexpression of ING2 in colorectal cancer, 
burkitt lymphoma and cervical cancer and decreased expression in others such as head and 
neck carcinoma suggested that ING2 might have different function in various cancers 
[9,10,19,41,56,57]. Moreover, ING2 has 2 splicing variants and knockout experiments 
suggested oncogenic function of this gene [40,41]. In a recent study, a new function of ING2 
was identified for the control of DNA replication and the maintenance of genome stability 
[58]. 
We identified ING3 for the first time by a homology search in human genome and showed 
ING3 as a candidate tumor suppressor in head and neck cancer [42]. Overexpression of 
p47ING3 protein resulted in a decreased population of cells in S phase, a diminished colony-
forming efficiency, and induced apoptosis in RKO cells with wild type p53, but not in RKO-
E6 cells with inactivated p53, suggesting necessity of p53 protein for at least some of its 
functions [59]. Histone acetyl transferase (HAT) complexes are important regulators of gene 
expression and among these, the NuA4 complex, first characterized in yeast, stands out as it 
controls multiple key nuclear functions in eukaryotic cells such as regulation of 
transcription, cell-cycle progression as well as the process of DNA repair [60]. p47ING3 
activates p53-transactivated promoters, including promoters of p21/waf1 [61] and ING3 has 
been a stable component of Tip60/NuA4 HAT complex that cooperates with p53 and 
blocked cell cycle by activating the p21/waf1 gene [9,10,62,63]. Tip60 is an important 
transcriptional cofactor for p53-, NF-kB- and Myc-dependent transcription activation, 
suggesting that ING3 might have functions for many processes such as apoptosis and 
metastasis suppression at the transcription level through its association with the 
Tip60/NuA4 complex [63]. ING3 expression significantly promoted apoptosis by activating 
the Fas/caspase-8 pathway, suggesting that ING3 may also be involved in the death-
receptor pathways [9,10,15,64]. Recently ING3 has been reported to be degraded by the 
ubiquitin-proteasome pathway through the SCF (Skp2) complex and interruption of ING3 
degradation enhanced the tumor-suppressive function of ING3 [65]. 
p29ING4 was identified by Shiseki et al [66]. Overexpression of ING4 protein resulted in a 
diminished colony-forming efficiency, a decreased cell population in S phase, and the 
induction of apoptosis in a p53-dependent manner. p29ING4 also activated the p21/waf1 
promoter, and induce p21/WAF1 expression [66].  
ING4 has been proposed to regulate cell cycling and apoptosis. ING4 has been reported to 
inhibit angiogenesis by various studies besides its role for cellular processes common for all 
ING family members [67-69]. It has been demonstrated that ING4 physically interacts with 
p65 (RelA), a subunit of nuclear factor NF-kB, and that ING4 regulates angiogenesis through 
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transcriptional repression of NF-kB-responsive genes in brain tumors [70]. ING4 functional 
studies suggest that this gene in addition to the common functions of the ING proteins 
could play a completely different role in tumorigenesis. Actually, ING4 is likely to be 
involved in inhibition of the cell's spreading and migration as well as tumor angiogenesis. 
Indeed, its loss results in loss of contact inhibition, activation of NF-kB transcriptional 
activity and enhanced cell migration. Thus ING4 deficiency may be a crucial step in 
malignant progression, especially for glioblastoma [9,10,15,16,66,71-75].  
ING4 also associates with HBO1 (HAT binding to ORC1)/HAT complex [63,76]. It was 
shown that interaction between ING4 and H3K4me3 augments HBO1 acetylation activity on 
H3 tails and drives H3 acetylation at ING4 target promoters, which facilitates apoptosis in 
response to genotoxic stress and inhibits anchorage-independent cell growth, and these 
functions depend on ING4 interaction with H3K4me3 [77]. ING4 was recently reported to 
interact with tumor suppressor p53 through interaction with NLS domain and negatively 
regulate the cell growth with significant G2/M arrest of cell cycle in HepG2 cells through 
up-regulation of p53-inducible gene p21 [31,78]. 
Similar to ING4, ING5 was also identified by Shiseki et al [66]. Overexpression of ING5 
protein also resulted in a diminished colony-forming efficiency, a decreased cell population 
in S phase, and the induction of apoptosis in a p53-dependent manner. p28ING5 protein 
activated the p21/waf1 promoter, and induced p21/WAF1 expression [66]. Relatively little 
information is available in the literature for ING5. Doyon et al. recently identified MOZ 
(monocytic leukemia zinc finger protein)/MORF (MOZ related factor) and HBO1 to be 
catalytic native subunits of ING5 complexes, which are necessary for their activity [63]. The 
MOZ, and the related factor MORF also form tetrameric complexes with Esa1-associated 
factor 6 ortholog (EAF6), and the bromodomain- and PHD finger protein (BRPF)-1, -2, or -3. 
BRPF proteins are rich in domains found in chromatin-associated factors, like PHD fingers 
and bromodomain. Ullah and his group found that BRPF proteins bridge the association of 
MOZ and MORF with ING5 and a homolog of yeast Esa-1 associated factor 6 (EAF6) 
[9,10,79]. ING5 as an adapter molecule links the MOZ/MORF and HBO1/HAT complexes. 
PHD fingers of ING proteins recognize histone H3 methylated at lysine 4 at the chromatin, 
suggesting the functional role of ING5 in the chromatin remodeling process [79, 80].  

5. Disorders of ING family genes in human tumors 
Rearrangement of ING1 gene locus was demonstrated in one neuroblastoma cell line and 
reduced expression in primary cancers and cell lines in early clinical studies at the time of 
ING1 cloning [8-11]. Following ING1 cDNA cloning, we identified the genomic structure of 
the human ING1 gene and showed its tumor suppressor character for the first time by 
finding its chromosomal deletion at the 13q34 locus and tumor-specific mutations in a 
number of head and neck squamous cell carcinoma (HNSCC) samples [8].  
Few studies have analyzed the mRNA expression status of ING family genes in various 
human cancers. Toyama et al. found decrease of ING1 mRNA expression in about half of 
breast cancer samples and all of the breast cancer cell lines they examined [47]. Another 
study also revealed reduced expression of breast cancer samples [81]. Down-regulation of 
ING1 mRNA has also been demonstrated in various other cancer types, including lymphoid 
malignancies, gastric tumors, brain tumors, lung cancer, ovarian cancer and esophagogastric 
carcinomas, though no comprehensive clinical correlation was performed [9,10,15,16,82-90]. 
Uncommon missense mutations and reduced protein expression of ING1 have also been 
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carcinomas, though no comprehensive clinical correlation was performed [9,10,15,16,82-90]. 
Uncommon missense mutations and reduced protein expression of ING1 have also been 
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detected in esophageal carcinomas [91], and colon cancer cell lines [83] while no mutation 
was detected in leukemia [84,92], oral cancers [93] and lymphoid malignancies [82].  
For loss of ING gene and their protein functions, loss of heterozygosity (LOH), promoter 
CpG hypermetylation and nucleo-cytoplasmic protein mislocalization have been proposed 
[9,10,15,16]. Using methylation-specific PCR, the p33ING1b promoter was methylated and 
silenced in almost a quarter of all cases in primary ovarian tumors [89]. No differences or 
increased expression of ING1 were observed in recent studies of myeloid leukemia or 
melanoma [92,94].  
Recently reduced expression of ING2 mRNA as well as protein was observed in 
hepatocellular carcinoma (HCC) [95]. Decreased ING2 expression (but not ING2 mutation) 
has been observed in lung cancer [96]. Decrease of nuclear ING2 protein was observed in 
melanoma [57]. On the other hand increased expression of ING2 mRNA was shown in colon 
cancer [97]. We recently demonstrated that frequent deletion of ING2 locus at 4q35.1 
associated with advanced tumor stage in HNSCC [98]. Moreover, ING2 may play a role in 
melanoma initiation, since reduction of nuclear ING2 has been reported in radial as well as 
vertical growth phases, and metastatic melanoma as compared to dysplastic nevi [57]. On 
the other hand, reduced ING2 expression was associated with tumor progression and 
shortened survival time in HCC [95]. These epidemiological studies suggest that ING2 loss 
or reduction may be important for tumor initiation and/or progression [9,10,15,16].  
We showed frequent allelic loss of ING3 in HNSCC [42]. But ING3 mutation was very rare in 
our study (a sole missense mutation of ING3 at codon 20). In another recent study using a 
large study population, we revealed that down-regulation of ING3 was more evident in late-
stage tumors as compared with early stage patients, and patients with low ING3 mRNA 
expression demonstrated worse survival rates as compared to the patients with normal-high 
ING3 expression [99]. As shown for ING2, decreased nuclear ING3 protein expression was 
associated with a poor survival rate. The survival rate was 93% for the patients with strong 
nuclear ING3 staining, whereas it declined to 44% for the patients with negative-to-moderate 
nuclear staining [100]. In a recent study, we also demonstrated frequent deletion of 
chromosomal locus of each of ING family member including ING3 in ameloblastomas [101].  
ING4 mRNA was decreased in glioblastoma and associated with tumor progression [70]. 
Decreased ING4 has been associated with increased expression of IL-8 and osteopontin 
(OPN) in myeloma [9,102]. In both reports, decreased ING4 expression was associated with 
higher tumor grade and increased tumor angiogenesis. In myeloma, it was also associated 
with increased expression of interleukin-8 and osteopontin [9,102]. Expression of ING4 was 
decreased in malignant melanoma as compared to dysplastic nevi, and was found to be an 
independent poor prognostic factor for the patients [73]. ING4 was found to suppress the 
loss of contact inhibition and growth. Moreover some mutation and deletion were detected 
in cell lines derived from human cancers such as breast and lung [103]. 
We reported reduced expression level of ING4 and frequent LOH of the ING4 locus in 
HNSCC [43]. No mutation of the ING4 gene was found in head and neck cancers. 
Significant reduced expression of ING4 was detected in gliomas as compared with normal 
human brain tissue, and the extent of reduction correlated with the progression from lower 
to higher grades of tumours [70]. Klironomos et al. investigated immunohistochemically the 
expression pattern of ING-4, NF-kappaB and the NF-kappaB downstream targets MMP-2, 
MMP-9 and u-PA in human astrocytomas from 101 patients. They found that ING-4 
expression was significantly reduced in astrocytomas, and it was associated with tumor 
grade progression. Expression of a NF-kappaB subunit p65 was significantly higher in grade 
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IV than in grade III and grade I/II tumors, and a statistical significant negative correlation 
between expression of ING-4 and expression of nuclear p65 was noticed [104].  
Recently Nagahama et al. reported up-regulation of ING4 in a human gastric carcinoma cell 
line (MKN-1) by promoting mitochondria-mediated apoptosis via the activation of p53 
[105]. Both mRNA and protein of ING4 expression were down regulated in hepatocellular 
carcinoma tissues. ING4 expression level correlated with prognosis and metastatic potential 
of hepatocellular carcinoma [106]. In another recent study, ING4 mRNA and protein 
expression were examined in gastric adenocarcinoma tissues and human gastric 
adenocarcinoma cell lines by RT-PCR, real-time RT-PCR, tissue microarray 
immunohistochemistry, and western blot analysis [107]. Their data showed that ING4 
mRNA and protein were dramatically reduced in stomach adenocarcinoma cell lines and 
tissues, and significantly less in female than in male patients. Decrease of ING4 mRNA 
expression was found to correlate with the stage of the tumour [107]. Wang et al. examined 
ING4 protein expression in 246 lung cancer samples and overall reduced ING4 expression 
and higher ING4 expression in cytoplasm than in nucleus of tumour cells were detected, 
suggesting its involvement in the initiation and progression of lung cancers [108].  
In a recent study, nuclear expression of ING4 was found to gradually decrease from non-
cancerous epithelium and dysplasia to HNSCC and was negatively correlated with a 
poorly-differentiated status, T staging, and TNM staging in HNSCC. On the other hand, 
cytoplasmic expression of ING4 was significantly enhanced in HNSCC and was 
significantly associated with lymph node metastasis and 14-3-3η expression. Moreover, 
nuclear expression of ING4 was positively correlated with p21 and p300 expression and 
with the apoptotic index. Their results suggested that the decreases in nuclear ING4 and 
cytoplasmic translocation of ING4 protein play important roles in tumorigenesis, 
progression and tumor differentiation in HNSCC [109].  
Examination of ING4 protein expression levels in colorectal cancer samples from 97 patients 
showed that ING4 protein was down regulated in adenoma relative to normal mucosa and 
further reduced in colorectal cancer tissues. Decrease of ING4 protein expression was also 
related to the more advanced Dukes' stages and ING4 expression levels in patients with 
lymphatic metastasis were lower than those without metastasis, suggesting that ING4 play a 
role in colorectal carcinoma progression [110].   
Our group reported the first study linking ING5 chromosome locus to a human cancer. We 
demonstrated a high ratio of LOH in oral cancer using 16 microsatellite markers on the long 
arm of chromosome 2q21-37.3 [111]. ING5 appeared to be a strong candidate tumor 
suppressor in this study though several other candidate TSGs including ILKAP, HDAC4, 
PPP1R7, DTYMK, STK25, BOK are also localized at the area, where frequent deletion has 
been detected [9,10,111]. Moreover, our recent study revealed decreased expression of ING5 
mRNA and mutations in oral cancer samples as compared to their corresponding normal 
controls, suggesting its tumor suppressive role in cancer [45]. Examination of 172 cases of 
HNSCC for ING5 protein by immunohistochemistry using tissue microarray, and in 3 oral 
SCC cell lines by immunohistochemistry and Western blot showed that a decrease in 
nuclear ING5 localization and cytoplasmic translocation were detected, supporting the 
previous studies and strong involvement of ING5 in tumorigenesis and tumor 
differentiation in HNSCC [112]. 
Xing et al. analyzed ING5 expression in gastric carcinoma tissues and cell lines (MKN28, 
MKN45, AGS, GT-3 TKB, and KATO-III) by Western blot and reverse transcriptase-
polymerase chain reaction. An increased expression of ING5 messenger RNA was found in 
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SCC cell lines by immunohistochemistry and Western blot showed that a decrease in 
nuclear ING5 localization and cytoplasmic translocation were detected, supporting the 
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gastric carcinoma in comparison with paired mucosa and lower expression of nuclear ING5 
protein and cytoplasmic translocation was detected in gastric dysplasia and carcinoma than 
that in nonneoplastic mucosa [113]. Nuclear ING5 expression was negatively correlated 
with tumor size, depth of invasion, lymph node metastasis, and clinicopathologic staging, 
whereas cytoplasmic ING5 was positively associated with depth of invasion, venous 
invasion, lymph node metastasis, and clinicopathologic staging [113]. 

6. Abnormalities of ING family genes in breast cancer 
Abnormalities of ING family members are linked to etiopathogenesis of various cancers 
including breast cancer. In fact, ING1, the founding member, was first isolated using a 
method that combined PCR-mediated subtractive hybridization of cDNAs from normal and 
breast cancerous cells [11]. Later same group examined ING1 mutation and mRNA 
expression in breast cancer cell lines and in a large number of primary breast cancers [47]. 
Within 377 breast cancer patients analyzed for mutation of ING1, one germ-line missense 
and three germ-line silent alterations were detected. Then mRNA analysis was randomly 
examined in 48 breast cancer samples. Their results showed that ING1 mRNA expression 
was decreased (2-10-fold) in 44% (21 out of 48 cases) of breast cancer tissues compared to 
adjacent normal tissues, while 33% (16/48) of the tumors demonstrated levels similar to 
control sample and 23% (11/48) showed increases in ING1 mRNA. All of the 10 breast 
cancer lines displayed decreased ING1 mRNA expression. Using in situ hybridization, 
decrease of mRNA in breast cancer cells was also confirmed as compared to adjacent normal 
cells. Using a monoclonal antibody against ING1, similar levels of the protein was also 
demonstrated in randomly selected 10 breast cancer samples [47]. When the relationship 
between ING1 mRNA expression levels and clinicopathological factors of breast cancer 
samples was examined, probability of metastasis to regional lymph nodes was significantly 
increased in ING1-decreased samples. Only one of 11 tumors (%9) with increased ING1 
mRNA expression metastasized to lymph nodes, whereas 11 of 19 cases (58%) with 
decreased expression of ING1 showed metastasis to lymph nodes [47].  
Tokunaga et al. examined the expression of ING1 mRNA in breast cancer cell lines and 
clinical breast cancer tissues, using quantitative RT-PCR and real-time TaqManTM 
technology [81]. Decreased expression of ING1 mRNA was found in 71% of the breast 
cancer samples as compared to adjacent normal tissues. The authors has also examined p53 
mutation status by immunohistochemistry and decreased ING1 expression was detected in 
9 of 15 tumors that were negative for p53 immunostaining (i.e, wild type). Decrease of ING1 
mRNA was speculated to be responsible for malfunction of p53 in these cases [9,10,81].     
In an immunohistochemical study performed by Nouman et al, 69 (80%) out of 86 breast 
cancer cases showed reduced expression of p33ING1b protein. On the other hand, strong 
nuclear expression of ING1 protein was detected in normal breast lobules and adjacent 
stroma. Correlation of each of estrogen and progesterone receptor status demonstrated a 
positive response with nuclear expression of p33ING1b protein. Nuclear loss of ING1 
protein was associated with a concomitant enhancement of cytoplasmic p33ING1b 
expression in a proportion of the cases, suggesting as a cause for loss of normal function of 
the ING1 protein [114]. Similar reduced nuclear expression of p33ING1b protein was also 
shown in acute lymphoblastic leukemia [115], melanoma [116]. 
Toyama et al. reported that p33ING1b increased ER transcriptional activity stimulated by 
estrogen through AF2 domain [10, 117]. In another research, p40, a protein highly 
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homologous to breast carcinoma metastasis suppressor 1 (BRMS1), was found to be unit of 
the mammalian Sin3A co-repressor complex including RBP1 and p33ING1b and 
overexpression of p40 in human cells inhibited cell growth by recruiting the HDAC1 
deacetylase complex. When tethered to the promoter by Gal-DNA binding domain, p40 can 
repress transcription of the luciferase reporter gene [118].  
Kim et al. tried to identify genes that can suppress oncogenic properties such as loss of 
contact inhibition elicited by overexpression of MYCN. Their screen data revealed ING4 as a 
suppressor of loss of contact inhibition. Then they hypothesized that a deficiency of ING4 
may play a role in tumorigenesis. For this aim, they examined ING4 transcripts in human 
cancer cell lines. They found a common deletion in various cancer cell lines including a 
breast cancer cell, T47D. Deletion of the four highly charged amino acid residues (KGKK) 
would result in mislocalization of the ING4 protein, thereby impairing its function [103]. 
Later this deletion was reported to be a source of alternative splicing variants of ING4 and 
was linked to abnormalities of subcellular localization of ING4 [71]. Besides Kim et al. also 
performed southern blot analysis for ING4 locus deletion in 55 breast cancer cell lines using 
2 BAC probe within ING4 locus at 12p13.31. These probes, BAC RP11-272L6 and BAC RP11-
59H1, were shown to be deleted in 24% and 11% of the cells including T47D breast cancer 
cell line, respectively [103].  
In a recent study, ING4 was found to suppress an initial hyperplastic response to the 
oncogene MYC in a mouse model of breast cancer. In addition, they showed that a C-
terminal truncation mutant of ING4 found in a human neuroblastoma cell line induced 
mammary hyperplasia and exacerbated MYC-initiated mammary tumorigenesis, suggesting 
that ING4 can function as a tumor suppressor gene in breast tissue [119].  
In another recent report, therapeutic effect of adenovirus-mediated ING4 (Ad-ING4) gene 
therapy was investigated in human breast cancers in vitro and in vivo in an athymic nude 
mouse model, using two human breast carcinoma cell lines MDA-MB-231 (mutant p53) and 
MCF-7 (wild-type p53). The results displayed that Ad-ING4 treatment could induce in vitro 
significant growth suppression in both mutant p53 MDA-MB-231 and wild-type p53 MCF-7 
breast carcinoma cells despite p53 status. Moreover the study further revealed that Ad-ING4 
gene transfer resulted in G2/M phase arrest and apoptosis, upregulation of p21, p27, and 
Bax, downregulation of Bcl-2, IL-8, and Ang-1, promoted cytochrome c release from 
mitochondria into cytosol, and activated caspase-9, caspase-3, and PARP in mutant p53 
MDA-MB-231 breast carcinoma cells. Furthermore, intratumoral injections of Ad-ING4 in 
nude mice bearing mutant p53 MDA-MB-231 breast tumors clearly inhibited the human 
breast xenografted tumor growth and decreased CD34 expression of tumor vessels and 
microvessel density. All these results suggest that Ad-ING4 is a potential candidate for 
breast cancer gene therapy [120]. 
ING4 was detected to be deleted in 170 (16.5%) of 1033 breast cancer samples using two 
color FISH with a probe of BAC RP11-433J6 including ING4 locus. Comparison of 
clinicopathological variables with ING4 deletion status in these breast cancer samples 
showed significant difference for Her2 expression status. Thirty- nine (23.8%) of 164 of 
tumors with ING4 deletion were HER2 positive, as compared with 115 (14.1%) of 814 of 
tumors without deletion. In another way, 25.3% (39/ 154) of HER2-positive tumors 
harbored ING4 deletion as compared to 15.1% (125/824) of HER2-negative tumors, 
indicating that ING4 deletion is more common in HER2- positive tumors [121]. In breast 
cancer, there is no report yet regarding with other members of ING family, ING2, 3 and 5. A 
summary of alterations of ING family genes in breast cancer is shown in table 1.   
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ING Gene Alteration Reference 

ING1 Mutation,    mRNA expression,    protein expression 47 

ING1 mRNA expression 81 

ING1 Nuclear protein,    Cytoplasmic protein 114 

ING1 Induction of ER activity 117 

ING4 Deletion at chromosomal locus 103 

ING4 Suppression of MYC-induced carcinogenesis 119 

ING4 Ad-ING4-treated suppression of cancer cells and tumor 
growth 120 

ING4 Deletion at chromosomal locus 121 

Table 1. Alterations of ING Family Genes in Breast Cancer. 

7. Future prospects  
Nearly 15 years of research after discovery of the first member of ING family gene, ING1, 
there are more accumulating data which show importance of these gene family in multiple 
cellular functions such as transcription, chromatin regulation, cell cycling, angiogenesis, cell 
transformation, apoptosis, growth regulation, senescence, DNA repair and tumorigenesis 
etc. Recent knowledge on this family displays that the family members have common and 
separate functions in human cancer. Though at the beginning, all members were considered 
to be tumor suppressor, recent evidences show a complex situation with oncogenic 
functions for at least some of the members and in some specific conditions. Thus both 
diagnostic and therapeutic approach should be revisited according to their functional roles 
in various conditions and tumor types. Though much work is necessary for clarifying the 
exact functions of these genes to provide therapy for various human cancers, promising 
results are noticed at the moment for usability of these genes as a therapeutic and diagnostic 
target. Thus progress on the knowledge of functions of ING family genes as well as the 
relationship with p53 and other unknown molecules will clarify their roles in cancer, which 
will result in their uses in cancer diagnostics as well as therapy soon. 
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1. Introduction 
Cancer is a leading cause of death in developed countries, and is on the rise in developing 
countries due in part to a lack of prophylactic screening and non-universal access to medical 
care (Jemal et al., 2011). Breast cancer is initiated when breast epithelial cells escape growth 
arrest and form a proliferating tumour mass. Numerous cellular mechanisms are 
dysregulated in breast tumour cells, including modified cell fate, altered protein signalling 
and trafficking, and enhanced cell migratory potential. Although these events are complex 
and subject to regulation by multiple elements, recent evidence has suggested that 
specialised cell membrane domains termed lipid rafts are actively involved in each of these 
processes (Cary & Cooper, 2000; Nabi & Le, 2003; Simons & Toomre, 2000). This chapter will 
therefore focus on the contribution of lipid rafts to breast cancer initiation and progression 
under these headings. 
Lipid rafts are sub-domains of the cell membrane enriched in cholesterol and 
glycosphingolipids (Le Moyec et al., 1992; Nohara et al., 1998). These microdomains cluster 
together proteins involved in the regulation of crucial cellular processes; many of which are 
altered in cancer cells (Pike, 2003; de Laurentiis et al., 2007). Furthermore, lipid rafts are 
readily modified by diet and nutrition (Schley et al., 2007; Yaqoob, 2009), and studies have 
shown that fatty acid supplementation sensitises human mammary tumour cells to the 
cytotoxic effects of anti-cancer agents in vitro and in vivo (Germain et al., 1998; Menendez et 
al., 2005; Colas et al., 2006). This chapter will focus on the potential regulatory functions of 
lipid rafts as a novel approach towards understanding mechanisms of cancer initiation, 
progression and cell migration, a key event preceding metastatic progression. Finally it will 
discuss the potential of lipid rafts as novel therapeutic targets in breast cancer. 

2. What are lipid rafts? 
The discovery of glycosphingolipid clustering in the Golgi apparatus and at the apical 
surface of polarised epithelial cells led to the hypothesis of non-random membrane 
compartmentalisation (Simons & Ikonen, 1997; van Meer et al., 2008). These 
“compartments” were termed lipid rafts.  
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1. Introduction 
Cancer is a leading cause of death in developed countries, and is on the rise in developing 
countries due in part to a lack of prophylactic screening and non-universal access to medical 
care (Jemal et al., 2011). Breast cancer is initiated when breast epithelial cells escape growth 
arrest and form a proliferating tumour mass. Numerous cellular mechanisms are 
dysregulated in breast tumour cells, including modified cell fate, altered protein signalling 
and trafficking, and enhanced cell migratory potential. Although these events are complex 
and subject to regulation by multiple elements, recent evidence has suggested that 
specialised cell membrane domains termed lipid rafts are actively involved in each of these 
processes (Cary & Cooper, 2000; Nabi & Le, 2003; Simons & Toomre, 2000). This chapter will 
therefore focus on the contribution of lipid rafts to breast cancer initiation and progression 
under these headings. 
Lipid rafts are sub-domains of the cell membrane enriched in cholesterol and 
glycosphingolipids (Le Moyec et al., 1992; Nohara et al., 1998). These microdomains cluster 
together proteins involved in the regulation of crucial cellular processes; many of which are 
altered in cancer cells (Pike, 2003; de Laurentiis et al., 2007). Furthermore, lipid rafts are 
readily modified by diet and nutrition (Schley et al., 2007; Yaqoob, 2009), and studies have 
shown that fatty acid supplementation sensitises human mammary tumour cells to the 
cytotoxic effects of anti-cancer agents in vitro and in vivo (Germain et al., 1998; Menendez et 
al., 2005; Colas et al., 2006). This chapter will focus on the potential regulatory functions of 
lipid rafts as a novel approach towards understanding mechanisms of cancer initiation, 
progression and cell migration, a key event preceding metastatic progression. Finally it will 
discuss the potential of lipid rafts as novel therapeutic targets in breast cancer. 

2. What are lipid rafts? 
The discovery of glycosphingolipid clustering in the Golgi apparatus and at the apical 
surface of polarised epithelial cells led to the hypothesis of non-random membrane 
compartmentalisation (Simons & Ikonen, 1997; van Meer et al., 2008). These 
“compartments” were termed lipid rafts.  
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The structure and function of lipid raft domains depend on their lipid and protein 
compositions. An example of this is the sub-population of lipid rafts first identified in 
endothelial cells as flask-shaped membrane invaginations termed caveolae, or “little caves” 
(Yamada, 1955), which subsequent characterisation revealed to be enriched in proteins from 
the caveolin family (Rothberg, K G et al., 1992). Caveolins localise in the cytoplasmic leaflet 
of the cell membrane, and, together with high concentrations of cholesterol, are responsible 
for the characteristic curvature of caveolar membranes. Lipid rafts and caveolae have 
different structural protein markers and different proteins associated with them (Table 1), 
but their lipid composition and the mechanisms of protein targeting to them are very 
similar.  
 

 Lipids Protein 
Markers 

Receptor 
Proteins 

Signalling 
Proteins References 

Non-
caveolar 

lipid rafts 

Cholesterol 
Glycosphingolipid

Sphingomyelin 
Ganglioside GM1 
Ganglioside GM3 

Flotillin-1,
-2 

Fas 
EGFR 
HER2 

IGF-1R 
CD44 

ER 

Ras 
Src 

Erk2 
Shc (Nohara  

et al., 1998; 
de Laurentiis 
et al., 2007; 
Patra, 2008) 

Caveolae 

Cholesterol 
Glycosphingolipid

Sphingomyelin 
Ganglioside GM1 

Caveolin-1, 
-2 and -3 

Fas 
EGFR 
HER2 

IGF-1R 
CD44 

ER 
uPAR 

MMP-1, -2, -9 

Ras 
Src 

eNOS 
PI3 kinase 
Phospho-
lipase C 

Table 1. Lipid and protein contents of caveolae and non-caveolar lipid rafts. 

2.1 Lipid composition of membrane rafts 

The functional properties of raft sub-populations differ according to subtle variations in the 
types of lipid and quantities of cholesterol they contain. This has permitted differential 
detergent extraction of various types of lipid rafts. The cholesterol concentration in 
detergent-resistant membranes (rafts) is 3-5 times higher than that in total membranes 
(Brown & Rose, 1992; Pike & Casey, 2002), sphingomyelin represents 10-15% of total lipid 
content, while glycosphingolipids such as cerebrosides and gangliosides account for a 
further 10-20% (Brown & Rose, 1992; Prinetti et al., 2000). In contrast, glycerophospholipids 
(including membrane phospholipids) comprise less than 30% of raft lipids despite 
accounting for approximately 60% of total membrane lipids (Brown & Rose, 1992; Pike & 
Casey, 2002). Raft-enriched lipids localise preferentially on the outer leaflet of the cell 
membrane, unlike glycerophospholipids (Pike, 2003). These observations suggest that lipid 
rafts are bilayer structures and that a variable composition of the cell membrane leaflets may 
play a role in recruitment of various proteins into lipid rafts. Accordingly, proteins can be 
targeted to rafts in many dynamically-regulated ways, including attachment of 
glycosylphosphatidylinositol (GPI) anchors or via lipid modifications such as prenylation 
and palmitoylation.  
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2.2 Protein targeting to lipid rafts 
Perhaps the best-characterised system of protein association with lipid rafts is via 
modification with GPI anchors. The GPI anchor is a conserved oligosaccharide core 
covalently linked to a lipid moiety embedded in the outer leaflet of the cell membrane 
through acyl or alkyl chains (Levental et al., 2010). These anchors are added to soluble 
polypeptides in the lumen of the endoplasmic reticulum (ER), promoting membrane raft 
affiliation (Brown & Rose, 1992). Partitioning of GPI-anchored proteins into lipid rafts may 
allow sorting to the apical surface of polarised epithelial cells (Fiedler et al., 1993).  
Another way in which proteins are targeted to lipid rafts is through addition of prenyl 
groups. Two types of prenyl groups, C15 farnesyl and C20 geranylgeranyl, are added on to C-
terminal cysteine-rich domains of cytoplasmic proteins by prenyl transferases (Casey & 
Seabra, 1996). Although prenylated proteins are reportedly enriched in lipid rafts (Prior & 
Hancock, 2001; Parmryd et al., 2003), it is thought that the prenyl groups interact with raft-
affiliated proteins rather than being directly incorporated into rafts (Magee & Seabra, 2003). 
Another lipid post-translational modification, palmitoylation, is dynamically regulated by 
enzymes (Kang et al., 2008; Wan et al., 2007), and controls raft targeting of certain proteins in 
physiological and pathophysiological settings. Palmitoylation involves the addition of 
palmitic acid moieties to integral and peripheral membrane proteins through esterification 
(Bhatnagar & Gordon, 1997). Membrane-associated palmitoyl acyltransferases (PATs) are 
the most studied palmitoylation enzymes (Planey & Zacharias, 2009), while the palmitoyl 
thioesterase family removes palmitate groups (Camp & Hofmann, 1995). Close proximity of 
protein cysteine residues to the membrane is thought to facilitate palmitoylation by PATs, 
whereas membrane-distal residues are more likely to be prenylated or N-myristoylated 
(Bijlmakers & Marsh, 2003). PAT activity has been linked to lipid rafts (Dunphy et al., 2001), 
with palmitoylated proteins found either at the cell membrane or on intracellular 
membranes (Lobo et al., 2002; Roth et al., 2002). Palmitoylated proteins are naturally more 
lipophilic, thus their affinity for lipid rafts is increased. Many proteins are targeted to lipid 
rafts through palmitoylation, including flotillins, Src family kinases, endothelial nitric oxide 
synthase and various transmembrane receptors (Ghosh et al., 1998; Gong et al., 2003).  

2.2.1 Flotillin-1 and -2 mark non-caveolar lipid rafts 
Non-caveolar lipid rafts are associated with expression of the reggie family of proteins, 
flotillin-1 and flotillin-2 (Figure 1a). Palmitoylation of flotillin-1 is essential for localisation to 
lipid rafts (Morrow et al., 2002), while two hydrophobic stretches also contribute to its raft 
affiliation (Liu et al., 2005). On the other hand, flotillin-2 is raft-targeted via both 
myristoylation and palmitoylation. Flotillins were originally thought to be localised in 
caveolae (Bickel et al., 1997), however later studies excluded this (Neumann-Giesen et al., 
2004; Stuermer et al., 2004). Much remains to be determined about the functionality of 
flotillins in lipid rafts, in particular, the significance of their highly conserved N-terminal 
domain (Babuke & Tikkanen, 2007; Tavernarakis et al., 1999).  

2.2.2 Caveolins – selective markers for caveolar lipid rafts 

Along with glycosphingolipids (Tran et al., 1987) and increased cholesterol (Rothberg, K. G. et 
al., 1990), caveolae are enriched in the family of 21-24 kDa integral membrane proteins 
known as caveolins. There are three known caveolins: caveolin-1 (Rothberg, J. M. & Artavanis-
Tsakonas, 1992), caveolin-2 (Okamoto et al., 1998) and caveolin-3 (Tang et al., 1996).  
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accounting for approximately 60% of total membrane lipids (Brown & Rose, 1992; Pike & 
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2.2 Protein targeting to lipid rafts 
Perhaps the best-characterised system of protein association with lipid rafts is via 
modification with GPI anchors. The GPI anchor is a conserved oligosaccharide core 
covalently linked to a lipid moiety embedded in the outer leaflet of the cell membrane 
through acyl or alkyl chains (Levental et al., 2010). These anchors are added to soluble 
polypeptides in the lumen of the endoplasmic reticulum (ER), promoting membrane raft 
affiliation (Brown & Rose, 1992). Partitioning of GPI-anchored proteins into lipid rafts may 
allow sorting to the apical surface of polarised epithelial cells (Fiedler et al., 1993).  
Another way in which proteins are targeted to lipid rafts is through addition of prenyl 
groups. Two types of prenyl groups, C15 farnesyl and C20 geranylgeranyl, are added on to C-
terminal cysteine-rich domains of cytoplasmic proteins by prenyl transferases (Casey & 
Seabra, 1996). Although prenylated proteins are reportedly enriched in lipid rafts (Prior & 
Hancock, 2001; Parmryd et al., 2003), it is thought that the prenyl groups interact with raft-
affiliated proteins rather than being directly incorporated into rafts (Magee & Seabra, 2003). 
Another lipid post-translational modification, palmitoylation, is dynamically regulated by 
enzymes (Kang et al., 2008; Wan et al., 2007), and controls raft targeting of certain proteins in 
physiological and pathophysiological settings. Palmitoylation involves the addition of 
palmitic acid moieties to integral and peripheral membrane proteins through esterification 
(Bhatnagar & Gordon, 1997). Membrane-associated palmitoyl acyltransferases (PATs) are 
the most studied palmitoylation enzymes (Planey & Zacharias, 2009), while the palmitoyl 
thioesterase family removes palmitate groups (Camp & Hofmann, 1995). Close proximity of 
protein cysteine residues to the membrane is thought to facilitate palmitoylation by PATs, 
whereas membrane-distal residues are more likely to be prenylated or N-myristoylated 
(Bijlmakers & Marsh, 2003). PAT activity has been linked to lipid rafts (Dunphy et al., 2001), 
with palmitoylated proteins found either at the cell membrane or on intracellular 
membranes (Lobo et al., 2002; Roth et al., 2002). Palmitoylated proteins are naturally more 
lipophilic, thus their affinity for lipid rafts is increased. Many proteins are targeted to lipid 
rafts through palmitoylation, including flotillins, Src family kinases, endothelial nitric oxide 
synthase and various transmembrane receptors (Ghosh et al., 1998; Gong et al., 2003).  

2.2.1 Flotillin-1 and -2 mark non-caveolar lipid rafts 
Non-caveolar lipid rafts are associated with expression of the reggie family of proteins, 
flotillin-1 and flotillin-2 (Figure 1a). Palmitoylation of flotillin-1 is essential for localisation to 
lipid rafts (Morrow et al., 2002), while two hydrophobic stretches also contribute to its raft 
affiliation (Liu et al., 2005). On the other hand, flotillin-2 is raft-targeted via both 
myristoylation and palmitoylation. Flotillins were originally thought to be localised in 
caveolae (Bickel et al., 1997), however later studies excluded this (Neumann-Giesen et al., 
2004; Stuermer et al., 2004). Much remains to be determined about the functionality of 
flotillins in lipid rafts, in particular, the significance of their highly conserved N-terminal 
domain (Babuke & Tikkanen, 2007; Tavernarakis et al., 1999).  

2.2.2 Caveolins – selective markers for caveolar lipid rafts 

Along with glycosphingolipids (Tran et al., 1987) and increased cholesterol (Rothberg, K. G. et 
al., 1990), caveolae are enriched in the family of 21-24 kDa integral membrane proteins 
known as caveolins. There are three known caveolins: caveolin-1 (Rothberg, J. M. & Artavanis-
Tsakonas, 1992), caveolin-2 (Okamoto et al., 1998) and caveolin-3 (Tang et al., 1996).  
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Fig. 1. Lipid and protein components of (A.) non-caveolar lipid rafts and (B.) caveolae. 

Caveolins form “omega” structures in the membrane via cytoplasmic localization of both 
their N- and C-termini (Figure 1b). Aside from palmitoylation, the ability of caveolins to 
bind sphingolipids (Fra et al., 1995) and cholesterol (Murata et al., 1995) can also explain 
their high affinity for caveolar lipid rafts. Caveolins -1 and -2 are abundantly expressed in 
most cell types, including adipocytes, fibroblasts, endothelial and epithelial cells (Fan et al., 
1983; Galbiati et al., 2001). Caveolin-3 expression however is restricted to muscle (Rubin et 
al., 2007). The N-terminal region of caveolin-1 contains a scaffolding domain which aids 
interactions with various signalling molecules, illustrating the potential importance of 
caveolin-1 for the signalling functions of caveolar lipid rafts (Everson & Smart, 2006).  

2.3 Physiological functions of lipid rafts 
Lipid rafts and caveolae are often viewed as organisation centres or signalling platforms, 
and Table 1 outlines examples of raft-associated proteins which will be discussed in the text. 
In this chapter, we will concentrate on dynamic raft regulation of a variety of physiological 
processes, including membrane trafficking, cell polarisation and signal transduction.  

2.3.1 Membrane trafficking and cell polarity 
Membrane trafficking allows exchange of cellular components between cell sites and 
cellular organelles. In polarised epithelial cells the trafficking machinery is highly polarised, 
targeting plasma membrane proteins to separate apical and basolateral domains (Mellman 
& Nelson, 2008). Following lipid and protein synthesis in the ER, vesicular transfer mediates 
transport to subsequent or final destinations (Rodriguez-Boulan et al., 2005). The formation 
and distribution of vesicles requires organised stabilisation of the membrane to allow 
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deformation and fusion with the target compartment. The most studied mechanism involves 
coating of the vesicle with clathrin oligomers (Gorelick & Shugrue, 2001), which is thought 
to be vital in basolateral protein sorting (Deborde et al., 2008; Folsch et al., 2009). Apical 
trafficking is less understood, but lipid rafts have been proposed to play a decisive role 
(Schuck & Simons, 2004). Conformational changes in the membrane are proposed to occur 
via oligomerisation and fusion of many small lipid raft domains (Lipowsky, 1993). 
Attachment of GPI anchors may also contribute to the polarisation of membrane trafficking 
(Paladino et al., 2008).  

2.3.2 Cell signalling 

Lipid raft-mediated trafficking of lipids and proteins facilitates dynamic regulation of 
cellular signalling cascades. Several frameworks have been suggested to link rafts to signal 
transduction. The simplest interpretation views lipid rafts as platforms where signalling 
molecules are co-localised, aiding their structural interactions and influencing downstream 
signalling (Lingwood et al., 2009). The nature of a signal may be modified by the type of 
lipid raft the target molecule is localised in and also the primary location of the raft, which 
in turn enhances the specificity of the signal. Rafts can also control cellular signalling by 
altering the function of their affiliated proteins. Accumulating evidence suggests that raft-
associated proteins behave differently whether localized inside or outside of rafts. Modified 
signal transduction following lipid raft/caveolar disruption has been reported in the case of 
several signalling cascades involving Erk (Furuchi & Anderson, 1998), EGFR (Ringerike et 
al., 2002; Schley et al., 2007), insulin receptor (Parpal et al., 2001), and PDGF receptor 
(McGuire et al., 1993).  
Finally, some lipid rafts are actively involved in endocytosis (reviewed in Lajoie & Nabi, 
2010), which promotes internalisation of receptors and signalling molecules. This process 
may be facilitated by clustering of caveolin or receptor proteins (Paladino et al., 2004). 
Internalisation of ligands or receptors modifies downstream signal transduction, and is 
associated with the termination of extracellular ligand-driven signalling events via transient 
receptor desensitisation. 
The ability of lipid rafts to traffic proteins, control cell polarity and alter cell signalling 
underlies their emerging roles as crucial regulators of cellular processes including cell fate, 
growth, adhesion and migration. Since all are dysregulated in cancer, it is reasonable to 
suggest that lipid rafts may modify tumorigenic processes. This will next be addressed.  

3. Lipid raft regulation of key processes in breast cancer cells 
Alterations in cell fate, growth, adhesion and migration play central roles in the initiation 
and progression of breast cancer. We next outline how lipid rafts may regulate such 
processes during the initial stages of cancer development, during tumour growth and 
during the possible progression to a migratory and metastatic phenotype. 

3.1 Apoptosis and regulation of cell fate 

Defects in apoptosis allow tumour cells to escape growth-inhibitory signals and to progress 
through the cell cycle. Two major apoptotic pathways have been described, extrinsic 
(mediated by activation of death receptors) and intrinsic (mediated by mitochondria). Both 
may require lipid rafts for successful signal transduction (Li et al., 1998). 
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deformation and fusion with the target compartment. The most studied mechanism involves 
coating of the vesicle with clathrin oligomers (Gorelick & Shugrue, 2001), which is thought 
to be vital in basolateral protein sorting (Deborde et al., 2008; Folsch et al., 2009). Apical 
trafficking is less understood, but lipid rafts have been proposed to play a decisive role 
(Schuck & Simons, 2004). Conformational changes in the membrane are proposed to occur 
via oligomerisation and fusion of many small lipid raft domains (Lipowsky, 1993). 
Attachment of GPI anchors may also contribute to the polarisation of membrane trafficking 
(Paladino et al., 2008).  

2.3.2 Cell signalling 

Lipid raft-mediated trafficking of lipids and proteins facilitates dynamic regulation of 
cellular signalling cascades. Several frameworks have been suggested to link rafts to signal 
transduction. The simplest interpretation views lipid rafts as platforms where signalling 
molecules are co-localised, aiding their structural interactions and influencing downstream 
signalling (Lingwood et al., 2009). The nature of a signal may be modified by the type of 
lipid raft the target molecule is localised in and also the primary location of the raft, which 
in turn enhances the specificity of the signal. Rafts can also control cellular signalling by 
altering the function of their affiliated proteins. Accumulating evidence suggests that raft-
associated proteins behave differently whether localized inside or outside of rafts. Modified 
signal transduction following lipid raft/caveolar disruption has been reported in the case of 
several signalling cascades involving Erk (Furuchi & Anderson, 1998), EGFR (Ringerike et 
al., 2002; Schley et al., 2007), insulin receptor (Parpal et al., 2001), and PDGF receptor 
(McGuire et al., 1993).  
Finally, some lipid rafts are actively involved in endocytosis (reviewed in Lajoie & Nabi, 
2010), which promotes internalisation of receptors and signalling molecules. This process 
may be facilitated by clustering of caveolin or receptor proteins (Paladino et al., 2004). 
Internalisation of ligands or receptors modifies downstream signal transduction, and is 
associated with the termination of extracellular ligand-driven signalling events via transient 
receptor desensitisation. 
The ability of lipid rafts to traffic proteins, control cell polarity and alter cell signalling 
underlies their emerging roles as crucial regulators of cellular processes including cell fate, 
growth, adhesion and migration. Since all are dysregulated in cancer, it is reasonable to 
suggest that lipid rafts may modify tumorigenic processes. This will next be addressed.  

3. Lipid raft regulation of key processes in breast cancer cells 
Alterations in cell fate, growth, adhesion and migration play central roles in the initiation 
and progression of breast cancer. We next outline how lipid rafts may regulate such 
processes during the initial stages of cancer development, during tumour growth and 
during the possible progression to a migratory and metastatic phenotype. 

3.1 Apoptosis and regulation of cell fate 

Defects in apoptosis allow tumour cells to escape growth-inhibitory signals and to progress 
through the cell cycle. Two major apoptotic pathways have been described, extrinsic 
(mediated by activation of death receptors) and intrinsic (mediated by mitochondria). Both 
may require lipid rafts for successful signal transduction (Li et al., 1998). 
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Death receptors are located at the cell membrane, and once activated, trigger apoptotic 
signal transduction. Perhaps the best-characterised death receptor is Fas (CD95 or APO-1), 
which has been implicated in the apoptotic events that drive physiological remodelling of 
the mammary gland after breast feeding (Song et al., 2000). Down-regulation of Fas has also 
been associated with poor prognosis in breast cancer patients (Reimer et al., 2000), and 
inhibition of Fas activity has been linked to drug resistance (Landowski et al., 1997). 
Activation of Fas results in receptor aggregation, and recruitment of procaspase-8 to form 
the death-inducing signalling complex DISC (Peter & Krammer, 2003) (Figure 3a). Recent 
studies have shown that Fas is translocated into lipid rafts, where apoptotic receptor 
aggregation takes place (Gajate et al., 2004; Gajate & Mollinedo, 2005). This is the mode of 
action of a pro-apoptotic drug, edelfosine; with cholesterol depletion being shown to abolish 
apoptosis (Gajate & Mollinedo, 2001; Gajate & Mollinedo, 2007; Gajate et al., 2009).  
Whether rafts could be used as targets to re-trigger Fas-dependent apoptosis in tumour cells 
is an intriguing concept. A recent study demonstrated that nitric oxide (NO) can reverse 
apoptotic resistance via increasing Fas S-nitrosylation (Leon et al., 2011). In breast cancer 
cells that overexpressed wild-type Fas, NO incubation resulted in enhanced recruitment of 
the receptor into lipid rafts, which in turn sensitized cancer cells to the death-inducing Fas 
ligand. In fact, DISC formation is impaired in cells expressing nitrosylation (Leon et al., 
2011) and palmitoylation (Chakrabandhu et al., 2007) mutants of Fas. 
Acquired resistance of breast cancer cells to Fas-induced apoptosis may alternatively 
result from activation of survival pathways, such as the PI3 kinase pathway. Its 
engagement leads to activation of the serine-threonine kinase Akt, which negatively 
regulates apoptosis by inactivating pro-apoptotic proteins such as Bad and caspase-9 
(Datta et al., 1999). Lipid raft localisation of Akt has been implicated in facilitating its 
activation (Hill et al., 2002; Elhyany et al., 2004). Raft disruption has been reported to 
reduce the sensitivity of normal-like MCF-10a cells to apoptosis, suggesting that tumour 
cells rely on cholesterol for growth and malignant signalling (Li et al., 2006). Interestingly 
the cholesterol analogue ginsenoside Rh2 has been shown to reduce lipid raft abundance 
and increase internalisation, decreasing Akt-dependent survival signalling (Park et al., 
2010). It has also been demonstrated that cholesterol depletion induces anoikis-like 
apoptosis via down-regulation of focal adhesion kinase and hypoxia inducible factor-1 
(Lee et al., 2009; Park et al., 2009).  
Another apoptotic death receptor is TNF-related apoptosis-inducing ligand (TRAIL) 
receptor 1 and 2, referred to as DR4 and DR5 respectively (Yang et al., 2010). Studies have 
demonstrated that translocation of these receptors into lipid rafts after TRAIL engagement is 
involved in apoptotic signal transduction (Merino et al., 2006; Dumitru et al., 2007; Song et 
al., 2007). In metastatic MDA-MB-231 cells, for instance, DR4 palmitoylation (Rossin et al., 
2009) is crucial not only for its localisation into lipid rafts but also for receptor aggregation, 
both of which are essential for TRAIL-induced cell death (Merino et al., 2006). Therefore 
while much remains to be understood about the role of rafts in regulating apoptosis in 
breast cancer cells, it may offer a novel therapeutic target (see Section 4). 

3.2 Growth and metabolism 
In conjunction with altered apoptosis, abnormal signalling by growth factor receptors can 
facilitate breast tumour proliferation and growth. Lipid rafts modulate the signalling 
functions of several growth factor receptors, including the ErbB (HER) family of receptors.  
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Fig. 2. Lipid raft regulation of breast cancer cell processes. (A.) Apoptotic signals are 
transduced via lipid rafts. (B.) EGFR signalling may induce apoptosis (1.) or proliferation (2.) 
outside of lipid rafts. Predominant oncogenic signalling is transduced through rafts (3.). (C.) 
Rafts cluster many degradation enzymes and proteins crucial for cell migration. 
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the receptor into lipid rafts, which in turn sensitized cancer cells to the death-inducing Fas 
ligand. In fact, DISC formation is impaired in cells expressing nitrosylation (Leon et al., 
2011) and palmitoylation (Chakrabandhu et al., 2007) mutants of Fas. 
Acquired resistance of breast cancer cells to Fas-induced apoptosis may alternatively 
result from activation of survival pathways, such as the PI3 kinase pathway. Its 
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reduce the sensitivity of normal-like MCF-10a cells to apoptosis, suggesting that tumour 
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2009) is crucial not only for its localisation into lipid rafts but also for receptor aggregation, 
both of which are essential for TRAIL-induced cell death (Merino et al., 2006). Therefore 
while much remains to be understood about the role of rafts in regulating apoptosis in 
breast cancer cells, it may offer a novel therapeutic target (see Section 4). 

3.2 Growth and metabolism 
In conjunction with altered apoptosis, abnormal signalling by growth factor receptors can 
facilitate breast tumour proliferation and growth. Lipid rafts modulate the signalling 
functions of several growth factor receptors, including the ErbB (HER) family of receptors.  

 
Lipid Rafts as Master Regulators of Breast Cancer Cell Function 407 

 
Fig. 2. Lipid raft regulation of breast cancer cell processes. (A.) Apoptotic signals are 
transduced via lipid rafts. (B.) EGFR signalling may induce apoptosis (1.) or proliferation (2.) 
outside of lipid rafts. Predominant oncogenic signalling is transduced through rafts (3.). (C.) 
Rafts cluster many degradation enzymes and proteins crucial for cell migration. 
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ErbB receptors are often mutated, amplified and/or overexpressed in breast cancer (Troyer 
& Lee, 2001). In particular, epidermal growth factor receptor, EGFR, and HER2 homo- and 
heterodimerisations have been described to promote oncogenic proliferation (Barros et al., 
2010). Both of these receptors are associated with lipid rafts, and raft modifications can alter 
their signal transduction (Chen & Resh, 2002; Freeman et al., 2007).  
EGFR functionality in particular is largely dependent upon its affiliation with rafts. Upon 
ligand binding, EGFR translocates out of caveolin-positive raft domains to stimulate 
downstream signalling (Mineo et al., 1999) and caveolin-1 raft domains  negatively regulate 
EGFR activation (Lajoie et al., 2007). Accordingly, raft disruption via cholesterol depletion 
reportedly results in EGFR activation (Pike & Casey, 2002; Westover et al., 2003). Although 
EGFR phosphorylation is associated with oncogenic proliferation, sustained activation of 
EGFR outside of lipid rafts in fact correlates with increased p38 activation, which is pro-
apoptotic. Potential modulations of EGFR activation status by dietary lipids will be 
discussed in Section 4.  
Some studies have examined the activation of downstream targets of EGFR signalling, such 
as the small GTPase Ras (Rogers et al., 2010), after exposure to fatty acids. Ras associates 
with lipid rafts via palmitoylation (Calder & Yaqoob, 2007), and is involved in cell survival, 
growth and proliferation (Downward, 2006). Furthermore, enhanced anti-proliferative 
effects were seen upon co-treatment with an EGFR inhibitor and DHA (Rogers et al., 2010).  
Another member of the ErbB family, HER2, is the favoured dimerisation partner of other 
ErbB proteins for receptor activation (Tzahar et al., 1996; Park, B. W. et al., 2000). Oncogenic 
HER2 dimerisation in breast cancer cells takes place in lipid rafts (Nagy et al., 2002), and 
forced exclusion of HER2 from rafts (via crosslinking of the raft-associated ganglioside 
GM1) has been shown to decrease HER2 dimerisation and tyrosine phosphorylation (Nagy 
et al., 2002). Another possible avenue of HER2 signalling regulation by lipid rafts relates to 
protein trafficking. HER2 is rapidly recycled back to the cell membrane if endocytosed 
(Worthylake et al., 1999), which maintains its overexpression at the cell membrane of breast 
cancer cells. Modulation of lipid metabolism may control HER2 overexpression by 
increasing its endocytosis and preventing redistribution back to the cell membrane (Paris et 
al., 2010). For instance, phospholipase C (PLC) has been shown to co-localise with HER2 in 
lipid raft domains of HER2-overexpressing breast cancer cell lines, and PLC antagonism 
enhances HER2 internalisation and delays its recycling to the cell membrane, reducing 
breast cancer cell proliferation (Paris et al., 2010). This implies that lipid rafts play a key role 
in transduction of this oncogenic signal. 
Another protein known to localise in lipid rafts with HER2, in addition to EGFR, is the 
estrogen receptor (ER) (Marquez et al., 2006). Estrogen signalling is linked to lipid rafts, 
where ER co-localises with ErbB receptors to modulate growth events (Marquez et al., 2006). 
Both these receptors may be activated by membrane-bound ER (Razandi et al., 2003), 
resulting in MAP kinase-dependent ER phosphorylation (Pietras, 2003). As these receptors 
are reportedly lipid raft-affiliated, interference of this union with lipid rafts may prove to be 
useful in targeting endocrine resistance in breast cancer.  
Insulin-like growth factor-1 receptor (IGF-1R) is another receptor tyrosine kinase whose 
activation leads to proliferation and differentiation via MAP kinase and PI3 kinase/Akt 
pathways (Adams et al., 2000). IGF-1R activity has been linked to lipid raft affiliation, 
particularly caveolae. Stable expression of caveolin-1 in MCF7 breast cancer cells, while 
decreasing cell attachment (Fiucci et al., 2002), results in enhanced matrix-independent 
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cell survival via upregulation of IGF-1R and subsequent activation of p53 and p21 (Ravid 
et al., 2005). Caveolin-1 further drives IGF-1R-induced recruitment of β1-integrin into lipid 
rafts (Salani et al., 2009), which could in turn regulate the influence of β1-integrin on cell 
fate (Li et al., 2005). In fact segregation of IGF-1R in and out of rafts has been shown to 
dynamically regulate overall signalling potency of the protein (Remacle-Bonnet et al., 
2005), which is emerging as a promising pharmaceutical target in breast cancer (Weroha & 
Haluska, 2008). 
Sigma receptors are a novel family of receptors whose physiological and pathophysiological 
roles are only beginning to emerge. They inhibit proliferation, induce apoptosis and can 
decrease cell adhesion in mammary carcinoma cell lines (reviewed in Aydar et al., 2004). 
Sigma receptors were proposed to have the ability to remodel lipid rafts by modulating raft 
cholesterol levels via cholesterol-binding motifs (Gebreselassie & Bowen, 2004; Takebayashi 
et al., 2004). Accordingly, raft cholesterol levels are reduced following sigma-1 gene 
knockdown (Palmer et al., 2007). Sigma-1 receptors also form a complex with β1-integrin in 
MDA-MB-231 cells, and their translocation outside rafts decreases breast cancer cell growth 
and adhesion (Palmer et al., 2007). Because cancer cells have elevated levels of lipid rafts 
and cholesterol (Li et al., 2006), and because many growth signalling molecules depend on 
rafts to exert their functions, dietary fat modifications could affect signal transduction in 
breast cancer cells (as will be further addressed in Section 4). 

3.3 Cell migration and metastasis 

Cancer progression does not depend solely on increased growth and reduced apoptosis, but 
also on the ability of tumours to seek out new niches to support their continued survival. 
Accordingly, cells often activate pathways that reduce adhesion and promote cell migration, 
increasing the likelihood of the metastatic spread of breast cancer.  
Kinases play a significant role in regulating cell adhesion and migration. The Src family of 
kinases (SFK) integrates signal transduction from many receptor tyrosine kinases, including 
EGFR, IGF-1R and HER2 (Belsches-Jablonski et al., 2001; Parsons & Parsons, 2004) to 
multiple downstream targets including PI3-kinase, Ras and focal adhesion kinase (Parsons 
& Parsons, 2004). SFK activation has been linked to lipid rafts in breast cancer cells (Hitosugi 
et al., 2007), fuelling speculation that selective targeting of raft-affiliated SFK may offer a 
more potent therapy than conventional SFK inhibitors such as dasatinib. Src has also been 
shown to phosphorylate the raft marker flotillin-2 in an EGF-dependent manner, resulting 
in Src translocation into endosomes and the enhancement of cell spreading (Neumann-
Giesen et al., 2007). Conversely, the finding that flotillin-2 knockdown reduces cell 
spreading further highlights the potential regulatory influence of lipid rafts on cell adhesion 
and actin dynamics (Neumann-Giesen et al., 2007). 
Lipid rafts and caveolin-1 have also been shown to be crucial for the formation of 
invadopodia, membrane protrusions that penetrate the surrounding matrix through a 
combination of matrix remodelling and physical force (Buccione et al., 2009). Invadopodia 
cluster together proteins involved in actin cytoskeleton organisation, signalling, cell-ECM 
adhesion and membrane remodelling (Gimona et al., 2008). Lipid rafts have been reported 
to be concentrated at the leading edge of invadopodia in a panel of breast cancer cell lines, 
and disruption of lipid rafts may suppress invadopodia formation (Yamaguchi et al., 2009). 
Invasive potential has also been linked with the raft-affiliated proteins caveolin-1 and 
membrane type 1 matrix metalloproteinase (MMP14) in both breast (Annabi et al., 2001) and 
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downstream signalling (Mineo et al., 1999) and caveolin-1 raft domains  negatively regulate 
EGFR activation (Lajoie et al., 2007). Accordingly, raft disruption via cholesterol depletion 
reportedly results in EGFR activation (Pike & Casey, 2002; Westover et al., 2003). Although 
EGFR phosphorylation is associated with oncogenic proliferation, sustained activation of 
EGFR outside of lipid rafts in fact correlates with increased p38 activation, which is pro-
apoptotic. Potential modulations of EGFR activation status by dietary lipids will be 
discussed in Section 4.  
Some studies have examined the activation of downstream targets of EGFR signalling, such 
as the small GTPase Ras (Rogers et al., 2010), after exposure to fatty acids. Ras associates 
with lipid rafts via palmitoylation (Calder & Yaqoob, 2007), and is involved in cell survival, 
growth and proliferation (Downward, 2006). Furthermore, enhanced anti-proliferative 
effects were seen upon co-treatment with an EGFR inhibitor and DHA (Rogers et al., 2010).  
Another member of the ErbB family, HER2, is the favoured dimerisation partner of other 
ErbB proteins for receptor activation (Tzahar et al., 1996; Park, B. W. et al., 2000). Oncogenic 
HER2 dimerisation in breast cancer cells takes place in lipid rafts (Nagy et al., 2002), and 
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increasing its endocytosis and preventing redistribution back to the cell membrane (Paris et 
al., 2010). For instance, phospholipase C (PLC) has been shown to co-localise with HER2 in 
lipid raft domains of HER2-overexpressing breast cancer cell lines, and PLC antagonism 
enhances HER2 internalisation and delays its recycling to the cell membrane, reducing 
breast cancer cell proliferation (Paris et al., 2010). This implies that lipid rafts play a key role 
in transduction of this oncogenic signal. 
Another protein known to localise in lipid rafts with HER2, in addition to EGFR, is the 
estrogen receptor (ER) (Marquez et al., 2006). Estrogen signalling is linked to lipid rafts, 
where ER co-localises with ErbB receptors to modulate growth events (Marquez et al., 2006). 
Both these receptors may be activated by membrane-bound ER (Razandi et al., 2003), 
resulting in MAP kinase-dependent ER phosphorylation (Pietras, 2003). As these receptors 
are reportedly lipid raft-affiliated, interference of this union with lipid rafts may prove to be 
useful in targeting endocrine resistance in breast cancer.  
Insulin-like growth factor-1 receptor (IGF-1R) is another receptor tyrosine kinase whose 
activation leads to proliferation and differentiation via MAP kinase and PI3 kinase/Akt 
pathways (Adams et al., 2000). IGF-1R activity has been linked to lipid raft affiliation, 
particularly caveolae. Stable expression of caveolin-1 in MCF7 breast cancer cells, while 
decreasing cell attachment (Fiucci et al., 2002), results in enhanced matrix-independent 
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cell survival via upregulation of IGF-1R and subsequent activation of p53 and p21 (Ravid 
et al., 2005). Caveolin-1 further drives IGF-1R-induced recruitment of β1-integrin into lipid 
rafts (Salani et al., 2009), which could in turn regulate the influence of β1-integrin on cell 
fate (Li et al., 2005). In fact segregation of IGF-1R in and out of rafts has been shown to 
dynamically regulate overall signalling potency of the protein (Remacle-Bonnet et al., 
2005), which is emerging as a promising pharmaceutical target in breast cancer (Weroha & 
Haluska, 2008). 
Sigma receptors are a novel family of receptors whose physiological and pathophysiological 
roles are only beginning to emerge. They inhibit proliferation, induce apoptosis and can 
decrease cell adhesion in mammary carcinoma cell lines (reviewed in Aydar et al., 2004). 
Sigma receptors were proposed to have the ability to remodel lipid rafts by modulating raft 
cholesterol levels via cholesterol-binding motifs (Gebreselassie & Bowen, 2004; Takebayashi 
et al., 2004). Accordingly, raft cholesterol levels are reduced following sigma-1 gene 
knockdown (Palmer et al., 2007). Sigma-1 receptors also form a complex with β1-integrin in 
MDA-MB-231 cells, and their translocation outside rafts decreases breast cancer cell growth 
and adhesion (Palmer et al., 2007). Because cancer cells have elevated levels of lipid rafts 
and cholesterol (Li et al., 2006), and because many growth signalling molecules depend on 
rafts to exert their functions, dietary fat modifications could affect signal transduction in 
breast cancer cells (as will be further addressed in Section 4). 

3.3 Cell migration and metastasis 

Cancer progression does not depend solely on increased growth and reduced apoptosis, but 
also on the ability of tumours to seek out new niches to support their continued survival. 
Accordingly, cells often activate pathways that reduce adhesion and promote cell migration, 
increasing the likelihood of the metastatic spread of breast cancer.  
Kinases play a significant role in regulating cell adhesion and migration. The Src family of 
kinases (SFK) integrates signal transduction from many receptor tyrosine kinases, including 
EGFR, IGF-1R and HER2 (Belsches-Jablonski et al., 2001; Parsons & Parsons, 2004) to 
multiple downstream targets including PI3-kinase, Ras and focal adhesion kinase (Parsons 
& Parsons, 2004). SFK activation has been linked to lipid rafts in breast cancer cells (Hitosugi 
et al., 2007), fuelling speculation that selective targeting of raft-affiliated SFK may offer a 
more potent therapy than conventional SFK inhibitors such as dasatinib. Src has also been 
shown to phosphorylate the raft marker flotillin-2 in an EGF-dependent manner, resulting 
in Src translocation into endosomes and the enhancement of cell spreading (Neumann-
Giesen et al., 2007). Conversely, the finding that flotillin-2 knockdown reduces cell 
spreading further highlights the potential regulatory influence of lipid rafts on cell adhesion 
and actin dynamics (Neumann-Giesen et al., 2007). 
Lipid rafts and caveolin-1 have also been shown to be crucial for the formation of 
invadopodia, membrane protrusions that penetrate the surrounding matrix through a 
combination of matrix remodelling and physical force (Buccione et al., 2009). Invadopodia 
cluster together proteins involved in actin cytoskeleton organisation, signalling, cell-ECM 
adhesion and membrane remodelling (Gimona et al., 2008). Lipid rafts have been reported 
to be concentrated at the leading edge of invadopodia in a panel of breast cancer cell lines, 
and disruption of lipid rafts may suppress invadopodia formation (Yamaguchi et al., 2009). 
Invasive potential has also been linked with the raft-affiliated proteins caveolin-1 and 
membrane type 1 matrix metalloproteinase (MMP14) in both breast (Annabi et al., 2001) and 
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prostate (Wang et al., 2009) cancer cells. In fact caveolin-1 and MMP14 have been shown to 
co-associate (Labrecque et al., 2004) and to be co-trafficked in invasive breast cancer cell 
lines (Yamaguchi et al., 2009). Accordingly, a reduction in matrix degradation activity of 
MMP14 has been reported in MDA-MB-231 cells following disruption of lipid rafts by 
cholesterol depletion or after knockdown of caveolin-1 in MMP14-overexpressiong MDA-
MB-231 cells (Yamaguchi et al., 2009). Together these results highlight that lipid rafts and 
caveolin-1 are important for invadopodia function in breast cancer cells. 
MMP14 is not the only lipid raft-affiliated proteinase implicated in breast cancer 
progression. Aberrant expression of MMP2 and MMP9, which localize in rafts during cancer 
cell migration (Patra, 2008), have been associated with high-grade breast cancer (Mira et al., 
2004). Downregulation of MMP2 and MMP9 has been shown to decrease tumour cell 
invasion (Patra, 2008). Similarly, the serine protease urokinase-type plasminogen activator 
(uPA) and its receptor (uPAR), which have been linked to breast cancer progression and 
metastasis (Patra, 2008; Sahores et al., 2008), localise to lipid rafts during cancer cell 
migration (Sahores et al., 2008). A recent study investigating the importance of lipid rafts in 
regulating uPAR and MMP9 functionality in breast cancer has demonstrated that cholesterol 
depletion reduces co-localisation of uPAR and MMP9 with lipid rafts and significantly 
decreases their total protein and mRNA levels (Raghu et al., 2010). Lipid raft disruption in 
breast cancer cells resulted in reduced amounts of active Src, FAK, Akt and ERK and 
increased uPAR co-localisation with lysosomal markers, which was reversed after 
cholesterol repletion (Raghu et al., 2010). This is in agreement with previous observations of 
differences in MMP9-driven cell migration according to its sub-cellular localisation inside or 
outside rafts (Mira et al., 2004).  
Although controversial, another approach to understanding breast cancer metastasis comes 
from the observation that disseminated tumour cells have progenitor-like properties, termed 
“cancer stem cells” (Acconcia et al., 2004). Low expression of CD24, a ligand for P-selectin 
on cancer and myeloid cells (Aigner et al., 1997), has been proposed as a marker for cancer 
stem cells, and breast cancer patients with aggressive triple-negative disease reportedly 
have higher percentages of cancer stem-like cells (May et al., 2011; Reuben et al., 2011). CD24 
appears to govern the localization and function of the chemokine receptor CXCR4, which 
regulates proliferation in primary and metastatic breast cancer (Smith et al., 2004). CXCR4 
must localise in lipid rafts for effective signalling (Manes et al., 2001; Wysoczynski et al., 
2005), and CD24 reportedly reduces cellular responsiveness to CXCR4 signalling in a 
metastatic breast cancer cell line by excluding the latter from lipid rafts (Schabath et al., 
2006). Thus low CD24 levels in putative cancer stem cells would have a positive effect on 
CXCR4-driven proliferative signalling, via enhanced raft affiliation of CXCR4. Accordingly, 
high expression of CD24 has been shown to reduce tumour growth and spread in mice 
(Schabath et al., 2006). Therefore CXCR4 metastatic potential may be modulated by altering 
its affiliation with rafts independently of its expression levels. 
Another proposed marker for breast cancer stem cells is CD44 (Blick et al., 2010; May et al., 
2011), a multi-functional lipid raft-affiliated transmembrane glycoprotein expressed in a 
variety of tissues (Murai et al., 2011). CD44 is the major receptor for the extracellular matrix 
component hyaluronan (HA) (Herrera-Gayol & Jothy, 1999); but it can also act as a co-
receptor for growth factors (Bourguignon et al., 1997; Orian-Rousseau et al., 2002) and 
organise the cellular actin cytoskeleton through cytoplasmic linker proteins (Ponta et al., 
2003). CD44 abnormalities have been associated with aggressive histological features of 
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breast cancer (Joensuu et al., 1993; Diaz et al., 2005), and the association of CD44 with MMP9 
in breast tumour cells promotes tumour cell migration and invasion (Bourguignon et al., 
1998). It is possible that this matrix-degrading association takes place in lipid rafts, where 
both CD44 and MMP9 localize. Interactions between CD44 and HA also stimulate a variety 
of events leading to tumour progression, including Rho kinase activation, Ras signalling and 
others (reviewed in Bourguignon, 2008). Although the exact mechanisms of these events 
have yet to be clarified, one proposed method involves CD44 interaction with ankyrin 
within lipid rafts (Singleton & Bourguignon, 2004). Another matrix glucosaminoglycan, 
osteopontin, can also activate CD44 to promote cell survival and increased endothelial 
adhesion by recruiting Src and integrins into lipid rafts (Lee et al., 2008).  
The influence of CD44 on cancer progression also extends to other growth factor signalling 
pathways, since it has previously been demonstrated that the growth factor receptor c-Met 
cannot be activated by its ligand alone, but also requires CD44 co-expression (van der Voort 
et al., 1999). c-Met, which has been shown to localise in lipid rafts and whose signalling is 
sensitive to cholesterol depletion (Coleman et al., 2009), is frequently dysregulated in 
metastatic breast cancer (Gastaldi et al., 2010; Elnagar et al., 2011). It can thus be 
hypothesised that lipid rafts are required for successful transduction of growth factor- 
mediated oncogenic signals through formation of functional CD44 complexes. 
Taken altogether, several key molecules frequently implicated in breast cancer initiation, 
growth and migration are regulated by lipid rafts via sequestration, endocytosis or 
termination of protein interactions. Considering the ongoing need to develop drugs which 
selectively attack cancer cells while leaving normal cells unaltered, the imbalance in lipid 
raft composition between tumour and normal cells may suggest rafts as attractive and novel 
pharmacological targets in the battle against breast cancer. 

4. Lipid rafts as novel therapeutic targets in breast cancer 
This section will focus on current cancer treatments targeting lipid rafts, the potential 
importance of lipid raft modulation to overcome mechanisms of drug resistance, and new 
mechanisms associated with lipid raft physiology that could be targeted by novel drugs. 
Finally it will discuss the importance of the diet in influencing lipid raft physiology as a 
potential mechanism to prevent or reduce cancer dissemination. 

4.1 Current drug treatments targeting lipid rafts 

There is growing interest in the possibility of targeting lipid rafts for cancer treatments due 
to their role in the regulation of many steps of tumour transformation and progression, such 
as the apoptotic pathways initiated by FasL and TRAIL. Current treatments targeting lipid 
rafts are mainly focused on activating these apoptotic pathways in cancer cells. However 
many classes of drugs routinely used in breast cancer chemotherapy have been shown to 
exert some of their effects by modulating lipid rafts. 
One key example is cisplatin, whose mechanism of action is still incompletely understood, 
but which has been described to exert some of its actions through modulation of ceramide 
lipid rafts. In a human colon cancer cell line, cisplatin induced clustering of the Fas receptor 
in membrane lipid rafts by activating the acid sphingomyelinase (ASMase), which produces 
ceramide and is responsible for induction of apoptosis. Nystatin, a compound which 
disrupts lipid rafts, completely reversed this effect (Lacour et al., 2004). It has also been 
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prostate (Wang et al., 2009) cancer cells. In fact caveolin-1 and MMP14 have been shown to 
co-associate (Labrecque et al., 2004) and to be co-trafficked in invasive breast cancer cell 
lines (Yamaguchi et al., 2009). Accordingly, a reduction in matrix degradation activity of 
MMP14 has been reported in MDA-MB-231 cells following disruption of lipid rafts by 
cholesterol depletion or after knockdown of caveolin-1 in MMP14-overexpressiong MDA-
MB-231 cells (Yamaguchi et al., 2009). Together these results highlight that lipid rafts and 
caveolin-1 are important for invadopodia function in breast cancer cells. 
MMP14 is not the only lipid raft-affiliated proteinase implicated in breast cancer 
progression. Aberrant expression of MMP2 and MMP9, which localize in rafts during cancer 
cell migration (Patra, 2008), have been associated with high-grade breast cancer (Mira et al., 
2004). Downregulation of MMP2 and MMP9 has been shown to decrease tumour cell 
invasion (Patra, 2008). Similarly, the serine protease urokinase-type plasminogen activator 
(uPA) and its receptor (uPAR), which have been linked to breast cancer progression and 
metastasis (Patra, 2008; Sahores et al., 2008), localise to lipid rafts during cancer cell 
migration (Sahores et al., 2008). A recent study investigating the importance of lipid rafts in 
regulating uPAR and MMP9 functionality in breast cancer has demonstrated that cholesterol 
depletion reduces co-localisation of uPAR and MMP9 with lipid rafts and significantly 
decreases their total protein and mRNA levels (Raghu et al., 2010). Lipid raft disruption in 
breast cancer cells resulted in reduced amounts of active Src, FAK, Akt and ERK and 
increased uPAR co-localisation with lysosomal markers, which was reversed after 
cholesterol repletion (Raghu et al., 2010). This is in agreement with previous observations of 
differences in MMP9-driven cell migration according to its sub-cellular localisation inside or 
outside rafts (Mira et al., 2004).  
Although controversial, another approach to understanding breast cancer metastasis comes 
from the observation that disseminated tumour cells have progenitor-like properties, termed 
“cancer stem cells” (Acconcia et al., 2004). Low expression of CD24, a ligand for P-selectin 
on cancer and myeloid cells (Aigner et al., 1997), has been proposed as a marker for cancer 
stem cells, and breast cancer patients with aggressive triple-negative disease reportedly 
have higher percentages of cancer stem-like cells (May et al., 2011; Reuben et al., 2011). CD24 
appears to govern the localization and function of the chemokine receptor CXCR4, which 
regulates proliferation in primary and metastatic breast cancer (Smith et al., 2004). CXCR4 
must localise in lipid rafts for effective signalling (Manes et al., 2001; Wysoczynski et al., 
2005), and CD24 reportedly reduces cellular responsiveness to CXCR4 signalling in a 
metastatic breast cancer cell line by excluding the latter from lipid rafts (Schabath et al., 
2006). Thus low CD24 levels in putative cancer stem cells would have a positive effect on 
CXCR4-driven proliferative signalling, via enhanced raft affiliation of CXCR4. Accordingly, 
high expression of CD24 has been shown to reduce tumour growth and spread in mice 
(Schabath et al., 2006). Therefore CXCR4 metastatic potential may be modulated by altering 
its affiliation with rafts independently of its expression levels. 
Another proposed marker for breast cancer stem cells is CD44 (Blick et al., 2010; May et al., 
2011), a multi-functional lipid raft-affiliated transmembrane glycoprotein expressed in a 
variety of tissues (Murai et al., 2011). CD44 is the major receptor for the extracellular matrix 
component hyaluronan (HA) (Herrera-Gayol & Jothy, 1999); but it can also act as a co-
receptor for growth factors (Bourguignon et al., 1997; Orian-Rousseau et al., 2002) and 
organise the cellular actin cytoskeleton through cytoplasmic linker proteins (Ponta et al., 
2003). CD44 abnormalities have been associated with aggressive histological features of 
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breast cancer (Joensuu et al., 1993; Diaz et al., 2005), and the association of CD44 with MMP9 
in breast tumour cells promotes tumour cell migration and invasion (Bourguignon et al., 
1998). It is possible that this matrix-degrading association takes place in lipid rafts, where 
both CD44 and MMP9 localize. Interactions between CD44 and HA also stimulate a variety 
of events leading to tumour progression, including Rho kinase activation, Ras signalling and 
others (reviewed in Bourguignon, 2008). Although the exact mechanisms of these events 
have yet to be clarified, one proposed method involves CD44 interaction with ankyrin 
within lipid rafts (Singleton & Bourguignon, 2004). Another matrix glucosaminoglycan, 
osteopontin, can also activate CD44 to promote cell survival and increased endothelial 
adhesion by recruiting Src and integrins into lipid rafts (Lee et al., 2008).  
The influence of CD44 on cancer progression also extends to other growth factor signalling 
pathways, since it has previously been demonstrated that the growth factor receptor c-Met 
cannot be activated by its ligand alone, but also requires CD44 co-expression (van der Voort 
et al., 1999). c-Met, which has been shown to localise in lipid rafts and whose signalling is 
sensitive to cholesterol depletion (Coleman et al., 2009), is frequently dysregulated in 
metastatic breast cancer (Gastaldi et al., 2010; Elnagar et al., 2011). It can thus be 
hypothesised that lipid rafts are required for successful transduction of growth factor- 
mediated oncogenic signals through formation of functional CD44 complexes. 
Taken altogether, several key molecules frequently implicated in breast cancer initiation, 
growth and migration are regulated by lipid rafts via sequestration, endocytosis or 
termination of protein interactions. Considering the ongoing need to develop drugs which 
selectively attack cancer cells while leaving normal cells unaltered, the imbalance in lipid 
raft composition between tumour and normal cells may suggest rafts as attractive and novel 
pharmacological targets in the battle against breast cancer. 

4. Lipid rafts as novel therapeutic targets in breast cancer 
This section will focus on current cancer treatments targeting lipid rafts, the potential 
importance of lipid raft modulation to overcome mechanisms of drug resistance, and new 
mechanisms associated with lipid raft physiology that could be targeted by novel drugs. 
Finally it will discuss the importance of the diet in influencing lipid raft physiology as a 
potential mechanism to prevent or reduce cancer dissemination. 

4.1 Current drug treatments targeting lipid rafts 

There is growing interest in the possibility of targeting lipid rafts for cancer treatments due 
to their role in the regulation of many steps of tumour transformation and progression, such 
as the apoptotic pathways initiated by FasL and TRAIL. Current treatments targeting lipid 
rafts are mainly focused on activating these apoptotic pathways in cancer cells. However 
many classes of drugs routinely used in breast cancer chemotherapy have been shown to 
exert some of their effects by modulating lipid rafts. 
One key example is cisplatin, whose mechanism of action is still incompletely understood, 
but which has been described to exert some of its actions through modulation of ceramide 
lipid rafts. In a human colon cancer cell line, cisplatin induced clustering of the Fas receptor 
in membrane lipid rafts by activating the acid sphingomyelinase (ASMase), which produces 
ceramide and is responsible for induction of apoptosis. Nystatin, a compound which 
disrupts lipid rafts, completely reversed this effect (Lacour et al., 2004). It has also been 
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reported that a combination of cisplatin and an anti-Fas antibody in cells expressing 
sphingomyelinase induced marked apoptosis of cancer cells (Huang et al., 2010). 
Moreover, histone deacetylase inhibitors (HDACi), powerful tumour suppressors for many 
different solid and hematologic cancers, have also been shown to modulate lipid raft 
physiology. These compounds act on tumour cells by inducing accumulation of acetylated 
proteins that can cause growth arrest, apoptosis and ROS-induced cell death (Marks & Xu, 
2009). Since normal cells are resistant to these treatments, HDACi have been widely tested 
in clinical trials alone or in combination with other drugs (Marks & Xu, 2009). Van Oosten 
and colleagues observed a drastic increase in the expression and localization of TRAIL in 
lipid rafts after treatment of prostate cancer cells with a HDACi depsipeptide, inducing 
elevated cell apoptosis (Vanoosten et al., 2005). Similarly, in preclinical mouse breast cancer 
models the HDACi vorinostat, in combination with administration of monoclonal antibodies 
against the mouse TRAIL receptor (DR5), induced robust cell apoptosis (Frew et al., 2008). 
Likewise, some derivatives of doxorubicin, an anthracycline widely used in breast cancer 
adjuvant chemotherapy, exercise their actions by activating lipid raft-associated pathways. 
Aroui and colleagues illustrated that treatment of MDA-MB-231 cells with Dox-CPP, 
obtained by conjugating doxorubicin to a cell-penetrating peptide, sensitised cells to TRAIL-
induced apoptotic pathways by increasing TRAIL clustering and its inclusion in ceramide 
lipid rafts (Aroui et al., 2009). Lipid raft-mediated activation of TRAIL is also important 
because it reduces resistance mechanisms associated with doxorubicin resistance. 

4.2 Overcoming drug resistance by targeting lipid rafts  
One major drawback of current cancer treatment regimens is the development of drug 
resistance. Two main mechanisms have been described to be involved in this multifactorial 
process: 1) alterations in tumour cell physiology that cause either insensitivity to drug-induced 
apoptosis or induction of drug-detoxifying mechanisms; 2) expression of energy-dependent 
transporters that detect and eject anti-cancer drugs from cells (Wang et al., 2010).  
Recent evidence points to the correlation of both mechanisms with lipid raft physiology. 
Mechanisms of breast cancer resistance to the anti-HER2 therapeutic antibody Herceptin/ 
Trastuzumab may involve compensatory signalling through dimerisation of HER2 with 
other ErbB family members, cross-talk between HER2 and the IGF-1R pathway, coverage of 
the antibody binding site by MUC4 overexpression, and constitutive activation of the PI3 
kinase/Akt pathways (Nahta & Esteva, 2006). Interestingly, all these events take place in 
lipid raft compartments and are involved in the activation of alternative oncogenic 
pathways to overcome the inhibitory effects of cancer treatments. Therefore, treatments 
altering lipid raft physiology could provide hope in preventing or reducing mechanisms of 
resistance to specific anti-cancer drugs.  
HER2 over-expression in breast cancer cells has also been reported to stimulate fatty acid 
synthase (FASyn) gene expression (Menendez et al., 2004). FASyn is a major lipogenic 
enzyme catalyzing the synthesis of long-chain saturated fatty acids, which localize to lipid 
rafts in epithelial cells. Accordingly, FASyn inhibitors work by altering lipid raft physiology 
through deregulation of fatty acid synthesis; and have been reported to re-sensitise cells to 
Trastuzumab, causing growth inhibition and apoptotic cell death. Since these inhibitors also 
affect EGFR1 localization to lipid rafts, they may also disrupt the cross-talk between HER2 
and EGFR which is involved in Trastuzumab resistance (reviewed in Menendez, 2005).  
Correspondingly, since ER can localize to lipid rafts through post-translational lipid 
modifications termed acylations, lipid rafts have been suggested as the  possible location of 
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interactions between ER and growth factor receptors which occur during resistance to 
endocrine therapy (Acconcia et al., 2004; Weinberg et al., 2005; Arpino et al., 2008). 
Mutations of ER acylation sites impair the ability of ER to activate transcription and cell 
proliferation in response to estradiol stimulation (Pietras et al., 2005). It is appealing to 
speculate that combinations of hormonal therapies and treatments altering ER localization 
to lipid rafts could prevent cross-talk between ER and EGFR pathways; and may be a future 
therapeutic strategy to reduce drug resistance arising in hormonal therapy. Furthermore, it 
has been shown that poor responsiveness of breast cancer cells to treatment with the EGFR 
inhibitor gefitinib may be due to increased localization of EGFR in lipid raft domains. 
Treatment of breast cells with lipid raft-disrupting agents (such as lovastatin) induced 
cellular sensitivity to gefitinib, and abrogated proliferative pathways initiated by Akt 
phosphorylation (Irwin et al., 2010). 
However, along with single drug resistance in breast cancer therapy, the phenomenon of 
multidrug resistance has also been described (Ogretmen & Hannun, 2001). This occurs when 
resistance to one drug is accompanied by resistance to drugs whose structures and 
mechanisms of action may be completely different. Several studies have observed 
alterations of lipid raft components in multidrug-resistant cells, such as increased caveolin-1 
expression, larger numbers of caveolae (Lavie et al., 1998) and elevated membrane 
cholesterol content (Gayet et al., 2005). Lavie and colleagues suggested that an increased 
number of caveolae may be more of a cause than an effect of multidrug resistance. In fact, 
caveolae, being capable of effluxing cholesterol, may be used by cancer cells to efflux 
lipophilic drugs. Since caveolar efficiency to efflux cholesterol or any cytotoxic drug is very 
low, they hypothesized that a higher number of caveolae is therefore necessary to 
compensate for drug cytotoxic effects and efflux them efficiently (Lavie et al., 1998).  
Cellular lipid changes are also often accompanied by increased expression of ABC 
transporters which can localize to lipid rafts (Klappe et al., 2009). One member of this 
family, BCRP/ABCG2, which was discovered and cloned in breast cancer cells (Doyle et al., 
1998), has been recently described to localize to lipid rafts. Interestingly, disruption of lipid 
rafts using methyl-β-cyclodextrin has been shown to cause a 40% decrease in BCRP activity 
(Storch et al., 2007); further highlighting the potential value of pharmacological raft 
targeting as a mechanism of reducing multi-drug resistance.  
Overall these examples demonstrate the importance of lipid rafts in clustering oncogenic 
signalling molecules that are involved in breast cancer resistance to current conventional 
treatments. It is also evident that treatments aimed at preventing or disrupting the 
localisation of oncogenic signalling mediators (such as HER2, ER, IGF-1R or ABC 
transporters) in lipid rafts may prove therapeutically useful in combination with current 
treatments in order to prevent the development of resistance. 

4.3 Novel lipid raft- mediated approaches in breast cancer treatment  
Recently, glycomic studies have highlighted an emerging and critical importance of glycans 
in influencing lipid raft physiology. Therefore potential future cancer treatments may also 
indirectly target lipid rafts by targeting glycans. For example, in breast cancer cells, 
gangliosides (such as the ganglioside GM1 or the O-glycosylated protein MUC4) regulate 
the formation of EGFR growth factor-responsive heterodimer complexes in lipid rafts 
(Komatsu et al., 2001). Lipid rafts play a fundamental role in providing a microenvironment 
favouring functional interactions between glycans and HER2 / HER3, which drive tumour 
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reported that a combination of cisplatin and an anti-Fas antibody in cells expressing 
sphingomyelinase induced marked apoptosis of cancer cells (Huang et al., 2010). 
Moreover, histone deacetylase inhibitors (HDACi), powerful tumour suppressors for many 
different solid and hematologic cancers, have also been shown to modulate lipid raft 
physiology. These compounds act on tumour cells by inducing accumulation of acetylated 
proteins that can cause growth arrest, apoptosis and ROS-induced cell death (Marks & Xu, 
2009). Since normal cells are resistant to these treatments, HDACi have been widely tested 
in clinical trials alone or in combination with other drugs (Marks & Xu, 2009). Van Oosten 
and colleagues observed a drastic increase in the expression and localization of TRAIL in 
lipid rafts after treatment of prostate cancer cells with a HDACi depsipeptide, inducing 
elevated cell apoptosis (Vanoosten et al., 2005). Similarly, in preclinical mouse breast cancer 
models the HDACi vorinostat, in combination with administration of monoclonal antibodies 
against the mouse TRAIL receptor (DR5), induced robust cell apoptosis (Frew et al., 2008). 
Likewise, some derivatives of doxorubicin, an anthracycline widely used in breast cancer 
adjuvant chemotherapy, exercise their actions by activating lipid raft-associated pathways. 
Aroui and colleagues illustrated that treatment of MDA-MB-231 cells with Dox-CPP, 
obtained by conjugating doxorubicin to a cell-penetrating peptide, sensitised cells to TRAIL-
induced apoptotic pathways by increasing TRAIL clustering and its inclusion in ceramide 
lipid rafts (Aroui et al., 2009). Lipid raft-mediated activation of TRAIL is also important 
because it reduces resistance mechanisms associated with doxorubicin resistance. 

4.2 Overcoming drug resistance by targeting lipid rafts  
One major drawback of current cancer treatment regimens is the development of drug 
resistance. Two main mechanisms have been described to be involved in this multifactorial 
process: 1) alterations in tumour cell physiology that cause either insensitivity to drug-induced 
apoptosis or induction of drug-detoxifying mechanisms; 2) expression of energy-dependent 
transporters that detect and eject anti-cancer drugs from cells (Wang et al., 2010).  
Recent evidence points to the correlation of both mechanisms with lipid raft physiology. 
Mechanisms of breast cancer resistance to the anti-HER2 therapeutic antibody Herceptin/ 
Trastuzumab may involve compensatory signalling through dimerisation of HER2 with 
other ErbB family members, cross-talk between HER2 and the IGF-1R pathway, coverage of 
the antibody binding site by MUC4 overexpression, and constitutive activation of the PI3 
kinase/Akt pathways (Nahta & Esteva, 2006). Interestingly, all these events take place in 
lipid raft compartments and are involved in the activation of alternative oncogenic 
pathways to overcome the inhibitory effects of cancer treatments. Therefore, treatments 
altering lipid raft physiology could provide hope in preventing or reducing mechanisms of 
resistance to specific anti-cancer drugs.  
HER2 over-expression in breast cancer cells has also been reported to stimulate fatty acid 
synthase (FASyn) gene expression (Menendez et al., 2004). FASyn is a major lipogenic 
enzyme catalyzing the synthesis of long-chain saturated fatty acids, which localize to lipid 
rafts in epithelial cells. Accordingly, FASyn inhibitors work by altering lipid raft physiology 
through deregulation of fatty acid synthesis; and have been reported to re-sensitise cells to 
Trastuzumab, causing growth inhibition and apoptotic cell death. Since these inhibitors also 
affect EGFR1 localization to lipid rafts, they may also disrupt the cross-talk between HER2 
and EGFR which is involved in Trastuzumab resistance (reviewed in Menendez, 2005).  
Correspondingly, since ER can localize to lipid rafts through post-translational lipid 
modifications termed acylations, lipid rafts have been suggested as the  possible location of 
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interactions between ER and growth factor receptors which occur during resistance to 
endocrine therapy (Acconcia et al., 2004; Weinberg et al., 2005; Arpino et al., 2008). 
Mutations of ER acylation sites impair the ability of ER to activate transcription and cell 
proliferation in response to estradiol stimulation (Pietras et al., 2005). It is appealing to 
speculate that combinations of hormonal therapies and treatments altering ER localization 
to lipid rafts could prevent cross-talk between ER and EGFR pathways; and may be a future 
therapeutic strategy to reduce drug resistance arising in hormonal therapy. Furthermore, it 
has been shown that poor responsiveness of breast cancer cells to treatment with the EGFR 
inhibitor gefitinib may be due to increased localization of EGFR in lipid raft domains. 
Treatment of breast cells with lipid raft-disrupting agents (such as lovastatin) induced 
cellular sensitivity to gefitinib, and abrogated proliferative pathways initiated by Akt 
phosphorylation (Irwin et al., 2010). 
However, along with single drug resistance in breast cancer therapy, the phenomenon of 
multidrug resistance has also been described (Ogretmen & Hannun, 2001). This occurs when 
resistance to one drug is accompanied by resistance to drugs whose structures and 
mechanisms of action may be completely different. Several studies have observed 
alterations of lipid raft components in multidrug-resistant cells, such as increased caveolin-1 
expression, larger numbers of caveolae (Lavie et al., 1998) and elevated membrane 
cholesterol content (Gayet et al., 2005). Lavie and colleagues suggested that an increased 
number of caveolae may be more of a cause than an effect of multidrug resistance. In fact, 
caveolae, being capable of effluxing cholesterol, may be used by cancer cells to efflux 
lipophilic drugs. Since caveolar efficiency to efflux cholesterol or any cytotoxic drug is very 
low, they hypothesized that a higher number of caveolae is therefore necessary to 
compensate for drug cytotoxic effects and efflux them efficiently (Lavie et al., 1998).  
Cellular lipid changes are also often accompanied by increased expression of ABC 
transporters which can localize to lipid rafts (Klappe et al., 2009). One member of this 
family, BCRP/ABCG2, which was discovered and cloned in breast cancer cells (Doyle et al., 
1998), has been recently described to localize to lipid rafts. Interestingly, disruption of lipid 
rafts using methyl-β-cyclodextrin has been shown to cause a 40% decrease in BCRP activity 
(Storch et al., 2007); further highlighting the potential value of pharmacological raft 
targeting as a mechanism of reducing multi-drug resistance.  
Overall these examples demonstrate the importance of lipid rafts in clustering oncogenic 
signalling molecules that are involved in breast cancer resistance to current conventional 
treatments. It is also evident that treatments aimed at preventing or disrupting the 
localisation of oncogenic signalling mediators (such as HER2, ER, IGF-1R or ABC 
transporters) in lipid rafts may prove therapeutically useful in combination with current 
treatments in order to prevent the development of resistance. 

4.3 Novel lipid raft- mediated approaches in breast cancer treatment  
Recently, glycomic studies have highlighted an emerging and critical importance of glycans 
in influencing lipid raft physiology. Therefore potential future cancer treatments may also 
indirectly target lipid rafts by targeting glycans. For example, in breast cancer cells, 
gangliosides (such as the ganglioside GM1 or the O-glycosylated protein MUC4) regulate 
the formation of EGFR growth factor-responsive heterodimer complexes in lipid rafts 
(Komatsu et al., 2001). Lipid rafts play a fundamental role in providing a microenvironment 
favouring functional interactions between glycans and HER2 / HER3, which drive tumour 
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progression (Komatsu et al., 2001; Nagy et al., 2002). Antibodies targeting MUC4 or 
treatments targeting gangliosides (i.e. ceramide glycosylation inhibitors or ganglioside-
targeted vaccines such as NeuGcGM3 and Theratope) may therefore be possible treatments 
to interfere with ErbB-driven proliferation of breast cancer cells via modulation of lipid raft 
physiology (Carr et al., 2003; Ibrahim & Murray, 2003; Julien et al., 2009; Mulens et al., 2010). 
Raft-dependent endocytosis of paclitaxel-conjugated autocrine motility factor is elevated in 
metastatic breast cancer cells and has been shown to induce tumour regression and promote 
survival of tumour-bearing mice (Kojic et al., 2008; Kojic et al., 2007). In addition, some new 
generation treatments have considered the use of nanoparticles to target lipid raft-affiliated 
proteins involved in tumour progression and invasion. Conjugated nanoparticles present 
the advantage of selectively targeting cancer cells without affecting the physiology of 
normal cells. For example, a study in glioma cells using magnetic nanoparticles conjugated 
to chlorotoxin (which targets MMP2, a protein highly expressed in glioma tumour cells) 
demonstrated the induction of lipid-raft mediated endocytosis of MMP2 together with Cl- 
and K+ channels (Veiseh et al., 2009), the latter proteins being involved in regulating cell 
volume during cell invasion. Using this system, a 98% reduction in invasion was observed 
in nanoparticle-treated cells compared to controls. In the same manner, MMP2 has also been 
shown to play a role in breast cancer progression and invasion and has been described as a 
marker for poor prognosis in ER- negative patients (Ma et al., 2009). Therefore, it is 
conceivable that an approach similar to the one used by Veiseh et al. might be useful as a 
companion drug strategy for breast cancer chemotherapy.  

4.4 Lipid rafts and diet in cancer progression 

Cancer cells generally possess higher levels of saturated fatty acids and cholesterol than 
normal cells (Li et al., 2006). Emerging evidence thus suggests the potential of diet to 
influence raft composition and the role of rafts in cancer pathophysiology (section 3.2).  
Several studies have shown that polyunsaturated fatty acids (PUFAs) may have anti-
carcinogenic properties (Sauer et al., 2007). The mechanism by which PUFAs work is still 
incompletely understood, but two mechanisms have been proposed. The first suggests that 
PUFAs affect the palmitoylation status of lipid raft proteins (Webb et al., 2000); while the 
second model suggests that PUFAs, having a low affinity for cholesterol due to their bulky 
structure, reduce raft cholesterol levels and cause displacement of raft proteins (Stulnig et 
al., 2001). In fact, it has been described that in vivo PUFA supplementation affects lipid raft 
composition by depleting up to 50% of cholesterol and by altering lipid raft/caveolar 
protein composition. In comparison to chemical disruption of lipid rafts (e.g. with methyl-β-
cyclodextrin and nystatin), PUFA treatment is very selective and depletes only membrane 
cholesterol without affecting other cellular sources of cholesterol (Ma et al., 2004).  
It has also been shown that PUFAs such as EPA and DHA inhibit protein palmitoylation of 
selected T cell lipid raft proteins (such as Fyn) similarly to the chemical compound 2-
bromopalmitate (Webb et al., 2000). Interestingly, in MDA-MB-231 breast cancer cells, 
PUFAs have been shown to decrease cell proliferation and induce apoptotic cell death 
probably by decreasing Akt/NFĸB signal transduction (Schley et al., 2005). Furthermore, 
PUFA treatment has been shown to increase EPA and DHA concentrations in lipid rafts, 
with a corresponding decrease of sphingomyelin, cholesterol and diacylglycerol (Schley et 
al., 2007). In particular, PUFAs reduce sphingomyelin levels by inducing its hydrolysis to 
ceramide, which (as discussed) activates pro-apoptotic pathways (Schley et al., 2005). 
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Section 3 discussed how lipid raft disruption negatively modulates EGFR localization and 
signalling, and, similarly, PUFAs have been shown to exert pro-apoptotic properties by 
reducing EGFR localization within lipid rafts, thus inducing a sustained activation of EGFR 
and p38 phosphorylation in breast cancer cells (Schley et al., 2007). In the same way, (–)-
epigallocatechin-3-gallate (EGCG), the active compound contained in green tea, can alter 
lipid raft domain composition. EGCG has been described to prevent EGF interactions with 
its receptor, to prevent EGFR dimerisation and to inhibit its localisation within rafts. This 
would promote pro-apoptotic signalling via p38. Altogether, EGFR translocation alters its 
activation status and may have anti-cancer effects (Patra et al., 2008). EGCG also exerts 
further anti-cancer activity by suppressing proliferation and enhancing apoptosis by 
interfering with lipid raft remodelling (Patra et al., 2008). Indeed, EGCG has been described 
to block the laminin-1 receptor, a raft-affiliated protein (Tachibana et al., 2004) whose 
activation is connected with a kinase/phosphatase cascade involved in tumour progression 
(Patra et al., 2008). Interestingly, EGCG also seems to play a role in modulating multidrug 
resistance. In fact it has been described that EGCG causes a dose-dependent increase in 
apoptosis in Trastuzumab- (Eddy et al., 2007), Tamoxifen- and multidrug-resistant breast 
cancer cells (Farabegoli et al., 2010). 
Taken together, we have summarized putative anti-tumour mechanisms involving 
interference with lipid rafts, and highlighted the importance of rafts as targets for cancer 
therapy. Development of drugs directed to specific raft components could facilitate 
widespread use of these treatments; while dietary modification alone could influence 
tumorigenic behaviour through modulation of lipid raft composition.  Overall we suggest 
that lipid rafts play a key role both in the prevention and treatment of breast cancer, and are 
confident that further studies in this area will prove highly fruitful in the future. 
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1. Introduction 
Breast cancer is the leading cause of cancer deaths among women in the United States and 
Europe [Jemal et al., 2011]. Most of these women die from their metastases, also known as 
the spread of primary breast cancer cells, to distant organs such as lung, brain and bone 
[Mehrotra et al., 2004]. Metastatic development comprises a complex series of linked, 
sequential steps. These steps include disconnection of intercellular adhesions and separation 
of single cells within a primary tumour, interaction with the surrounding extracellular 
matrix, local migration and invasion, followed by intravasation, transit through blood 
vessels and extravasation at distant organs, where they establish secondary tumours or 
metastases. In other words, the most lethal aspects of breast cancer are the processes of 
tumour cell migration and invasion, both prerequisites for the formation of metastases 
[Yilmaz & Christofori, 2010]. At present, however, the mechanisms responsible for the 
acquisition of invasive and metastatic potential of tumour cells are poorly understood. Thus, 
a better understanding of the biology and molecular interactions that regulate and 
coordinate the steps of tumour cell migration and invasion, is required to effectively treat 
metastatic breast cancer and control the devastating nature of breast cancer. It is widely 
accepted that cancer cells, capable of initiating metastases acquire specific features and exert 
activities that are not shared with the primary tumour cells [Liotta & Kohn, 2001]. Over the 
past years, a number of particular complex invasion-associated cellular activities have been 
recognized and characterized, including variations in expression levels of cell-cell and cell-
matrix adhesion molecules and proteases that degrade the surrounding extracellular matrix, 
along with changes in expression or activity levels of a variety of cellular proteins in 
multiple branched signalling pathways [Mareel & Leroy, 2003]. Additionally, previous 
studies have highlighted the importance of aberrant glycosylation as a crucial event in the 
induction of invasion and metastasis [Hakomori, 2002], including altered glycosylation of 
cell-surface glycoproteins [Kim & Varki, 1997] and GSLs (glycosphingolipids) [Hakomori, 
1998]. GSLs are common components of cell membranes. In malignant cells, they have been 
identified as tumour-associated antigens as defined by specific monoclonal antibodies 
[Hakomori, 1996]. Essentially all GSLs, in tumour and normal cells, can cluster and assemble 
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1. Introduction 
Breast cancer is the leading cause of cancer deaths among women in the United States and 
Europe [Jemal et al., 2011]. Most of these women die from their metastases, also known as 
the spread of primary breast cancer cells, to distant organs such as lung, brain and bone 
[Mehrotra et al., 2004]. Metastatic development comprises a complex series of linked, 
sequential steps. These steps include disconnection of intercellular adhesions and separation 
of single cells within a primary tumour, interaction with the surrounding extracellular 
matrix, local migration and invasion, followed by intravasation, transit through blood 
vessels and extravasation at distant organs, where they establish secondary tumours or 
metastases. In other words, the most lethal aspects of breast cancer are the processes of 
tumour cell migration and invasion, both prerequisites for the formation of metastases 
[Yilmaz & Christofori, 2010]. At present, however, the mechanisms responsible for the 
acquisition of invasive and metastatic potential of tumour cells are poorly understood. Thus, 
a better understanding of the biology and molecular interactions that regulate and 
coordinate the steps of tumour cell migration and invasion, is required to effectively treat 
metastatic breast cancer and control the devastating nature of breast cancer. It is widely 
accepted that cancer cells, capable of initiating metastases acquire specific features and exert 
activities that are not shared with the primary tumour cells [Liotta & Kohn, 2001]. Over the 
past years, a number of particular complex invasion-associated cellular activities have been 
recognized and characterized, including variations in expression levels of cell-cell and cell-
matrix adhesion molecules and proteases that degrade the surrounding extracellular matrix, 
along with changes in expression or activity levels of a variety of cellular proteins in 
multiple branched signalling pathways [Mareel & Leroy, 2003]. Additionally, previous 
studies have highlighted the importance of aberrant glycosylation as a crucial event in the 
induction of invasion and metastasis [Hakomori, 2002], including altered glycosylation of 
cell-surface glycoproteins [Kim & Varki, 1997] and GSLs (glycosphingolipids) [Hakomori, 
1998]. GSLs are common components of cell membranes. In malignant cells, they have been 
identified as tumour-associated antigens as defined by specific monoclonal antibodies 
[Hakomori, 1996]. Essentially all GSLs, in tumour and normal cells, can cluster and assemble 
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with specific membrane proteins and signal transducers. Of importance is that clustering of 
particular GSLs may affect cellular activities associated with tumour cell migration and 
invasion, since they are recognized to mediate cell-cell and cell-matrix adhesion and initiate 
signal transduction, induced by stimulation of GSLs [Hakomori et al., 1998]. Roles for GSLs 
in invasion were demonstrated recently for GM3 (monosialoganglioside 3) in mouse 
melanoma B16 cells [Iwabuchi et al., 1998; Iwabuchi et al., 1998] and in human bladder 
KK47 cells [Mitsuzuka et al., 2005], for GM1 in mouse Lewis lung cancer cells [Zhang et al., 
2006], for DSGG (diasyl-GalNAcLc4) in renal cell carcinoma [Satoh et al., 2000; Ito et al., 
2001] and for GD3 (disialoganglioside 3) in melanoma cells [Hamamura et al., 2005]. The 
glycosphingolipid, MSGb5 (monosialyl-Gb5), also known as SSEA-4 (stage-specific 
embryonic antigen-4) [Kannagi et al., 1983], is found maximally expressed in human renal 
cell carcinomas and correlates with metastases [Saito et al., 1991; Saito et al., 1997]. The 
molecular mechanisms regulating synthesis of MSGb5 have been studied previously [Saito 
et al., 2003]; however, no clear functional role of MSGb5 in the invasive and metastatic 
behaviour of tumour cells has been demonstrated. In this chapter, we present data on a 
functional role of the glycosphingolipid MSGb5 in the human mammary carcinoma variant 
cell line MCF-7/AZ, showing increased invasiveness and motility in response to stimulation 
of MSGb5 by its monoclonal antibody RM1 or through induced clustering of MSGb5 by ET-
18-OMe. ET-18-OMe is a synthetic ether lipid analogue shown to induce loss of cell-cell 
adhesion and to stimulate invasion of MCF-7/AZ breast cancer cells [Steelant et al., 2001] 
and was used as a molecular probe in the presented study. 

2. TLC patterns of GSLs from cell extracts of MCF-7AZ and MCF-7/6 cells 
The major GSLs identified in the two human breast cancer cell lines, MCF-7/AZ and MCF-
7/6, were characterized as: globo-series Gb3, Gb4, MsGb5 and ganglio-series structure GM2, 
by TLC developed in a solvent system of chloroform/methanol/aqueous CaCl2 and 
visualized with orcinol staining (Figure 1) [Saito et al., 1971]. Lacto-series structures were 
presumably below the detection limit. 
 

 
Fig. 1. TLC pattern of GSLs from whole cell extracts of MCF-7/AZ and MCF-7/6 cells with or 
without ET-18-OMe. GSLs were extracted from cells of the same protein weight, spotted onto 
TLC plates, developed in a solvent system of chloroform/methanol/0.2% aqueous CaCl2, 
visualized by spraying with 0.5% orcinol in 2M sulfuric acid. CDH (lactosylceramide), Gb3, 
Gb4, MSGb5, GM3, GM1, GD3 and GD1b were used as reference markers.  
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All identified GSLs were present in the insoluble low–density fractions, as prepared after 
elimination of sucrose by dialysis and detected by TLC immunostaining with specific 
monoclonal antibodies (mouse IgM 1A4 to Gb3, mouse IgM 9G7 to Gb4, mouse IgM SSEA-3 
to Gb5, mouse IgM RM1 to MSGb5, mouse IgM MBr1 to globo-H (1→2 fucosyl-Gb5), 
mouse IgM MK1-8 to GM2, mouse IgG3 DH2 to GM3 and mouse IgM 5F3 to disialyl-Gb5) 
[Kannagi & Hakomori, 2001; Ito et al., 2001] (Figure 2). The cell variants in this study lack 
the abundant presence of GM3 and GM1 as was reported by Nohara et al. (1998) in MCF-7 
cells, but show a comparable expression pattern for Gb3 and other globo-series structures 
similar to Gb5 and globo-H. Furthermore, we found that treatment with the ether lipid ET-
18-OMe did not alter the expression levels of GSLs present in these cell lines. 
 

 
Fig. 2. TLC pattern of GSLs in low-density fractions of MCF-7/AZ and MCF-7/6 cells with 
or without ET-18-OMe. GSL fractions were prepared after elimination of sucrose by dialysis 
using C18 columns. Immunostaining of various GLS structures present in the low-density 
fractions were detected by using nine antibodies directed against the respective structures. 

3. RM1 and ET-18-OMe stimulate motility and invasion through clustering of 
MsGb5 in MCF-7/AZ cells 
The two human breast cancer cell variants, MCF-7/AZ and MCF-7/6, are non-invasive into a 
collagen type I gel-layer as determined by a method using specific assembly [Bracke et al., 
1999] and the motility of the two variants as revealed by wound migration assay is basically 
the same. When MCF-7/AZ cells were treated with monoclonal anti-MSGb5 antibody RM1 or 
with ET-18-OMe, their invasiveness into collagen I layer was greatly enhanced, while no such 
effect could be observed on MCF-7/6 cells. Control IgM antibodies from normal mouse serum 
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and antibodies to other GSLs (anti-globo-H MBr-1, anti-Gb3 1A4, anti-Gb5 SSEA-3, anti-GM2 
MK1-8) [Steelant et al., 2002], did not increase invasiveness of either cell variant (Figure 3).  
 

 
Fig. 3. Invasiveness of MCF-7/AZ cells and MCF-7/6 cells. Effect of mouse IgM or 
antibodies against Globo-H (MBr-1), Gb3 (1A4), Gb5 (SSEA-3), GM2 (MK1-8), MSGb5 (RM1) 
and ET-18-OMe on invasion into collagen type I of MCF-7/AZ cells (open columns) and 
MCF-7/6 cells (black columns). The invasion index expresses the percentage of cells 
invading into collagen type I over the total number of cells after 24 h. Results are means + 
S.D., * indicate statistical difference from control conditions, untreated MCF-7/AZ and 
MCF-7/6 cells, p< 0.05. 

The motility of MCF-7/AZ cells was also enhanced upon treatment with anti-MSGb5 
monoclonal antibody RM1, and again similar treatment did not influence the migratory 
capacity of the other variant cell line, MCF-7/6 (Figure 4).  
 

 
Fig. 4. Migration of MCF-7/AZ and MCF-7/6 cells. Effect of MSGb5 antibody RM1 and ET-
18-OMe on MCF-7/AZ and MCF-7/6 cells in wound migration assay. Confluent cells were 
wounded, measured and allowed to grow in the presence of RM1 and ET-18-OMe. Scale bar 
= 250 m. After 24 h, the distances over which the cells migrated were measured and results 
are expressed as migratory velocity (m/h). *, indicate statistical difference from untreated 
MCF-7/AZ and MCF-7/6 cells (p<0.05). 
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Although both cell lines displayed no differences in their GSL composition upon treatment 
with ET-18-OMe, the possibility arose that changes in organization and clustering of GSLs 
could be responsible for the observed biological activity and this presumably through 
assembly with and activation of associated signal transducers. Such an activation model was 
reported for disialylgalactosylgloboside, DSGG, in the renal cell carcinoma cell line TOS-1 
[Satoh et al., 2000] and for GM3 in B16 melanoma cells [Iwabuchi et al., 1998; Iwabuchi et al., 
1998]. Alterations in the organization pattern of MSGb5 were observed by 
immunofluoresescence and confocal microscopy (Figure 5). MSGb5 was detected in both 
variant cell lines MCF-7/AZ and MCF-7/6, which was consistent with the TLC data. 
Fluorescence examination of MCF-7/AZ cells treated with ET-18-OMe revealed clustering of 
MSGb5 at the membrane within minutes. Clustering of MSGb5 in MCF-7/6 cells was not 
observed (data not shown), nor clustering of other GSLs, for example Gb3 and Gb5 in MCF-
7/AZ cells after ET-18-OMe treatment. 
 

 
Fig. 5. Clustering of MSGb5 in MCF-7/AZ cells. The organizational pattern of MSGb5 by 
fluorescence(a) and confocal microscopy(b). Cells in suspension (a) or grown on glass 
coverslips (b-d), and analysed using antibodies against MSGb5, Gb3 and Gb5 and detected 
with FITC-labeled anti-mouse antibody. (a) and (b) show the homogenous organization of 
MSGb5, in untreated MCF-7/AZ cells; arrows indicate clustering of MSGb5 on the 
membrane of MCF-7/AZ cells after 10 and 60 min ET-18-OMe treatment. Organizational 
pattern of Gb3 (c) and Gb5 (d) by confocal microscopy, by using antibodies 1A4 against Gb3 
and SSEA-3 against Gb5, followed by FITC-labeled mouse antibodies. Scale bar = 10 m. 
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4. Src, the FAK-src signalling complex and the activation of the downstream 
pathway mediating invasion and motility in MCF-7/AZ cells 
Several studies provide evidence that the non-receptor tyrosine kinase, src, is implicated in 
cancer progression of several cancer types. Changes in its expression and tyrosine 
phosphorylation correlate with the acquisition of an invasive cell phenotype [Guarino, 
2010]. The motility and invasion promoting effects of RM1 and ET-18-OMe on MCF-7/AZ 
cells in our studies suggested that RM1 and ET-18-OMe initiate signalling pathways in 
MCF-7/AZ cells but not in MCF-7/6 cells. The possible involvement of src kinase in the 
signalling pathway leading to enhanced migration and invasion could be demonstrated by 
pretreating MCF-7/AZ cells with PP1, a pharmacological inhibitor of src kinase activity in 
the collagen I and wound migration assays (Figure 6).  
 

 

 
Fig. 6. Invasion and migration of MCF-7/AZ and MCF-7/6 cells. Effect of pharmacological 
inhibitor PP1 on RM1 or ET-18-OMe-mediated enhanced invasiveness (left panel) and 
migration of MCF-7/AZ cells (Right panel). Left: Invasion into collagen type I of MCF-7/AZ 
(open columns) and MCF-7/6 cells (black columns). The invasion index expresses the 
percentage of cells invading into collagen type I over the total number of cells. Right: 
Wound migration assay of MCF-7/AZ and MCF-7/6 cells. Scale bar = 250 m. After 24 h, 
the distances over which the cells migrated were measured and results are expressed as 
migratory velocity (m/h). *, indicate statistical difference from untreated MCF-7/AZ and 
MCF-7/6 cells (p<0.05). 
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Accordingly, western blotting results revealed that src kinase activity in MCF-7/AZ cells 
was greatly increased within minutes of RM1 or ET-18-OMe treatment, and abolished by 
pretreatment with PP1, while there was no such activation of src by both treatments in 
MCF-7/6 cells. In addition, expression levels of src were left unaltered (Figure 7).  
 

 
Fig. 7. Expression levels of phosphorylated src (Tyr416) upon RM1, RM1 + PP1, ET-18-OMe 
and ET-18-OMe + PP1 treatment in MCF-7/AZ and MCF-7/6 cells. Cells of 70% confluency 
were treated for indicated times, and lysed. Cell lysates, containing 30 g of proteins, were 
analysed by SDS-PAGE (7.5% gels) and immunoblotted with antibody against src (Tyr416). 
The membrane was stripped at 50°C for 30 min in stripping buffer (100 mM 2-mercapto-
ethanol, 2% (w/v) SDS, 62.5 mM Tris-HCl (pH 6.8)) and reblotted with anti-src antibody, for 
src total expression levels and equal loading. 

These results clearly demonstrated a prominent role for src in motility and invasion 
induced by RM1 and ET-18-OMe. A possible mechanism by which src further promotes 
invasive behavior is through formation of a transient complex with focal adhesion kinase 
(FAK) [Hauck et al., 2002; Hsia et al., 2003]. FAK is another non-receptor tyrosine kinase 
recognized in cancer progression since it is found upregulated in malignant human 
tumour samples [Chatzizacharias et al., 2008]. Correspondingly, in our western blotting 
studies, RM1 and ET-18-OMe treatment increased the activity of FAK at tyrosine residue 
397 (FAK Tyr397), the major autophosphorylation site [Parsons, 2003], in MCF-7/AZ cells 
and this also within minutes of treatment, while chemical levels of FAK remained 
unchanged (Figure 8). Similar treatment of MCF-7/6 cells did not change the activation of 
FAK Tyr397. 
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Fig. 8. Expression levels of phosphorylated FAK (Tyr397) upon RM1 and ET-18- OMe 
treatment in MCF-7/AZ and MCF-7/6 cells. Cells of 70% confluency were treated for 
indicated times, and lysed. Cell lysates, containing 30 g of proteins, were analysed by SDS-
PAGE (7.5% gels) and immunoblotted with antibody against FAK (Tyr397). The membrane 
was stripped and reblotted with anti-FAK, for FAK total expression levels and equal 
loading. 

FAK plays an important role in relaying signals to intracellular targets, such as src, 
generated by cellular adhesion molecules and other cell surface molecules when they 
interact with the surrounding extracellular matrix [Parsons, 2003; Mitra et al., 2005]. The 
activation of FAK results in increased phosphorylation at Tyr397, the major 
autophosphorylation site, and subsequently in the recruitment and binding of src through 
its SH2 domain and further stabilization of the src-FAK interaction by src’s SH3 domain 
[Thomas et al., 1998]. The formation of this transient bipartite kinase complex disrupts an 
inhibitory intramolecular interaction, resulting in increased activity of src [Schaller et al., 
1994; Xing et al., 1994]. The specific organization plays a crucial role in src-dependent and 
mediated phosphorylation of other tyrosine residues on FAK within the kinase domain 
activation loop (Tyr576 and Tyr577) and at the C-terminal domain residues, Tyr861 and 
Tyr925 [Calalb et al., 1995; Calalb et al., 1996; Schlaepfer et al., 1996]. Interesting is that the 
activated FAK (Tyr397)-src signalling complex allows the activation of multiple different 
downstream pathways depending on which specific tyrosine residue on FAK is activated 
[Brunton et al., 2005]. As shown in scheme 1, the activated FAK-src complex can result in the 
activation of the mitogen-activated protein kinase (MAPK)-cascade through FAK Tyr925 
[Schlaepfer et al. 1998], p130Cas via FAK Tyr861 [Lim et al., 2004] or paxillin by FAK Tyr576 
[Calalb et al., 1995]. These three signalling pathways downstream of the FAK-src signalling 
complex, all lead to increased release of matrix metalloproteinase-2 (MMP-2) and MMP-9, 
the major proteinases responsible for the degradation of collagen type I [Kurata et al., 2000; 
Liu et al., 2000; Hsia et al., 2003; Brabek et al., 2004; Brabek et al., 2005; Bjorklund & 
Koivunen, 2005].  
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Scheme 1. Possible pathways downstream of the transient FAK-src complex leading to 
increased expression of MMPs, facilitating invasion into collagen type I layer. 

Our results support that ET-18-OMe treatment results in the formation of a temporary FAK-
src complex through FAK (Tyr397) activation and the subsequent src-dependent 
phosphorylation of FAK on Tyr925, since pretreatment of MCF-7/AZ cells with PP1, 
blocked the activation of src (Figure 7) and FAK Tyr925, while the activation of FAK at 
Tyr397 was only partially reduced (Figure 9). These results also point out that ET-18-OMe-
mediated activation and autophosphorylation of FAK at Tyr397 is upstream and required 
for the activation of src and that src activity is responsible for the activation of the additional 
tyrosine residue 925 of FAK but not of FAK Tyr576 and 861 (Figure 9). Furthermore, we 
provide evidence linking FAK Tyr925 phosphorylation to the activation of the MAPK-
pathway, since treatment of MCF-7/AZ cells with ET-18-OMe resulted in the downstream 
activation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) and PP1 blocked the 
enhanced activation. In addition, we demonstrated that p130Cas and paxillin, which are 
known substrates of src associated with phosphorylation of FAK on Tyr861 and 576 
respectively [Lim et al., 2004; Calalb et al., 1995], are not involved in the ET-18-OMe-induced 
effect and confirmed the lack of phosphorylation at FAK Tyr861 and 576 (Figure 10). 
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Fig. 8. Expression levels of phosphorylated FAK (Tyr397) upon RM1 and ET-18- OMe 
treatment in MCF-7/AZ and MCF-7/6 cells. Cells of 70% confluency were treated for 
indicated times, and lysed. Cell lysates, containing 30 g of proteins, were analysed by SDS-
PAGE (7.5% gels) and immunoblotted with antibody against FAK (Tyr397). The membrane 
was stripped and reblotted with anti-FAK, for FAK total expression levels and equal 
loading. 
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Fig. 9. Expression levels of FAK (Tyr397, Tyr925) upon ET-18-OMe and ET-18-OMe + PP1 
treatment in MCF-7/AZ and MCF-7/6 cells. Cells of 70% confluency were treated for 
indicated times, and lysed. Cell lysates, containing 30 g of proteins, were analysed by SDS-
PAGE (7.5% gels) and immunoblotted with antibodies against FAK (Tyr397, Tyr576, Tyr861 
and Tyr925). The membranes were stripped and reblotted with anti-FAK, for FAK total 
expression levels and equal loading. 

 

 
Fig. 10. Expression levels of ERK (Thr202/Tyr204) upon ET-18-OMe and ET-18-OMe + PP1 
treatment in MCF-7/AZ and MCF-7/6 cells. Cells of 70% confluency were treated for 
indicated times, and lysed. Cell lysates, containing 30 g of proteins, were analysed by SDS-
PAGE (7.5% gels) and immunoblotted with antibodies against ERK (Thr202/Tyr204), 
p130Cas (Tyr410) and paxillin (Ser178). The membranes were stripped and reblotted with 
anti-ERK, anti-p130Cas and paxillin for total ERK, p130Cas and paxillin expression levels 
and equal loading. 
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5. MSGb5 activates the FAK-src signalling complex 
Tumour cell invasion includes alterations of expression levels of integrin receptors. Integrin 
receptors are important upstream regulators of intracellular and downstream signalling 
events associated with cancer cell invasion. This family of heterodimeric / subunit 
receptors, expressed on every cell type, is capable of interacting with specific ligands in the 
surrounding extracellular matrix. Binding to these components results in clustering of 
integrin receptors in the plasmamembrane and recruitment and association of signalling 
proteins with integrin cytoplasmic domains to initiate downstream signalling events 
[Schwartz, 2001]. Since src and FAK are recognized as two critical mediators of integrin 
signalling, we addressed the question whether particular integrins were implicated in ET-
18-OMe-induced activation of FAK and src and invasiveness of MCF-7/AZ cells. The 
integrin receptors 11 and 21 are the major receptors binding to collagen type I in the 
extracellular matrix [Gullberg et al., 1992]. Given that RM1 and ET-18-OMe induce 
invasiveness of MCF-7/AZ cells in collagen type I layer, we examined the expression levels 
of integrin subunits 1, 1 and 2 upon treatment with ET-18-OMe by Western blotting. 
Expression of the 1 and 1 subunits were found decreased over time in MCF-7/AZ cells, 
and no changes of either integrin subunit was observed in the variant cell line (Figure 11), 
whereas the integrin 2 subunit was not detectable in both cell lines (data not shown).  
 

 
Fig. 11. Expression of integrin subunits 1 and 1 in MCF-7/AZ and MCF-7/6 cells upon 
ET-18-OMe treatment. Cells of 70% confluency were treated for indicated times, and lysed. 
Cell lysates, containing 30 g of proteins, were analysed by SDS-PAGE (7.5% gels) and 
immunoblotted with antibodies against the integrin 1 and 1 subunit. 

Since activation of integrin-dependent signalling occurs via clustering of integrin receptors 
and association with FAK signalling elements to the cytoplasmic tails of the receptor 
[Miyamoto et al., 1995], organizational patterns of the 1 and 1 subunits and co-clustering 
with signalling molecules FAK and src, upon ET-18-OMe treatment were examined by 
fluorescence microscopy and co-immunoprecipitation experiments. The microscopy data 
revealed that ET-18-OMe did not change the organization of the respective integrin subunits 
and the fact that signalling molecules FAK and src could not be detected in the 
immunoprecipitates of either integrin subunits confirmed that integrin receptors 11 and 
21 were not of crucial importance in the activation of downstream signalling events in 
MCF-7/AZ cells mediated by ET-18-OMe or RM1 (data not shown). This was in sharp 
contrast with data reported by other investigators [Schaller et al., 1995]. However, the 
recognition that glycosphingolipids may influence cellular phenotype by clustering and 
assembly with signal transducing molecules, let us to explore the possible involvement of 
the glycosphingolipid MSGb5 in initiating the signalling events in MCF-7/AZ cells upon 
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indicated times, and lysed. Cell lysates, containing 30 g of proteins, were analysed by SDS-
PAGE (7.5% gels) and immunoblotted with antibodies against ERK (Thr202/Tyr204), 
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and the fact that signalling molecules FAK and src could not be detected in the 
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MCF-7/AZ cells mediated by ET-18-OMe or RM1 (data not shown). This was in sharp 
contrast with data reported by other investigators [Schaller et al., 1995]. However, the 
recognition that glycosphingolipids may influence cellular phenotype by clustering and 
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RM1 or ET-18-OMe treatment. This idea was supported by two of our observations namely 
that RM1 and ET-18-OMe treatment resulted in clustering of MSGb5 in MCF-7/AZ cells and 
that similar treatment profoundly affected the cellular activities associated with the 
migratory and invasive capacity of MCF-7/AZ cells. A close connection between MSGb5 
and signalling molecules was shown by co-immunoprecipitation experiments, in which 
aliquots of cell lysates were immunoprecipitated by incubation with anti-MSGb5 antibody 
and captured with protein G-Sepharose beads. The signalling molecules, FAK and src as 
well as their activated forms, src (Tyr416) and FAK (Tyr397), were detected in MSGb5 
immunoprecipitates prepared from MCF-7/AZ cells treated with ET-18-OMe for indicated 
time points, and the obtained results were in line with the earlier performed kinase 
experiments. In MCF-7/6 cells, FAK and src were found associated with MSGb5, and as 
expected no kinase activity was observed upon ET-18-OMe treatment (Figure 12). The 
involvement of other glycosphingolipids could be excluded since no clustering and no 
association between FAK and src with Gb3, Gb5 or GM2 (data not shown) could be found in 
MCF-7/AZ cells. Equal levels of MSGb5 were detected in the immunoprecipitates of both 
cell lines. 
 

 
Fig. 12. MSGb5 associates with src (Tyr416) and FAK (Tyr397) in MCF-7/AZ cells after ET-
18-OMe treatment. MSGb5 was immunoprecipitated from whole cell lysates with mouse 
IgG3 anti-MSGb5 antibody. Aliquots of immunoprecipitates were electrophoresed, 
transferred and immunoblotted, with anti-src (Tyr416), anti-src, anti-FAK (Tyr397) and anti-
FAK. MSGb5 content in the different immunoprecipitates was determined by TLC.  

6. Concept of “Glycosynapse” 
Glycosphingolipids are highly expressed during defined stages of development and after 
oncogenic transformation and are referred to as stage-specific embryonic antigen and 
tumour-associated antigens respectively [Hakomori, 1998]. Most studies, however, use the 
presence of GSLs as markers of low-density membrane fractions and are neither focused on 
their structural variety nor their possible functional roles. In this chapter, we present data 
supporting a functional role for MSGb5 in migration and invasion of MCF-7/AZ cells upon 
stimulation with RM1 or treatment with ET-18-OMe, resulting in MSGb5 clustering and 
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activation of associated signalling molecules. These observations can be placed in the 
concept of the ‘glycosynapse’ [Hakomori, 2002]. This term defines glycosylation-dependent 
adhesion and signalling, mediated via glycosylepitopes of GSLs in microenvironments 
where tumour cells interface with other tumour cells, host cells or the surrounding matrix, 
in analogy to the ‘immune synapse’ which on its turn controls functional adhesion and 
signalling between immunocytes [Ilangumaran et al., 2000]. In addition to glycosylation-
dependent adhesion of GSLs between interfacing glycosynapses, conversion of phenotypes 
is highly controlled by the presence, interactions and organization of other crucial molecules 
in the glycosynapse, such as growth factor receptors, integrin receptors, tetraspanins, 
mucins and gangliosides [Hakomori & Handa, 2002]. Furthermore, this new concept has 
been extended to phenotypic conversion induced through the deletion or addition of a 
single component, resulting in a disorganized glycosynapse framework and initiating 
altered signalling events [Mitsuzuka et al., 2005]. We can relate our observations to the latter 
revised glycosynapse concept and more specifically to the formation of a disorganized 
glycosynapse framework. We conclude that phenotypic conversion from non-invasive to 
invasive MCF-7/AZ breast cancer cells is induced by: (i) an aberrant MSGb5 pattern; (ii) loss 
of integrin receptor subunits α1 and β1; and (iii) high tetraspanin CD9 expression levels 
[Steelant et al., 2002], all of which are responsible for the formation of disorganized 
glycosynapse framework interfaces, thereby inducing activation of FAK, src and 
downstream ERK, with consequent enhanced secretion and activity of MMP-2 and MMP-9, 
and thus leading to invasion. 
 

 
Scheme 2. Cancer cell invasion revised. In non-invasive MCF-7/AZ cells integrin subunits 1 
and 1 form a stable complex with tetraspanin CD9 and GLSs, associated with non-active 
signalling molecules, FAK and src. In invasive MCF-7/AZ cells clustering of MSGb5 and loss 
of integrin subunits 1 and 1 disorganize the glycosynapse framework, resulting in activation 
of downstream signalling to invasion. EC, extracellular; IC, intracellular; TSP, tetraspanin. 
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7. Conclusion 
In conclusion, our studies are an extension of previous work on the glycosynapse 
[Hakomori, 2002], re-formulating the classic concept of integrin-dependent invasion of 
tumour cells and providing evidence that phenotypic conversion can be explained by 
differences in composition and organization of crucial molecules in the glycosynapse. At 
present, only a few studies have appeared that focus, in particular, on GM3 [Mitsuzuka et 
al., 2005, Toledo et al., 2005]. The present study reveals a novel insight into the composition 
and organization of the glycosynapses in MCF-7/AZ breast cancer cells, which explain 
phenotypic changes. Further studies along this line are necessary to understand the complex 
interplay of distinct molecules in invasion, as well as other basic cellular mechanisms, and 
their implications on disease processes, which will be expected to lead to novel therapeutic 
approaches. 
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7. Conclusion 
In conclusion, our studies are an extension of previous work on the glycosynapse 
[Hakomori, 2002], re-formulating the classic concept of integrin-dependent invasion of 
tumour cells and providing evidence that phenotypic conversion can be explained by 
differences in composition and organization of crucial molecules in the glycosynapse. At 
present, only a few studies have appeared that focus, in particular, on GM3 [Mitsuzuka et 
al., 2005, Toledo et al., 2005]. The present study reveals a novel insight into the composition 
and organization of the glycosynapses in MCF-7/AZ breast cancer cells, which explain 
phenotypic changes. Further studies along this line are necessary to understand the complex 
interplay of distinct molecules in invasion, as well as other basic cellular mechanisms, and 
their implications on disease processes, which will be expected to lead to novel therapeutic 
approaches. 
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1. Introduction 
Breast tumors belong to a group of neoplastic lesions which, under the influence of tumoral 
cell products, originate a fibrous structure responsible for the dense and hard consistency of 
the tumoral mass. This trait also constitutes a factor that increases the relative risk of tumor 
recurrence (Hasabe et al., 1998). Myofibroblasts have been identified as major players in this 
phenomenon, acting either as producers of extracellular matrix (ECM) proteins and/or as 
functioning as elastic components of the tumor structure (Hinz B., 2007). Taken together, 
these pro-fibrotic processes are known as “tumoral desmoplastic reactions” (Shao et al., 
2000). 
The origin of the fibroblastic component in tumors is controversial. On one hand, it has been 
proposed that fibroblasts derive essentially from epithelia under an epithelial-to-
mesenchymal transition (EMT) or, on the other, that the abundance of fibroblasts-like cells 
come from a dedifferentiation process by which mature adipose cells revert to fibroblastic -
not lipid laden- cells (Taylor et al., 2010, Guerrero et al, 2010). In any case, the fibrotic 
outcome seems to be the result of a fluid cross-talk of signals among the predominant 
adipose stroma and epithelia.  Epithelial control of mammary adipose cells is also observed 
under physiological conditions. During pregnancy and lactation, reproductive hormones 
induce the expansion and terminal differentiation of the mammary epithelium into 
secretory, milk-producing, lobular alveoli in a process that also includes the 
dedifferentiation of adipocytes into tiny preadipocytes (Wiseman and Werb, 2002). To 
further analyze the current hypothesis on the origin and possible fate or breast adipose 
tissue in the context of a tumoral breast, some aspects of breast adipose tissue need to be 
discussed in more detail.  

2. Breast adipose tissue, obesity and cancer 
Obesity, characterized by an excess of adipose tissue, has been linked in numerous 
epidemiological studies to an elevated risk of postmenopausal breast cancer (Petrelli et al., 
2002, Calle et al., 2004, Pischon et al., 2008 and references therein). In general, the greater 
risk for several other cancers (such as colon, endometrium, kidney and esophagus) has been 
mechanistically linked to obesity via the metabolic and endocrine effects of the excess of 
adipose tissue, such as the alterations that it induces in the production of peptide and 
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steroid hormones, as well as inflammatory factors. In addition to this role of total body 
adipose tissue, the case of breast cancer is of particular interest, because an important part of 
breast tissue is composed of the adipose stroma, whose active and direct influence on cancer 
cells is becoming an important focus of attention.  
It is well known that the microenvironment of breast cancer cells greatly influences the 
growth and progression of the tumor, due to several elements such as cell-cell contact, 
soluble secreted factors, and the insoluble extracellular matrix (Celis et al., 2005 and 
references therein). Cells present in the stromal fraction such as fibroblasts, endothelial and 
various inflammatory cells can influence the phenotypic behavior of malignant cells. At the 
same time, tumor cells –or factors produced by them- can influence the surrounding stroma 
to generate a compatible microoenvironment that favors tumor survival and progression. 
Among the many different cell types present in mammary tissue, the most abundant that 
surround breast cancer cells are those that make up adipose tissue, mainly mature 
adipocytes and their precursor cells, preadipocytes. An important number of primary breast 
tumors are originated by the transformation of ductal or intraductal epithelial cells. In many 
cases, these lesions develop in close contact with adipocytes, and in this microenvironment a 
reciprocal functional interaction takes place (Celis et al., 2005). In spite of this, adipose tissue 
has not received the attention it deserves in the context of breast cancer research. A possible 
reason for this may be that up until recent decades, the adipocyte was viewed as a rather 
inert, fat-storing cell with no other relevant physiological roles or capabilities. More 
recently, though, it has become evident that adipose tissue is a highly active endocrine 
organ, capable of secreting a vast number of hormones and other factors (“adipokines”) 
including growth factors, several proinflammatory substances, hormone-like molecules, and 
extracellular matrix proteins (Deng and Scherer 2010, Karastergiou and Mohamed-Ali 2010). 
Moreover, adipose tissue may be infiltrated with other cell types, such as proinflammatory 
environment-inducing macrophages, thus elevating the number of local factors that may 
influence tumor progression. In this scenario, breast adipose tissue can constitute an 
important possible player influencing breast cancer development and progress. Some of the 
possible mechanisms involved are described below. 

2.1 Adipose secretory products 
The versatile endocrine organ nature of adipose tissue creates a complex local environment 
in the mammary tissue, influenced not only by circulating levels of different factors and 
hormones, but also to a great extent by the local production of mammary fat. Given the 
observation that tumor cells are in close contact spreading through fat tissue in high risk 
breast cancer, Celis et al. searched for secretory factors produced by adipocytes that may 
help elucidate the phenomena derived from this close association (Celis et al., 2005). Using a 
proteomics approach, the authors identified over 350 proteins within mammary adipose 
tissue from cancer patients undergoing mastectomy. These proteins included signaling 
molecules, hormones, cytokines and growth factors, which could be linked to various 
biological processes such as signal transduction, cell communication, cell metabolism and 
growth, immune response and apoptosis, among others. Their observations suggest that 
breast tumor cells and adipocytes provide each other with growth support by secreting 
factors that are mutually beneficial. This proteomics-based study provides interesting 
information regarding the gene products expressed by adipose tissue that helps define the 
tumor microenvironment.  
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In support of the role of adipokines influencing breast tumor growth, work by Iyengar and 
colleagues (Iyengar et al., 2003) provide further evidence to define molecular interactions 
between adipocytes and malignant breast ductal epithelial cells. In experiments using 
adipose conditioned media, they observed that adipose secretory products have relevant 
effects of breast cancer cell survival and proliferation. They showed that many genes 
promoting such events were upregulated, whereas genes that suppress growth and induce 
apoptosis are downregulated. Additionally, they observed that adipokines can induce the 
expression of oncogenes and other tumor-supporting factors such as AP1, cFOS and cJUN in 
MCF-7 cells. The effect on endothelial cells showed that they are able to promote 
angiogenesis in breast tumors. Adipose secretory products were also shown to have an 
impact on the invasive/metastasic potential, as they were able to increase motility of breast 
cancer cells.  

2.2 Estrogen and aromatase 
Estrogen, especially 17-estradiol, plays an important role in the development of hormone 
dependent breast cancer. In postmenopausal women, the biosynthesis of estrogens occurs 
mainly through aromatase-mediated metabolism of androgen precursors. Adipose tissue is 
a relevant site of this conversion, and its occurrence is directly proportional to the degree of 
adiposity. The concentration of 17-estradiol in breast cancer tissues from postmenopausal 
women has been observed to be 10-fold greater than those in plasma, and increased 
presence of aromatase and/or estrogen biosynthesis has been associated with the 
development of postmenopausal breast cancer (Sasano et al., 1998). Moreover, it has been 
proposed that most of the relationship between obesity and breast cancer can be explained 
by the adiposity-related increase in endogenous estrogen levels (Calle et al., 2004). 
Besides the direct influence that adipose-secreted factors have on the different aspects of 
tumor development and progression (Maccio et al., 2009 and references therein), there is a 
series of interactions between adipokines and estrogens. Such cross-talk becomes of great 
relevance in hormone-dependent breast cancer, and may influence the outcome of 
pharmacological treatment. Leptin, for example, can modulate the influence of estrogen on 
tumor cells at different levels; it can induce estrogen receptor expression, induce aromatase 
activity and interfere with the effect of anti-estrogen drugs (Catalano et al., 2004, Garofalo et 
al., 2004). 
Interestingly, the tumor itself also influences local aromatase expression and thus estrogen 
production by the surrounding adipose tissue. In breast cancer, there is a switch in promoter 
utilization for the transcription of the aromatase gene, from the weaker adipose-specific I.4 
promoter to the more potent ovary-specific PII, leading to elevated aromatase expression 
and subsequent estrogen production. One possible factor leading to this induction in PII 
aromatase expression is prostaglandin E2 produced by malignant breast epithelium and 
macrophages within the tumor (Simpson et al., 2002).  
The above-mentioned factors may act independently or in concert to elevate the risk for the 
development or progression of breast tumors. Recently, Subbaramaiah and collaborators 
evaluated the connections between obesity, inflammation and aromatase through 
interactions between the different cell types present in adipose tissue; adipocytes, 
macrophages and epithelial cells. In mammary fat from mice models of obesity, they 
observed necrotic adipocytes surrounded by macrophages, forming the so-called “crown 
like structures” (CLS) that are well known in human obesity and its detrimental 
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consequences. The presence of CLS was associated with elevated levels of proinflammatory 
mediators as well as aromatase expression and activity in the mammary gland. Moreover, 
the proinflammatory mediators induced aromatase and estrogen-dependent gene 
expression in adipocytes. These authors thus have established important paracrine 
interactions between adipocytes and macrophages that may explain elevated local levels of 
aromatase. 

2.3 Extracellular matrix 
The extracellular matrix (ECM) is assembled by stromal cells within the mammary tissue. 
An altered ECM composition leads to tissue stiffness, which is characteristic of some solid 
tumors that develop desmoplastic reaction. Breast tumors are stiffer than the surrounding 
tissue. It has been proposed that this is the result of the recruitment and differentiation of 
tumoral myofibroblasts, cells that together with some elastic properties, provide the tumor 
environment with the capacity to generate a dense extracellular collagenous matrix scaffold 
(Egebland et al, 2005). In breast tumors, collagen is upregulated and densely crosslinked, 
and fibronectin –a molecule critical for collagen turnover- is also upregulated and associated 
with tumor malignancy (Chandler et al., 2011).  
Adipocytes generate a basement membrane that promotes mammary tumor progression 
through collagen VI, and adipose-derived stem cells deposit an ECM rich in fibronectin. 
Collagen VI, which is abundantly expressed by adipocytes, seems to be an important factor 
contributing to the supportive role of adipose tissue in breast tumor survival. Iyengar and 
colleagues (Iyengar et al., 2005) showed in MCF-7 cells that adipocyte-derived collagen VI 
induces pro-mitogenic signals through the NG2/chondroitin sulfate proteoglycan receptor 
expressed on the surface of malignant ductal epithelial cells, to stabilize -catenin and 
upregulate cyclin D1. The effects of collagen VI on breast cancer were also confirmed with in 
vivo experiments. Adipocytes thus play a vital role in defining the ECM environment for 
normal and tumor-derived ductal epithelial cells, and contribute significantly to tumor 
growth at early stages through secretion and processing of collagen VI. 
Immunohistochemistry studies of human mammary carcinoma tissue showed strong 
collagen VI staining around the tumors and the adipocytes whereas normal human 
mammary tissue showed low staining. This demonstration of collagen VI protein 
upregulation in human breast tumors, further suggests its relevance to human breast cancer. 
Another mammary extracellular matrix component whose expression and assembly is 
modified by tumoral factors is fibronectin. The regulation of fibronectin matrix assembly 
and stiffness as a result of paracrine communication between breast cancer and adipose 
progenitor cells was recently assessed by Chandler and colleagues (Chandler et al., 2011). 
These authors evaluated the fibronectin assembled by 3T3-L1 preadipocytes that were 
treated with secretory products from MDA-MB231 breast cancer cells. Cultures exposed to 
the cancer cell-conditioned media produced a denser and more fibrilar fibronectin matrix, 
with increased fibronectin mRNA and protein levels. The results suggest that adipose-
derived stem cells in the breast cancer microenvironment have enhanced fibronectin 
transcription and matrix assembly. In other experiments, they showed that adipose stromal 
cells enhanced fibronectin deposition and remodeling in the mammary tumor 
microenvironment, and that the factors derived from the tumor can alter the phenotype of 
the adipose cells, thus contributing to the changes. These data are yet another example of 
how paracrine signals from breast adipose tissue regulates mammary tumors, in this case by 
enhancing its rigidity. 
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3. TGF- as a prototype of an epithelial factor that induces stromal reaction 
It has been proposed that Transforming growth factor-beta (TGF-), mainly produced by 
tumoral epithelial cells, plays a central role in the maintenance of a tumor-promoting 
stroma, acting as a key player in the stromal-epithelial dialogue (Derynck et al., 2001). In the 
advanced stages of the carcinogenic process, TGF- acts either as a promoter of EMT or as 
an active stimulus in the fibroblastic activation to myofibroblasts (Stover et al., 2007). 
Because TGF- is produced abundantly in malignant breast cancer cells as part of an 
autocrine repertoire, it is expected that this factor, in a paracrine manner, would exert a 
marked influence in the circumvent stroma and for that reason, would play a role in the 
mammary adipose structure (Guerrero et al, 2010). In the epithelial context, TGF- is a 
multifunctional cytokine that displays a paradoxical behavior in carcinogenesis. During the 
premalignant phase, it inhibits epithelial cell proliferation and induces apoptosis. At more 
advanced steps of the process, this growth factor stimulates cancer progression in a manner 
strongly dependent of the tissue context, as it has been demonstrated in the bone metastasis 
model (Onishi et al 2010).  
Our laboratory has provided evidence that at least part of the enhancement in tumor 
fibroblast abundance derives from a reversion process, in which mammary adipocytes lose 
their lipid load and become a typical elongated fibroblastic cell (Guerrero et al, 2010). We 
have proposed that this phenomenon is stimulated by soluble factors arising from epithelial 
tumoral cells among which TGF-1 plays a relevant role. Human mammary adipose cells 
cultured in semi solid conditions in the presence of media conditioned by human tumoral 
mammary cell lines that secrete a different amount of TGF-, showed an adipose reversion 
that is manifested in a high proportion of mammary fatty cells losing their lipid content and 
acquiring a fibroblast-like shape (Fig 1). The lipid loss also occurs when adipose cells are 
cultured in the presence of TGF-1 and TNF- that in these fatty cells are also able to inhibit 
the expression of the transcription factors C/EBP and PPAR, which are involved in the 
maintenance of the adipose phenotype. These data led us to propose that, in the tumoral 
microenvironment, TGF-1 and TNF- activate signaling routes that bring about the 
predominance of the fibroblastic over the adipocyte phenotype, which is concordant with 
the fibrotic response present in desmoplastic tumors. Moreover, the role of TGF-1 on 
regulation of fibroblast/adipocyte ratio in mammary stroma was previously analyzed in 
studies that demonstrated that TGF-1 strongly decreased adipogenesis, diminishing the 
cell-surface availability of TGF-1 receptors (Choy, 2000).  
In breast cancer models, it has been demonstrated that inflammatory mechanisms influence 
tumorigenesis and metastatic progression. This, despite that the etiology of breast cancer 
does not involve a pre-existing inflammation event (Grivennikov et al, 2010). Moreover, 
infiltration of inflammatory cells that include T cells, neutrophils and macrophages, among 
others, is a very common feature in breast cancer lesions. (Yang, 2010).  
Current data allow us to suggest that in the tumoral environment, TGF-1 not only 
regulates the abundance and activity of the fibroblastic compartment but also the relative 
amount and activity of the majority of infiltrated cells, such as immune cells, acting as an 
immunosuppressive cytokine. In this case, TGF-1 suppresses the activity of cytotoxic T 
lymphocytes, through transcriptional repression of genes encoding key proteins engaged in 
the elimination of tumoral cells, counteracting in this manner the immunological 
surveillance against the tumor (Yang et al. 2010).  
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Fig. 1. Adipocyte reversion in three-dimensional collagen gel culture. 
Human mature mammary adipocytes (105) were cultured in 1.5 ml semisolid collagen gel 
for 10 days in the absence (A) or presence (B) of 50% medium conditioned by human 
mammary MDA-MB-231 cells. Cells were stained with oil red O that identified lipid content 
in mature spherical adipocytes (a) and elongated cells with a fibroblast phenotype (b). 

Macrophages frequently infiltrate tumors. In fact, a percentage of the tumoral mass is made 
up of the so-called tumor-associated macrophages (TAM) and their presence in the tumor 
environment correlate with poor prognosis (Flavell, 2010). However, depending on the type 
and specificities of tumoral microenvironments, TAMS may also have antitumor activity 
(Flavell, 2010). Besides active fibroblasts, these TAMs are among the main stromal 
components on desmoplastic breast tumors. Moreover, it has been proposed that tumor-
associated fibroblasts are avid attractors for circulating monocytes (Silzle et al, 2003). It is 
plausible to suggest that macrophages play a relevant role in the mammary tumor-
dependent fibrotic process. In adipose tissue, it has been demonstrated that soluble factors 
derived from macrophages promote a profibrotic phenotype which is the consequence of a 
significant overexpression of extracellular matrix (ECM) genes in inflammatory 
preadipocytes (Keophiphath et al, 2009).  
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Fig. 2. TGF-β affects multiple components on tumoral environment. 
TGF-β induces the reversion of adipose cells to a fibroblast-like phenotype, the epithelial-to-
mesenchymal transition and the cytotoxic activity of immune cells. EMT: epithelial to 
mesenchymal transition; DC: dendritic cell; CTL: citotoxic T lymphocyte; NK: natural killer 
cell.  

4. Concluding remarks 
The desmoplastic reaction is one of the most common features of human breast cancer. 
Considering that mammary adipose cells are an important source of fibroblastic cells, which 
characterize desmoplastic tumors, it is relevant to take into account that some of the well-
known physiological clues that regulate adipose tissue metabolism in other depots, can be 
also valid in the breast. Results from our laboratory propose that, in breast cancer, the 
fibrotic microenvironment that allows the expansion and progression of tumoral epithelia, 
has an original substratum in the adipose mammary tissue. We believe that different soluble 
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factors derived from epithelia, among which TGF- β1 is one of the most important, 
collaborate in different ways to constitute a fibrotic tumoral microenvironment. TGF-β1 is 
one of the more abundant factors released by tumoral cells, and a determinant factor in the 
epithelial-to-mesenchymal transition, the reversion of adipose to a fibroblastic phenotype 
and the inhibition of local tumoral immunosurveillance. In light of that, it is clear that TGF- 
β1, a well known antiadipogenic factor, constitutes a key player in the regulation and 
function of tumor microenvironment. This justifies the attention that has led to different 
clinical trials based in the inhibition of its signaling.  
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1. Introduction 
Understanding the pathogenesis of breast and other cancers requires an improved 
understanding of the local microenvironment in which cancer develops and progresses 
(Hanahan and Weinberg, 2011). Many cell types have been defined as key components of 
the tumor stroma that contributes to tumor growth and metastasis, and modulates the 
response to treatment. In this chapter we will focus on cells of the immune system, critical 
players with dual function comprising cells that can foster a pro-tumorigenic inflammatory 
environment as well as reject tumors (Demaria et al., 2010). Importantly, the therapeutic 
manipulation of the host immune system has a tremendous potential to enhance the 
response of breast cancer patients to treatment. Therefore, it is imperative to understand the 
cross-talk between breast cancer cells and cells of the innate and adaptive immune system. 
Several cell communication systems are involved in this cross-talk, including pro-
inflammatory and immunosuppressive cytokines, chemokines and endogenous danger 
signals, known as damage-associated molecular pattern (DAMP) molecules that bind to 
Toll-like Receptors (TLR). Some of these factors represent interesting targets for 
immunotherapy strategies based on their known ability to stimulate the immune system, 
but in the context of the tumor microenvironment these immune stimulatory agents may 
also produce unwanted pro-tumorigenic effects by binding to receptors ectopically 
expressed on the cancer cells. Others are involved in recruiting to the tumor immune cells 
with regulatory and immune suppressive functions that protect the tumor from immune 
rejection. Clearly, the cross-talk between epithelial cells and the immune system is distorted 
in cancer to promote tumor growth and progression. 
We will review pre-clinical and clinical data in support of the concept that the cross-talk 
between neoplastic and immune cells is a key determinant of tumor behavior and treatment 
outcomes. The mediators of this cross-talk that have been identified in breast cancer will be 
discussed. Ultimately, improved understanding of the potential double-edge sword quality 
of therapies targeting mediators of this cross-talk is essential for a cautious use of immune 
response modifiers to harness the positive (anti-tumor immune reactivity) without 
promoting the negative (tumor growth, immune suppression) effects.  

2. Immune cells infiltrating breast cancer 
The presence of an inflammatory infiltrate in benign breast is not uncommon and may be 
seen in association with a variety of fibrocystic changes or conditions such as mammary  
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duct ectasia. However, for the most part immune cells are not a significant component of the 
normal breast stroma. In contrast, a marked increase in adaptive and innate immune cells 
often accompanies the process of carcinogenesis, with prominent inflammatory infiltrates 
seen around ducts involved by in situ carcinoma, as well as within invasive breast cancers 
(figure 1) (DeNardo and Coussens, 2007). The innate immune system plays a major role in 
maintenance of tissue homeostasis and reacts to tissue disruption, including physiological 
tissue disruption that occurs in the breast during branching morphogenesis at puberty and 
pregnancy, and in post-weaning involution. Macrophages, for example, have been shown to 
be important regulators of these processes (Gyorki and Lindeman, 2008). These 
physiological processes are self-limiting and the inflammation associated with them resolves 
once tissue homeostasis is restored. In contrast, carcinogenesis is a chronic process, often 
characterized by disorderly proliferation and death of the neoplastic cells, such as seen in 
ductal carcinoma in situ (DCIS). Deregulated cell death can foster a status of chronic 
inflammation, possibly due to the release of DAMPs from the dying cells (Mantovani et al., 
2008; Zeh and Lotze, 2005). Death of epithelial cells that have undergone or are undergoing 
transformation also releases tumor-associated antigens and can result in activation of tumor-
specific T and B cell responses. These immune responses can prevent tumor outgrowth, but 
eventually genetically unstable cancer cells give rise to variants that have become resistant 
to the recognition and/or killing by immune effector cells, a process defined as 
immunoediting (Schreiber et al., 2011). Escape from immune control does not necessarily 
require the loss of the antigen(s) recognized by T cells, but it is a complex process involving 
the production of immunosuppressive cytokines and the recruitment of regulatory innate 
and adaptive immune cells that protect the tumor from rejection. Key players in 
development and maintenance of the pro-tumorigenic environment are myeloid cells and 
subsets of CD4 T cells functionally differentiated towards T-helper type 2 (Th2) and 
regulatory (Treg) phenotypes that actively maintain a state of tolerance to the tumor (Disis, 
2010). The contribution of Th2 CD4 cells has been recently demonstrated in an experimental 
study showing that interleukin (IL)-4 produced by Th2 CD4 T cells regulates the function of 
macrophages and promotes their pro-tumorigenic M2 phenotype in a mouse breast cancer 
model (Allavena et al., 2008; DeNardo et al., 2009). Interestingly, IL-4 has also been shown to 
be produced by primary epithelial breast cancer cells and to serve as an autocrine survival 
factor (Todaro et al., 2008). Another Th2 cytokine, IL-13, was shown to be involved in 
growth of human breast cancer cells (Aspord et al., 2007). Finally, a correlation between the 
number of Treg infiltrating human breast cancer and worse prognosis was reported in a 
study of 62 patients with DCIS and 237 patients with invasive breast cancer (Bates et al., 
2006).  
Conversely, evidence of effective anti-tumor immunity limiting tumor growth has been 
reported in several studies. Presence of a gene signature rich in Th1 and CD8 T cell markers 
was associated with a better outcome regardless of the type of epithelial malignancy in a 
study analyzing the stroma of primary breast cancers (Finak et al., 2008). Other studies, 
however, found that the prognostic value of immune signatures is different depending on 
the molecular subtype of breast cancer, and is a dominant factor in hormone receptors- and 
human epidermal growth factor receptor (Her)-2-negative (triple negative) cancers (Calabrò 
et al., 2009; Desmedt et al., 2008; Kreike et al., 2007; Mahmoud et al., 2011).  
Overall, accumulating data support the concept that the balance between pro-tumorigenic 
and anti-tumor immune reactions is a key determinant of breast cancer progression. As 
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detailed below, the neoplastic epithelial cells both secrete and respond to cytokines, 
chemokines and other bioactive molecules that regulate the recruitment and function of 
immune cells.  
 

 
Fig. 1. Example of immune infiltrate in breast cancer. (A) Lymphocytic infiltrate as seen in 
H&E-stained sections. Ductal carcinoma in situ (DCIS) with comedo necrosis (upper panel), 
well differentiated invasive ductal carcinoma (lower panel). (B) Immunohistochemical 
staining of intratumoral T cells for markers of helper T cells (CD4), regulatory T cells 
(FoxP3), and effector T cells (CD8 and granzyme). 

3. Chemokines and cytokines produced by breast cancer cells 

A large network of chemokines and their receptors regulate trafficking and recruitment of 
innate and adaptive immune cells to different tissues in response to inflammation (Kunkel 
and Butcher, 2002). Signaling via chemokine receptors regulates processes such as cell 
migration, invasion, interaction with the endothelium and extracellular matrix, as well as 
survival. Interestingly, many epithelial cells acquire the expression of chemokine receptors 
and/or secrete chemokines when they undergo neoplastic transformation (Balkwill, 2004). 
The production of chemokines by cancer cells has been shown to influence the degree and 
phenotype of the inflammatory infiltrate. For example, the chemokine CCL2 (also known as 
monocyte chemotactic protein-1, MCP-1) is frequently secreted by breast cancer cells and is 
primarily responsible for recruitment of monocytes to tumors (Ueno et al., 2000; Valković et 
al., 1998). Within the tumor microenvironment monocytes differentiate into tumor-
associated macrophages (TAM), which play a role in cancer progression and metastasis by 
producing immunosuppressive cytokines and pro-angiogenic factors (Pollard, 2004; Ueno et 
al., 2000). In human breast cancer levels of CCL2 correlate with a poor prognosis (Saji et al., 
2001; Ueno et al., 2000) and recent evidence indicates that CCL2 plays a key role in 
pulmonary metastases of breast cancer by recruiting Gr1+ inflammatory monocytes (Qian et 
al., 2011). Another chemokine produced by breast cancer cells and implicated in recruitment 
of monocytes is CCL5 (also known as Rantes) (Luboshits et al., 1999). Co-expression of CCL5 
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duct ectasia. However, for the most part immune cells are not a significant component of the 
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factor (Todaro et al., 2008). Another Th2 cytokine, IL-13, was shown to be involved in 
growth of human breast cancer cells (Aspord et al., 2007). Finally, a correlation between the 
number of Treg infiltrating human breast cancer and worse prognosis was reported in a 
study of 62 patients with DCIS and 237 patients with invasive breast cancer (Bates et al., 
2006).  
Conversely, evidence of effective anti-tumor immunity limiting tumor growth has been 
reported in several studies. Presence of a gene signature rich in Th1 and CD8 T cell markers 
was associated with a better outcome regardless of the type of epithelial malignancy in a 
study analyzing the stroma of primary breast cancers (Finak et al., 2008). Other studies, 
however, found that the prognostic value of immune signatures is different depending on 
the molecular subtype of breast cancer, and is a dominant factor in hormone receptors- and 
human epidermal growth factor receptor (Her)-2-negative (triple negative) cancers (Calabrò 
et al., 2009; Desmedt et al., 2008; Kreike et al., 2007; Mahmoud et al., 2011).  
Overall, accumulating data support the concept that the balance between pro-tumorigenic 
and anti-tumor immune reactions is a key determinant of breast cancer progression. As 

 
Cross-Talk of Breast Cancer Cells with the Immune System 459 

detailed below, the neoplastic epithelial cells both secrete and respond to cytokines, 
chemokines and other bioactive molecules that regulate the recruitment and function of 
immune cells.  
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(FoxP3), and effector T cells (CD8 and granzyme). 
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and Butcher, 2002). Signaling via chemokine receptors regulates processes such as cell 
migration, invasion, interaction with the endothelium and extracellular matrix, as well as 
survival. Interestingly, many epithelial cells acquire the expression of chemokine receptors 
and/or secrete chemokines when they undergo neoplastic transformation (Balkwill, 2004). 
The production of chemokines by cancer cells has been shown to influence the degree and 
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monocyte chemotactic protein-1, MCP-1) is frequently secreted by breast cancer cells and is 
primarily responsible for recruitment of monocytes to tumors (Ueno et al., 2000; Valković et 
al., 1998). Within the tumor microenvironment monocytes differentiate into tumor-
associated macrophages (TAM), which play a role in cancer progression and metastasis by 
producing immunosuppressive cytokines and pro-angiogenic factors (Pollard, 2004; Ueno et 
al., 2000). In human breast cancer levels of CCL2 correlate with a poor prognosis (Saji et al., 
2001; Ueno et al., 2000) and recent evidence indicates that CCL2 plays a key role in 
pulmonary metastases of breast cancer by recruiting Gr1+ inflammatory monocytes (Qian et 
al., 2011). Another chemokine produced by breast cancer cells and implicated in recruitment 
of monocytes is CCL5 (also known as Rantes) (Luboshits et al., 1999). Co-expression of CCL5 
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with CCL2 was reported to be associated with more advanced breast cancer stage (Soria et 
al., 2008).  
Levels of two pro-inflammatory and pro-angiogenic chemokines, CXCL8 (also known as IL-
8) and CXCL1 (also known as Growth-related oncogene, GRO) were found to be 
significantly elevated in sera of metastatic breast cancer patients with Her-2-positive 
compared with Her-2-negative cancers (Vazquez-Martin et al., 2007). In vitro, over-
expression of Her-2 in human breast cancer cells MCF7 led to a marked increase in release of 
CXCL8 and CXCL1 that was abrogated by treatment with the tyrosine kinase inhibitor 
geftinib (Iressa), suggesting that these chemokines may play a role in the aggressive 
behavior of Her-2-positive breast cancers (Vazquez-Martin et al., 2007). CXCL1 and CXCL8 
recruit neutrophils to tumors, and there is evidence that in the tumor microenvironment 
these cells acquire a pro-tumor phenotype in response to transforming growth factor (TGF) 
(Fridlender et al., 2009).  
Secretion of the chemokines CCL20 (also known as macrophage inflammatory protein, MIP-
3α) and CCL19 (MIP-3) by human breast cancer cells has been implicated in the 
recruitment of immature dendritic cells (DC) to breast cancer but the prognostic value 
remains uncertain (Bell et al., 1999; Treilleux et al., 2004). Interestingly, infiltration of breast 
cancer by Treg cells, which are recruited by CCL22 produced by approximately 60% of 
breast cancers (Gobert et al., 2009), was found to be associated with increased risk of relapse 
(Bates et al., 2006).  
Conversely, some chemokines produced by breast cancer cells enhance recruitment of anti-
tumor T cells. One such example is CXCL16, a chemokine that is up-regulated during 
inflammation in peripheral tissues and promotes recruitment of activated CD8 and Th1 T 
cells (Sato et al., 2005; Yamauchi et al., 2004). This may explain why the levels of expression 
of CXCL16 in colorectal carcinoma correlate with increased infiltration of tumors by T cells 
and better prognosis (Hojo et al., 2007). We were the first to report the expression of CXCL16 
by human and mouse breast cancer cells, and to show that CXCL16 is markedly induced in 
vitro and in vivo by treatment with radiotherapy (Matsumura et al., 2008). We also showed in 
a mouse model of metastatic breast cancer that induction of CXCL16 by radiotherapy 
enhanced tumor infiltration by CD8 T cells elicited by immunotherapy promoting immune-
mediated tumor rejection (Matsumura et al., 2008). Data in the preclinical model suggest 
that CXCL16 may play a role in response to treatment with radiotherapy and 
immunotherapy. Although the prognostic value of the expression of CXCL16 in breast 
cancer remains to be determined, it is possible that in the absence of treatment-induced anti-
tumor CD8 T cells the lymphocytes recruited to CXCL16+ tumors may instead promote pro-
tumorigenic inflammation, as suggested in prostate cancer (Darash-Yahana et al., 2009). 
Whether the pro- or anti-tumor effects of CXCL16 prevail may be determined by expression 
of the cognate receptor, CXCR6, by the cancer cells, as discussed in the next section. Overall, 
chemokines expressed by breast cancer cells play critical roles in shaping the tumor immune 
infiltrate and likely influence tumor progression and response to treatment.  
Among cytokines produced by breast cancer cells, the role of TGF in tumor development 
and progression has been extensively studied. Acting as a tumor suppressor early on, TGF 
later becomes a key factor in promoting tumor progression, metastases, and resistance to 
treatment (Barcellos-Hoff and Akhurst, 2009). Relevant to the focus of this chapter, in 
addition to direct effects on the neoplastic cells, TGF acts on innate and adaptive immune 
cells suppressing their function (Gorelik and Flavell, 2001; Wrzesinski et al., 2007). DCs 
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(Kobie et al., 2003) and effector CD8 T cells (Gorelik and Flavell, 2001; Thomas and J., 2005; 
Wrzesinski et al., 2007) are key targets of TGFβ suppressive effects in cancer leading to 
defects in activation and function of anti-tumor effector cells. Interestingly, an unexpected 
tumor-promoting effect of TGF was shown to be mediated by induction of production of 
the pro-inflammatory cytokine IL-17 by CD8 T cells (Nam et al., 2008). IL-17 acted as a 
survival factor for tumor cells, including mouse breast cancer cell lines that ectopically 
expressed the IL-17 receptor (Nam et al., 2008). These intriguing observations emphasize the 
complexity of interactions between tumor cells and immune system. Breast cancer cells also 
produce IL-4 and use it as an autocrine survival factor (Todaro et al., 2008).  
The expression and production of IL-10 and IL-12 p40, but not of IL-12 p70, by human breast 
tumor cells was recently reported (Heckel et al., 2011). IL-10 has immunosuppressive anti-
inflammatory effects, and IL-12p40 can bind to IL-12 receptor on immune cells and work as 
an antagonist of IL-12p70, a cytokine that promotes Th1 T cell differentiation. Although the 
contribution of IL-10 and IL-12p40 produced by breast cancer cells to generation of an 
immune suppressive tumor microenvironment remains to be further studied, data support 
the concept that tumors that become clinically apparent have undergone multiple changes 
to escape immune rejection (Schreiber et al., 2011).  

4. Chemokine receptors expressed by breast cancer cells 
Cancer cells express several chemokine receptors, and exploit the chemokine system to 
home to bone marrow and different organs that are sites of metastases. An example is 
CXCR4, the chemokine receptor most commonly found on cancer cells and the role of which 
has been more extensively characterized (Balkwill, 2004). In vitro, binding of CXCR4 to its 
ligand, the chemokine CXCL12 (also known as stromal derived factor -1, SDF-1) activates 
migration and invasion of cancer cells. In vivo, expression of CXCR4 is associated with 
metastatic capacity in melanoma, breast, and other cancers (Balkwill, 2004; Muller et al., 
2001). Another chemokine receptor that is required for homing of lymphocytes and DCs to 
lymph nodes, CCR7, has been shown to be expressed by breast cancer cells and guide their 
metastases to lymph nodes (Muller et al., 2001).  
CXCR3, a chemokine receptor expressed by activated Th1 and effector CD8 T and natural 
killer (NK) cells, binds to three chemokines, CXCL9, CXCL10 and CXCL11. Overexpression 
of CXCL10 (also known as interferon (IFN)-inducible protein 10, IP-10), or CXCL9 (also 
known as monokine induced by IFN-, Mig) by genetic engineering of tumor cells in 
experimental mouse tumor models enhanced recruitment of T and NK cells and promoted 
immune-mediated tumor rejection (Luster and Leder, 1993; Walser et al., 2007). However, 
CXCR3 is also expressed by human and mouse breast cancer cell lines (Goldberg-Bittman et 
al., 2004; Walser et al., 2006), and more recently it was found in all human primary breast 
cancers tested (N=75). Importantly, high CXCR3 expression, found in 24% of the tumors, 
was associated with poor overall survival (Ma et al., 2009). In experimental mouse models, 
blocking CXCR3 with a small molecule inhibitor prior to i.v. injection of the tumor cells, or 
by gene silencing in the tumor cells inhibited metastases (Ma et al., 2009; Walser et al., 2006). 
Intriguingly, inhibition of lung metastases by CXCR3 gene silencing required NK cells and 
was compromised in IFN--deficient mice (Ma et al., 2009). These data highlight the 
complexity of the interactions between tumor and host, and caution that the systemic use of 
CXCR3 inhibitors could elicit mixed effects by reducing metastases while potentially 
interfering also with recruitment of immune cells that are required for metastasis control.  
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with CCL2 was reported to be associated with more advanced breast cancer stage (Soria et 
al., 2008).  
Levels of two pro-inflammatory and pro-angiogenic chemokines, CXCL8 (also known as IL-
8) and CXCL1 (also known as Growth-related oncogene, GRO) were found to be 
significantly elevated in sera of metastatic breast cancer patients with Her-2-positive 
compared with Her-2-negative cancers (Vazquez-Martin et al., 2007). In vitro, over-
expression of Her-2 in human breast cancer cells MCF7 led to a marked increase in release of 
CXCL8 and CXCL1 that was abrogated by treatment with the tyrosine kinase inhibitor 
geftinib (Iressa), suggesting that these chemokines may play a role in the aggressive 
behavior of Her-2-positive breast cancers (Vazquez-Martin et al., 2007). CXCL1 and CXCL8 
recruit neutrophils to tumors, and there is evidence that in the tumor microenvironment 
these cells acquire a pro-tumor phenotype in response to transforming growth factor (TGF) 
(Fridlender et al., 2009).  
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3α) and CCL19 (MIP-3) by human breast cancer cells has been implicated in the 
recruitment of immature dendritic cells (DC) to breast cancer but the prognostic value 
remains uncertain (Bell et al., 1999; Treilleux et al., 2004). Interestingly, infiltration of breast 
cancer by Treg cells, which are recruited by CCL22 produced by approximately 60% of 
breast cancers (Gobert et al., 2009), was found to be associated with increased risk of relapse 
(Bates et al., 2006).  
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tumor T cells. One such example is CXCL16, a chemokine that is up-regulated during 
inflammation in peripheral tissues and promotes recruitment of activated CD8 and Th1 T 
cells (Sato et al., 2005; Yamauchi et al., 2004). This may explain why the levels of expression 
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and better prognosis (Hojo et al., 2007). We were the first to report the expression of CXCL16 
by human and mouse breast cancer cells, and to show that CXCL16 is markedly induced in 
vitro and in vivo by treatment with radiotherapy (Matsumura et al., 2008). We also showed in 
a mouse model of metastatic breast cancer that induction of CXCL16 by radiotherapy 
enhanced tumor infiltration by CD8 T cells elicited by immunotherapy promoting immune-
mediated tumor rejection (Matsumura et al., 2008). Data in the preclinical model suggest 
that CXCL16 may play a role in response to treatment with radiotherapy and 
immunotherapy. Although the prognostic value of the expression of CXCL16 in breast 
cancer remains to be determined, it is possible that in the absence of treatment-induced anti-
tumor CD8 T cells the lymphocytes recruited to CXCL16+ tumors may instead promote pro-
tumorigenic inflammation, as suggested in prostate cancer (Darash-Yahana et al., 2009). 
Whether the pro- or anti-tumor effects of CXCL16 prevail may be determined by expression 
of the cognate receptor, CXCR6, by the cancer cells, as discussed in the next section. Overall, 
chemokines expressed by breast cancer cells play critical roles in shaping the tumor immune 
infiltrate and likely influence tumor progression and response to treatment.  
Among cytokines produced by breast cancer cells, the role of TGF in tumor development 
and progression has been extensively studied. Acting as a tumor suppressor early on, TGF 
later becomes a key factor in promoting tumor progression, metastases, and resistance to 
treatment (Barcellos-Hoff and Akhurst, 2009). Relevant to the focus of this chapter, in 
addition to direct effects on the neoplastic cells, TGF acts on innate and adaptive immune 
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(Kobie et al., 2003) and effector CD8 T cells (Gorelik and Flavell, 2001; Thomas and J., 2005; 
Wrzesinski et al., 2007) are key targets of TGFβ suppressive effects in cancer leading to 
defects in activation and function of anti-tumor effector cells. Interestingly, an unexpected 
tumor-promoting effect of TGF was shown to be mediated by induction of production of 
the pro-inflammatory cytokine IL-17 by CD8 T cells (Nam et al., 2008). IL-17 acted as a 
survival factor for tumor cells, including mouse breast cancer cell lines that ectopically 
expressed the IL-17 receptor (Nam et al., 2008). These intriguing observations emphasize the 
complexity of interactions between tumor cells and immune system. Breast cancer cells also 
produce IL-4 and use it as an autocrine survival factor (Todaro et al., 2008).  
The expression and production of IL-10 and IL-12 p40, but not of IL-12 p70, by human breast 
tumor cells was recently reported (Heckel et al., 2011). IL-10 has immunosuppressive anti-
inflammatory effects, and IL-12p40 can bind to IL-12 receptor on immune cells and work as 
an antagonist of IL-12p70, a cytokine that promotes Th1 T cell differentiation. Although the 
contribution of IL-10 and IL-12p40 produced by breast cancer cells to generation of an 
immune suppressive tumor microenvironment remains to be further studied, data support 
the concept that tumors that become clinically apparent have undergone multiple changes 
to escape immune rejection (Schreiber et al., 2011).  

4. Chemokine receptors expressed by breast cancer cells 
Cancer cells express several chemokine receptors, and exploit the chemokine system to 
home to bone marrow and different organs that are sites of metastases. An example is 
CXCR4, the chemokine receptor most commonly found on cancer cells and the role of which 
has been more extensively characterized (Balkwill, 2004). In vitro, binding of CXCR4 to its 
ligand, the chemokine CXCL12 (also known as stromal derived factor -1, SDF-1) activates 
migration and invasion of cancer cells. In vivo, expression of CXCR4 is associated with 
metastatic capacity in melanoma, breast, and other cancers (Balkwill, 2004; Muller et al., 
2001). Another chemokine receptor that is required for homing of lymphocytes and DCs to 
lymph nodes, CCR7, has been shown to be expressed by breast cancer cells and guide their 
metastases to lymph nodes (Muller et al., 2001).  
CXCR3, a chemokine receptor expressed by activated Th1 and effector CD8 T and natural 
killer (NK) cells, binds to three chemokines, CXCL9, CXCL10 and CXCL11. Overexpression 
of CXCL10 (also known as interferon (IFN)-inducible protein 10, IP-10), or CXCL9 (also 
known as monokine induced by IFN-, Mig) by genetic engineering of tumor cells in 
experimental mouse tumor models enhanced recruitment of T and NK cells and promoted 
immune-mediated tumor rejection (Luster and Leder, 1993; Walser et al., 2007). However, 
CXCR3 is also expressed by human and mouse breast cancer cell lines (Goldberg-Bittman et 
al., 2004; Walser et al., 2006), and more recently it was found in all human primary breast 
cancers tested (N=75). Importantly, high CXCR3 expression, found in 24% of the tumors, 
was associated with poor overall survival (Ma et al., 2009). In experimental mouse models, 
blocking CXCR3 with a small molecule inhibitor prior to i.v. injection of the tumor cells, or 
by gene silencing in the tumor cells inhibited metastases (Ma et al., 2009; Walser et al., 2006). 
Intriguingly, inhibition of lung metastases by CXCR3 gene silencing required NK cells and 
was compromised in IFN--deficient mice (Ma et al., 2009). These data highlight the 
complexity of the interactions between tumor and host, and caution that the systemic use of 
CXCR3 inhibitors could elicit mixed effects by reducing metastases while potentially 
interfering also with recruitment of immune cells that are required for metastasis control.  
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Similarly to CXCR3, CXCR6 is expressed on immune cells with anti-tumor effector function, 
namely activated CD8 and Th1 CD4 T cells, NK cells, and NKT cells (Kim et al., 2002; Kim et 
al., 2001; Nakayama et al., 2003; Unutmaz et al., 2000). CXCL16, the only ligand for CXCR6, 
was first shown to be expressed by immune cells with antigen-presenting function, and to 
be up-regulated during inflammation in different organs (Sato et al., 2005; Yamauchi et al., 
2004). As mentioned above, expression of CXCL16 was recently described in several tumors, 
including breast cancer. Autocrine effects of CXCL16 binding to CXCR6 expressed on the 
same cancer cells were described in prostate cancer, where signaling via CXCR6 induced the 
activation of AKT/mammalian target of rapamycin (mTOR) pathway and promoted tumor 
cell invasion, growth and angiogenesis (Wang et al., 2008). In contrast, in renal cell 
carcinoma, CXCL16 expression was associated with better prognosis in patients. 
Endogenous CXCL16 appeared to inhibit growth and migration by interacting with CXCR6 
expressed by the same tumor cells (Gutwein et al., 2009). Whether the pro- or anti-tumor 
effects of the CXCL16/CXCR6 pathway depend on the levels of CXCR6 expression on the 
tumor cells or its interaction with different forms of CXCL16 remains to be clarified. 
CXCL16 is one of only two chemokines that is released by cleavage of the chemokine 
domain from a transmembrane molecule by the activity of the disintegrin-like 
metalloproteinase ADAM10 (Abel et al., 2004). Soluble CXCL16 has chemotactic activity, 
while the transmembrane form can mediate adhesion to CXCR6+ cells, as well as function as 
a scavenger receptor for oxidized low density lipoproteins, phosphatidylserine, and dextran 
sulfate (Shimaoka et al., 2003). Therefore, it is possible that interaction of CXCR6 expressed 
on tumor cells with the soluble chemokine domain or the transmembrane form of CXCL16 
has different consequences. Expression of CXCR6 was initially reported in mouse breast 
cancer cell lines (Wang et al., 2006). A recent report in human breast cancer cells shows that 
CXCR6 can mediate chemotaxis in response to soluble CXCL16. Interestingly, expression of 
CXCR6 was regulated by hypoxia via hypoxia inducible factor (HIF)-1 suggesting a role of 
CXCR6 expressed in breast cancer cells in cell migration in response to hypoxia (Lin et al., 
2009). Although intriguing, these findings need confirmation in functional experiments 
assessing the role of CXCR6 in breast cancer metastasis. Overall, more data is required to 
clarify the expression and function of CXCR6 in breast cancer.  
Another chemokine receptor, CCR5, has been implicated in breast cancer metastases 
promoted by mesenchymal stem cells. Intriguingly, the increased metastatic ability was 
dependent on the production of CCL5 by mesenchymal stem cells, which was induced de 
novo by the breast cancer cells, highlighting the importance of the tumor microenvironment 
in the cross-talk between neoplastic and stromal cells (Karnoub et al., 2007).  

5. TLR and their ligands 

Immune surveillance by cells of the innate immune system is mediated in large part by 
pattern recognition receptors (PRRs) that allow sensing of the invading pathogens and 
initiation of the inflammatory cascade (Kopp and Medzhitov, 2003). PRRs represent a family 
of evolutionarily conserved, germline-encoded proteins that recognize structural motifs 
found in bacteria and viruses known as pathogen-associated molecular patterns (PAMPs) 
(Barton and Medzhitov, 2002). TLRs constitute the most well-studied and characterized 
family of PRRs. To date, 11 TLRs and their cognate ligands have been identified in humans. 
TLRs are predominantly expressed in DCs, macrophages and NK cells. TLR activation by 
their respective PAMPs induces the release of pro-inflammatory cytokines, chemokines as 
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well as adhesion molecules that collectively enhance phagocytosis, microbial killing as well 
as recruitment of adaptive immunity (Iwasaki and Medzhitov, 2004).  
In addition to sensing microbial pathogens, TLRs are also activated by endogenous ligands 
and trigger a sterile form of inflammation. First described by Matzinger as DAMP, these 
endogenous danger signals are often released or expressed in the context of tissue injury by 
both normal and neoplastic cells (Bianchi, 2007; Gallucci et al., 1999). Several recently 
identified DAMPs include heat- shock proteins (Ohashi et al., 2000; Roelofs et al., 2006; 
Vabulas et al., 2002), uric acid crystals (Liu-Bryan et al., 2005) and extracellular matrix 
proteins (Okamura et al., 2001) (Figure 2).  
DAMP-TLR interactions have been implicated in the pathogenesis of immune dysfunction 
in autoimmune diseases and atherosclerosis, as well as in the chronic inflammation often 
associated with cancer (Marshak-Rothstein, 2006). 
 

 
Fig. 2. Overview of toll-like receptors (TLRs) and their ligands. Activation of TLRs can be 
induced by exogenous microbial-derived ligands (PAMPs) as well as endogenous ligands 
(DAMPs) which are released from tissues in response to injury and inflammation.  

Importantly, DAMP-TLR interactions have also been shown to play a decisive role in 
shaping anti-tumor immune responses (Apetoh et al., 2007a). Tumor cell death induced by 
some chemotherapy drugs and ionizing radiation resulted in release of copious amounts of 
the DAMP high-mobility-group box 1 (HMGB1) that binds to TLR4 expressed by DC and 
promotes the cross-presentation of tumor-derived antigens to T cells (Apetoh et al., 2007b). 
The ability of TLR engagement to activate innate immune cells to promote a defense 
response by inducing adaptive anti-tumor responses has spurred efforts to exploit TLR 
agonists as novel adjuvants for cancer therapy (Adams, 2009). Both purified natural and 
synthetic TLR ligands have been used in a variety of vaccination regimens designed to 
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Similarly to CXCR3, CXCR6 is expressed on immune cells with anti-tumor effector function, 
namely activated CD8 and Th1 CD4 T cells, NK cells, and NKT cells (Kim et al., 2002; Kim et 
al., 2001; Nakayama et al., 2003; Unutmaz et al., 2000). CXCL16, the only ligand for CXCR6, 
was first shown to be expressed by immune cells with antigen-presenting function, and to 
be up-regulated during inflammation in different organs (Sato et al., 2005; Yamauchi et al., 
2004). As mentioned above, expression of CXCL16 was recently described in several tumors, 
including breast cancer. Autocrine effects of CXCL16 binding to CXCR6 expressed on the 
same cancer cells were described in prostate cancer, where signaling via CXCR6 induced the 
activation of AKT/mammalian target of rapamycin (mTOR) pathway and promoted tumor 
cell invasion, growth and angiogenesis (Wang et al., 2008). In contrast, in renal cell 
carcinoma, CXCL16 expression was associated with better prognosis in patients. 
Endogenous CXCL16 appeared to inhibit growth and migration by interacting with CXCR6 
expressed by the same tumor cells (Gutwein et al., 2009). Whether the pro- or anti-tumor 
effects of the CXCL16/CXCR6 pathway depend on the levels of CXCR6 expression on the 
tumor cells or its interaction with different forms of CXCL16 remains to be clarified. 
CXCL16 is one of only two chemokines that is released by cleavage of the chemokine 
domain from a transmembrane molecule by the activity of the disintegrin-like 
metalloproteinase ADAM10 (Abel et al., 2004). Soluble CXCL16 has chemotactic activity, 
while the transmembrane form can mediate adhesion to CXCR6+ cells, as well as function as 
a scavenger receptor for oxidized low density lipoproteins, phosphatidylserine, and dextran 
sulfate (Shimaoka et al., 2003). Therefore, it is possible that interaction of CXCR6 expressed 
on tumor cells with the soluble chemokine domain or the transmembrane form of CXCL16 
has different consequences. Expression of CXCR6 was initially reported in mouse breast 
cancer cell lines (Wang et al., 2006). A recent report in human breast cancer cells shows that 
CXCR6 can mediate chemotaxis in response to soluble CXCL16. Interestingly, expression of 
CXCR6 was regulated by hypoxia via hypoxia inducible factor (HIF)-1 suggesting a role of 
CXCR6 expressed in breast cancer cells in cell migration in response to hypoxia (Lin et al., 
2009). Although intriguing, these findings need confirmation in functional experiments 
assessing the role of CXCR6 in breast cancer metastasis. Overall, more data is required to 
clarify the expression and function of CXCR6 in breast cancer.  
Another chemokine receptor, CCR5, has been implicated in breast cancer metastases 
promoted by mesenchymal stem cells. Intriguingly, the increased metastatic ability was 
dependent on the production of CCL5 by mesenchymal stem cells, which was induced de 
novo by the breast cancer cells, highlighting the importance of the tumor microenvironment 
in the cross-talk between neoplastic and stromal cells (Karnoub et al., 2007).  

5. TLR and their ligands 

Immune surveillance by cells of the innate immune system is mediated in large part by 
pattern recognition receptors (PRRs) that allow sensing of the invading pathogens and 
initiation of the inflammatory cascade (Kopp and Medzhitov, 2003). PRRs represent a family 
of evolutionarily conserved, germline-encoded proteins that recognize structural motifs 
found in bacteria and viruses known as pathogen-associated molecular patterns (PAMPs) 
(Barton and Medzhitov, 2002). TLRs constitute the most well-studied and characterized 
family of PRRs. To date, 11 TLRs and their cognate ligands have been identified in humans. 
TLRs are predominantly expressed in DCs, macrophages and NK cells. TLR activation by 
their respective PAMPs induces the release of pro-inflammatory cytokines, chemokines as 
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well as adhesion molecules that collectively enhance phagocytosis, microbial killing as well 
as recruitment of adaptive immunity (Iwasaki and Medzhitov, 2004).  
In addition to sensing microbial pathogens, TLRs are also activated by endogenous ligands 
and trigger a sterile form of inflammation. First described by Matzinger as DAMP, these 
endogenous danger signals are often released or expressed in the context of tissue injury by 
both normal and neoplastic cells (Bianchi, 2007; Gallucci et al., 1999). Several recently 
identified DAMPs include heat- shock proteins (Ohashi et al., 2000; Roelofs et al., 2006; 
Vabulas et al., 2002), uric acid crystals (Liu-Bryan et al., 2005) and extracellular matrix 
proteins (Okamura et al., 2001) (Figure 2).  
DAMP-TLR interactions have been implicated in the pathogenesis of immune dysfunction 
in autoimmune diseases and atherosclerosis, as well as in the chronic inflammation often 
associated with cancer (Marshak-Rothstein, 2006). 
 

 
Fig. 2. Overview of toll-like receptors (TLRs) and their ligands. Activation of TLRs can be 
induced by exogenous microbial-derived ligands (PAMPs) as well as endogenous ligands 
(DAMPs) which are released from tissues in response to injury and inflammation.  

Importantly, DAMP-TLR interactions have also been shown to play a decisive role in 
shaping anti-tumor immune responses (Apetoh et al., 2007a). Tumor cell death induced by 
some chemotherapy drugs and ionizing radiation resulted in release of copious amounts of 
the DAMP high-mobility-group box 1 (HMGB1) that binds to TLR4 expressed by DC and 
promotes the cross-presentation of tumor-derived antigens to T cells (Apetoh et al., 2007b). 
The ability of TLR engagement to activate innate immune cells to promote a defense 
response by inducing adaptive anti-tumor responses has spurred efforts to exploit TLR 
agonists as novel adjuvants for cancer therapy (Adams, 2009). Both purified natural and 
synthetic TLR ligands have been used in a variety of vaccination regimens designed to 
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overcome tolerance and sustain tumor-specific T-cell responses. Evidence from pre-clinical 
and clinical studies has shown the benefit of TLR stimulation when combined with 
conventional cancer treatment modalities such as radiotherapy and/or chemotherapy 
(Manegold et al., 2008; Mason et al., 2006). The discovery that many epithelial cells, 
including carcinoma cells, do express at least some TLRs, however, has raised the question 
about the effect of TLR stimulation on the tumor cells (Yu and Chen, 2008), and the effects of 
their therapeutic use (Huang et al., 2008). For instance, data from both mouse and human 
cancer cells show that while activation of some TLRs can increase susceptibility of tumor 
cells to apoptosis (Salaun et al., 2006), the ligation of other TLRs promotes tumorigenesis on 
several levels. Indeed, in a variety of tumor models, TLR stimulation has been shown to 
enhance proliferation, diminish tumor susceptibility to apoptosis, stimulate migratory 
capacity and invasiveness as well as promote angiogenesis (Harmey et al., 2002; Jego et al., 
2006; Pidgeon et al., 1999). In the following section, we summarize data about the function 
of the main TLRs known to be expressed by breast cancer cells.  

5.1 TLR3  
Several TLRs (TLR 3,7,8 and 9) that recognize nucleic acid ligands are expressed 
intracellularly in the endosomal compartment, thus allowing for rapid detection of 
foreign nucleic acid material (Liu et al., 2008). TLR3 is an important detector of viral 
infection since it binds viral double-stranded RNA (dsRNA) and initiates a strong IFN 
type I response. Synthetic dsRNA agonists for TLR3, such as polyadenylic-polyuridylic 
acid [poly(A:U)], have been developed and tested in clinical trials in several cancers, 
including breast cancer, with encouraging results (Lacour et al., 1980). Interestingly, TLR3 
is expressed by breast cancer cells and its triggering promotes apoptosis (Salaun et al., 
2006) (Figure 3). In a recent clinical trial, adjuvant treatment with poly(A:U) showed a 
significant decrease in the risk of metastatic relapse in TLR3 positive but not in TLR3-
negative breast cancers, suggesting that the direct anti-tumor effect may be more 
important than the indirect stimulation of anti-tumor immunity (Salaun et al., 2011). TLR3 
triggering can also elicit the production by some tumor cells of chemokines that recruit 
immune cells with opposing effects (Conforti et al., 2010). Therefore, the use of TLR3 
agonists should be combined with strategies to enhance anti-tumor Th1 responses and/or 
decrease immunosuppressive cells responsive to CCL5. 

5.2 TLR4  
The prototypical and best-characterized agonist for TLR4 activation is lipopolysaccharide 
(LPS), a structural component of Gram-negative bacteria. TLR4 can also be stimulated by 
viral components derived, for example, from respiratory syncytial virus (Kurt-Jones et al., 
2000) or the murine retrovirus MMTV (Rassa et al., 2002). Additionally, endogenous DAMPs 
such as heat-shock proteins and HMGB-1 are ligands for TLR4 (Apetoh et al., 2007b; Ohashi 
et al., 2000). A synthetic derivative, i.e., monophospohryl lipid A (MPL), is used as a vaccine 
adjuvant for hepatitis B (Fendrix) and human papilloma virus (Cervarix) (reviewed in 
(Adams, 2009)). In the 1990’s, MPL was included as a component of DETOX adjuvant in 
tumor vaccines for skin, lung and breast malignancies, with promising results in Phase II/III 
clinical trials (Eton et al., 1998; He et al., 2007; MacLean et al., 1993). On the other hand, 
recent evidence has implicated TLR4 expression in tumor cells as having a profound impact 
on tumor cell survival by evading host anti-tumor responses (He et al., 2007) or promoting  
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Fig. 3. Documented effects of TLR ligation on breast cancer cells. TLR activation in breast 
cancer cells is complex since it can either promote tumor cell death or enhance its growth 
and invasive potential. Like most other epithelial malignancies, breast cancer cells express 
several TLRs although the endogenous ligands for many of these TLRs remain unknown.  

chemoresistance (Kelly et al., 2006). Expression of TLR4 by a large majority (~90%) of 
primary breast cancers was detected by immunohistochemistry in a study of 133 cases, but 
there was no significant association between TLR4-positivity and outcome (Petricevic et al., 
2011). On the other hand, another study reported an interesting correlation between 
metastatic propensity and expression of TLR4 among stromal cells (i.e mononuclear 
inflammatory cells), which are found in abundance in primary breast tumors (Gonzalez-
Reyes et al., 2010). These findings reiterate the complexity of the role that stromal cells play 
in tumor progression and suggest that TLR4 expression may be a critical mediator in these 
events. Furthermore, TLR4 was the predominant TLR detected in the immortalized human 
breast cancer cell line MDA-MB-231 (Yang et al., 2010). Knockdown of TLR4 significantly 
inhibited growth and secretion of IL-6 and IL-8 by these breast cancer cells, suggesting that 
TLR4 could be a therapeutic target. Overall, while stimulation of TLR4 in the cancer cells 
themselves may have deleterious effects, stimulation of TLR4 in innate immune cells could 
have opposite effects, depending on the tumor microenvironment, the type of myeloid cells 
involved (e.g., macrophages versus DC) and the availability of other signals that have to be 
integrated by DC to promote, rather than suppress, anti-tumor immune responses (Zitvogel 
et al., 2010).  

5.3 TLR5  
TLR5 is a cell surface receptor that recognizes bacterial flagellin and is unique among TLRs 
in that it is highly expressed in DCs within the lamina propria of the gut epithelium. It has 
also been detected in carcinomas of the gastro-intestinal tract, where it has been 
hypothesized that it may interact with bacterial pathogens linked to cancer development 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 464 

overcome tolerance and sustain tumor-specific T-cell responses. Evidence from pre-clinical 
and clinical studies has shown the benefit of TLR stimulation when combined with 
conventional cancer treatment modalities such as radiotherapy and/or chemotherapy 
(Manegold et al., 2008; Mason et al., 2006). The discovery that many epithelial cells, 
including carcinoma cells, do express at least some TLRs, however, has raised the question 
about the effect of TLR stimulation on the tumor cells (Yu and Chen, 2008), and the effects of 
their therapeutic use (Huang et al., 2008). For instance, data from both mouse and human 
cancer cells show that while activation of some TLRs can increase susceptibility of tumor 
cells to apoptosis (Salaun et al., 2006), the ligation of other TLRs promotes tumorigenesis on 
several levels. Indeed, in a variety of tumor models, TLR stimulation has been shown to 
enhance proliferation, diminish tumor susceptibility to apoptosis, stimulate migratory 
capacity and invasiveness as well as promote angiogenesis (Harmey et al., 2002; Jego et al., 
2006; Pidgeon et al., 1999). In the following section, we summarize data about the function 
of the main TLRs known to be expressed by breast cancer cells.  

5.1 TLR3  
Several TLRs (TLR 3,7,8 and 9) that recognize nucleic acid ligands are expressed 
intracellularly in the endosomal compartment, thus allowing for rapid detection of 
foreign nucleic acid material (Liu et al., 2008). TLR3 is an important detector of viral 
infection since it binds viral double-stranded RNA (dsRNA) and initiates a strong IFN 
type I response. Synthetic dsRNA agonists for TLR3, such as polyadenylic-polyuridylic 
acid [poly(A:U)], have been developed and tested in clinical trials in several cancers, 
including breast cancer, with encouraging results (Lacour et al., 1980). Interestingly, TLR3 
is expressed by breast cancer cells and its triggering promotes apoptosis (Salaun et al., 
2006) (Figure 3). In a recent clinical trial, adjuvant treatment with poly(A:U) showed a 
significant decrease in the risk of metastatic relapse in TLR3 positive but not in TLR3-
negative breast cancers, suggesting that the direct anti-tumor effect may be more 
important than the indirect stimulation of anti-tumor immunity (Salaun et al., 2011). TLR3 
triggering can also elicit the production by some tumor cells of chemokines that recruit 
immune cells with opposing effects (Conforti et al., 2010). Therefore, the use of TLR3 
agonists should be combined with strategies to enhance anti-tumor Th1 responses and/or 
decrease immunosuppressive cells responsive to CCL5. 

5.2 TLR4  
The prototypical and best-characterized agonist for TLR4 activation is lipopolysaccharide 
(LPS), a structural component of Gram-negative bacteria. TLR4 can also be stimulated by 
viral components derived, for example, from respiratory syncytial virus (Kurt-Jones et al., 
2000) or the murine retrovirus MMTV (Rassa et al., 2002). Additionally, endogenous DAMPs 
such as heat-shock proteins and HMGB-1 are ligands for TLR4 (Apetoh et al., 2007b; Ohashi 
et al., 2000). A synthetic derivative, i.e., monophospohryl lipid A (MPL), is used as a vaccine 
adjuvant for hepatitis B (Fendrix) and human papilloma virus (Cervarix) (reviewed in 
(Adams, 2009)). In the 1990’s, MPL was included as a component of DETOX adjuvant in 
tumor vaccines for skin, lung and breast malignancies, with promising results in Phase II/III 
clinical trials (Eton et al., 1998; He et al., 2007; MacLean et al., 1993). On the other hand, 
recent evidence has implicated TLR4 expression in tumor cells as having a profound impact 
on tumor cell survival by evading host anti-tumor responses (He et al., 2007) or promoting  

 
Cross-Talk of Breast Cancer Cells with the Immune System 465 

 
Fig. 3. Documented effects of TLR ligation on breast cancer cells. TLR activation in breast 
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and invasive potential. Like most other epithelial malignancies, breast cancer cells express 
several TLRs although the endogenous ligands for many of these TLRs remain unknown.  

chemoresistance (Kelly et al., 2006). Expression of TLR4 by a large majority (~90%) of 
primary breast cancers was detected by immunohistochemistry in a study of 133 cases, but 
there was no significant association between TLR4-positivity and outcome (Petricevic et al., 
2011). On the other hand, another study reported an interesting correlation between 
metastatic propensity and expression of TLR4 among stromal cells (i.e mononuclear 
inflammatory cells), which are found in abundance in primary breast tumors (Gonzalez-
Reyes et al., 2010). These findings reiterate the complexity of the role that stromal cells play 
in tumor progression and suggest that TLR4 expression may be a critical mediator in these 
events. Furthermore, TLR4 was the predominant TLR detected in the immortalized human 
breast cancer cell line MDA-MB-231 (Yang et al., 2010). Knockdown of TLR4 significantly 
inhibited growth and secretion of IL-6 and IL-8 by these breast cancer cells, suggesting that 
TLR4 could be a therapeutic target. Overall, while stimulation of TLR4 in the cancer cells 
themselves may have deleterious effects, stimulation of TLR4 in innate immune cells could 
have opposite effects, depending on the tumor microenvironment, the type of myeloid cells 
involved (e.g., macrophages versus DC) and the availability of other signals that have to be 
integrated by DC to promote, rather than suppress, anti-tumor immune responses (Zitvogel 
et al., 2010).  

5.3 TLR5  
TLR5 is a cell surface receptor that recognizes bacterial flagellin and is unique among TLRs 
in that it is highly expressed in DCs within the lamina propria of the gut epithelium. It has 
also been detected in carcinomas of the gastro-intestinal tract, where it has been 
hypothesized that it may interact with bacterial pathogens linked to cancer development 
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such as Helicobacter pylori (Schmausser et al., 2005). Interestingly, a functional TLR5 is also 
expressed by human prostate cancer cells and its stimulation triggers the production of 
chemokines that recruit immune cells, although it is unclear whether recruited cells 
contribute to pro-tumorigenic inflammation or tumor rejection (Galli et al., 2010). On the 
other hand, the pro-inflammatory effects of TLR5 activation, particularly IL-6 and CCL2 
release, were implicated in tumor progression of ovarian malignancies (Zhou et al., 2009). 
Indeed, early studies comparing TLR5 expression in normal and ovarian cancer have 
suggested that TLR5 could be a promising biomarker for malignant changes (Kim et al., 
2008).  
In a preclinical model of breast cancer, administration of flagellin to mice with established 
tumors inhibited the growth of an immunogenic variant expressing human Her-2 but not 
the parental non-immunogenic tumor (Sfondrini et al., 2006). TLR5 stimulation by flagellin 
was associated with enhanced IFN production and diminished infiltration of Treg cells. 
Interestingly, flagellin treatment at the time of tumor implantation had the opposite effect, 
leading to decreased IFN, increased frequency of Treg cells and accelerated tumor growth, 
indicating that opposing effects may be elicited depending on the tumor/host environment 
at time of administration (Sfondrini et al., 2006). However, since TLR5 expression in tumor 
cells themselves was not definitively established, no conclusions could be drawn whether 
the pro- or anti-tumorigenic effects of flagellin treatment resulted from direct effects on 
carcinoma cells.  
A recent study in human primary breast cancer specimens from 75 patients demonstrated 
that TLR5 is expressed in normal ductal epithelium and in 80% of breast cancers 
examined (Cai et al., 2011). TLR5 was also expressed in 6 human breast cancer cell lines, 
and flagellin treatment inhibited tumor cell proliferation in vitro and in vivo, in a xenograft 
model. In MCF7 cells, flagellin stimulation induced tumor necrosis factor (TNF)-α, IL-1β, 
IL-6, and IL-8 mRNA, suggesting that flagellin activates TLR5-dependent signaling 
pathway in breast cancer cells. The production of several chemokines was also increased 
by flagellin, including MIP-3α, MCP-1, macrophage-derived chemokine (MDC), IL-6, Gro-
α, and osteoprotegerin. In vivo, flagellin-treated MCF7 and MDA-MB-468 tumors growing 
in nude (T cell deficient) mice showed increased infiltration by neutrophils (Cai et al., 
2011). It will be important to establish, however, if these anti-tumor effects can be 
achieved in immunocompetent mice.  

5.4 TLR9  
TLR9 is located intracellularly in the endoplasmic reticulum and binding induces 
translocation to the endosomal/lysosomal compartment. In humans, TLR9 is abundantly 
expressed in plasmacytoid DC (pDCs) and B cells. Until recently, TLR9 has been thought to 
recognize hypomethylated CpG deoxynucleotides (CpG-ODN) motifs characteristic of 
bacterial DNA but molecular studies have definitively shown that TLR9 binds instead to the 
2’-deoxyribose sugar backbone (Haas et al., 2008). TLR9 activation in pDC enhances their 
maturation into more efficient antigen presenting cells and producers of powerful pro-
inflammatory cytokines such as type I IFN (Gilliet et al., 2008). Furthermore, the activation 
of TLR9 in B cells promotes their proliferation and polyclonal immunoglobulin synthesis, 
thus generating a robust humoral response as well (Chiron et al., 2008). The broad spectrum 
of immunoactivating effects of TLR9 stimulation on both innate and adaptive responses 
have spurred efforts to use synthetic TLR9 ligands as an immunotherapeutic for both solid 
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tumors and hematological malignancies (Krieg, 2008). Initially, TLR9 expression was 
thought to be restricted to immune cells, but recent studies have conclusively showed that a 
variety of tumor cell types also express functional TLR9 molecules. Indeed, expression of 
TLR9 has been confirmed in both frozen breast tumor specimens (Berger et al., 2010)as well 
as breast cancer cell lines (Berger et al., 2010; Merrell et al., 2006; Qiu et al., 2009). A study of 
124 frozen breast tissue specimen from women diagnosed with breast cancer found a 
positive correlation (Spearman rank p=0.04) between TLR9 mRNA expression and 
increasing tumor grade, suggesting that TLR9 expression may be a molecular marker for 
poorly differentiated breast cancers (Berger et al., 2010).  
The direct effects of TLR9 stimulation on tumor cells, however, remains decidedly 
complex. In 2006, Selander and colleagues showed that CpG-ODN stimulation of the TLR9-
positive MDA-MB-231 but not TLR9-negative MCF-7 human breast cancer cells induced 
their migration across a matrigel matrix (Merrell et al., 2006), suggesting that TLR9 
signaling plays a role in cancer progression and metastasis. TLR9 overexpression in BT-20 
breast cancer cells has similarly been found to enhance invasiveness in vitro (Berger et al., 
2010). In both studies, CpG-ODN stimulation did not affect cellular proliferation, thus 
negating the possibility that the enhanced migration could be attributed to increased cell 
division. TLR9 expression may also be a mechanism that tumors employ to evade host 
immune responses such as tumor necrosis factor-related apoptosis inducing ligand 
(TRAIL)-induced apoptosis. The TRAIL/TRAIL receptor interaction is an important 
mechanism by which anti-tumor effectors such as CD8 T cells, NK cells and NKT cells 
mediate tumor-directed cell kill. In an in vitro study using TLR9-expressing breast cancer 
cell lines HCC1569 and Cal51, CpG-ODN stimulation resulted in a significant decrease in 
the sensitivity of tumor cells to lexatumumab, an anti-DR5 agonist antibody that stimulates 
the TRAIL pathway (Chiron et al., 2009; Ohta et al., 2006) . Using a synthetic TLR9 ligand 
in which the phosphate backbone was modified to increase resistance to nucleases and 
enhance circulating half-life, Chiron and co-workers showed that the phosphorothioate-
modified TLR9 agonist could bind directly to the DR5 receptor on tumor cells and inhibit 
TRAIL-dependent killing by NK cells. These findings have important implications for the 
use of TLR9-directed therapies using synthetic CpG-ODNs which may potentially 
attenuate tumor immunosurveillance. Conversely, a recent study suggest that CpG-ODN 
stimulation may hold therapeutic promise in estrogen-responsive breast cancer cells (Qiu 
et al., 2009). TLR9 activation in T47D and MCF-7 breast cancer cells inhibited estrogen-
receptor alpha (ER)-mediated transactivation through the NF-B pathway. Although 
these findings need to be confirmed in primary breast tumor tissues, it is intriguing to 
investigate whether CpG-ODN stimulation can synergize with hormonal therapy for ER+ 
breast cancers.  

6. The cross-talk between regulatory T cells and breast cancer cells (RANKL) 
Receptor activator of NF-kB (RANK) is a type I membrane protein, which shares high 
homology with CD40. RANK ligand (RANKL, also called TRANCE (TNF-related activation-
induced cytokine) or osteoclast differentiation factor (ODF) is a type II membrane protein 
with belongs to the TNF superfamily originally identified as a dendritic cell survival factor. 
RANKL is predominately expressed in activated T cells, as well as the thymus, lymph node 
and bone marrow. RANK/RANKL are essential regulators of bone remodeling, body 
temperature, lymph node and thymus formation as well as mammary gland development 
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such as Helicobacter pylori (Schmausser et al., 2005). Interestingly, a functional TLR5 is also 
expressed by human prostate cancer cells and its stimulation triggers the production of 
chemokines that recruit immune cells, although it is unclear whether recruited cells 
contribute to pro-tumorigenic inflammation or tumor rejection (Galli et al., 2010). On the 
other hand, the pro-inflammatory effects of TLR5 activation, particularly IL-6 and CCL2 
release, were implicated in tumor progression of ovarian malignancies (Zhou et al., 2009). 
Indeed, early studies comparing TLR5 expression in normal and ovarian cancer have 
suggested that TLR5 could be a promising biomarker for malignant changes (Kim et al., 
2008).  
In a preclinical model of breast cancer, administration of flagellin to mice with established 
tumors inhibited the growth of an immunogenic variant expressing human Her-2 but not 
the parental non-immunogenic tumor (Sfondrini et al., 2006). TLR5 stimulation by flagellin 
was associated with enhanced IFN production and diminished infiltration of Treg cells. 
Interestingly, flagellin treatment at the time of tumor implantation had the opposite effect, 
leading to decreased IFN, increased frequency of Treg cells and accelerated tumor growth, 
indicating that opposing effects may be elicited depending on the tumor/host environment 
at time of administration (Sfondrini et al., 2006). However, since TLR5 expression in tumor 
cells themselves was not definitively established, no conclusions could be drawn whether 
the pro- or anti-tumorigenic effects of flagellin treatment resulted from direct effects on 
carcinoma cells.  
A recent study in human primary breast cancer specimens from 75 patients demonstrated 
that TLR5 is expressed in normal ductal epithelium and in 80% of breast cancers 
examined (Cai et al., 2011). TLR5 was also expressed in 6 human breast cancer cell lines, 
and flagellin treatment inhibited tumor cell proliferation in vitro and in vivo, in a xenograft 
model. In MCF7 cells, flagellin stimulation induced tumor necrosis factor (TNF)-α, IL-1β, 
IL-6, and IL-8 mRNA, suggesting that flagellin activates TLR5-dependent signaling 
pathway in breast cancer cells. The production of several chemokines was also increased 
by flagellin, including MIP-3α, MCP-1, macrophage-derived chemokine (MDC), IL-6, Gro-
α, and osteoprotegerin. In vivo, flagellin-treated MCF7 and MDA-MB-468 tumors growing 
in nude (T cell deficient) mice showed increased infiltration by neutrophils (Cai et al., 
2011). It will be important to establish, however, if these anti-tumor effects can be 
achieved in immunocompetent mice.  

5.4 TLR9  
TLR9 is located intracellularly in the endoplasmic reticulum and binding induces 
translocation to the endosomal/lysosomal compartment. In humans, TLR9 is abundantly 
expressed in plasmacytoid DC (pDCs) and B cells. Until recently, TLR9 has been thought to 
recognize hypomethylated CpG deoxynucleotides (CpG-ODN) motifs characteristic of 
bacterial DNA but molecular studies have definitively shown that TLR9 binds instead to the 
2’-deoxyribose sugar backbone (Haas et al., 2008). TLR9 activation in pDC enhances their 
maturation into more efficient antigen presenting cells and producers of powerful pro-
inflammatory cytokines such as type I IFN (Gilliet et al., 2008). Furthermore, the activation 
of TLR9 in B cells promotes their proliferation and polyclonal immunoglobulin synthesis, 
thus generating a robust humoral response as well (Chiron et al., 2008). The broad spectrum 
of immunoactivating effects of TLR9 stimulation on both innate and adaptive responses 
have spurred efforts to use synthetic TLR9 ligands as an immunotherapeutic for both solid 
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tumors and hematological malignancies (Krieg, 2008). Initially, TLR9 expression was 
thought to be restricted to immune cells, but recent studies have conclusively showed that a 
variety of tumor cell types also express functional TLR9 molecules. Indeed, expression of 
TLR9 has been confirmed in both frozen breast tumor specimens (Berger et al., 2010)as well 
as breast cancer cell lines (Berger et al., 2010; Merrell et al., 2006; Qiu et al., 2009). A study of 
124 frozen breast tissue specimen from women diagnosed with breast cancer found a 
positive correlation (Spearman rank p=0.04) between TLR9 mRNA expression and 
increasing tumor grade, suggesting that TLR9 expression may be a molecular marker for 
poorly differentiated breast cancers (Berger et al., 2010).  
The direct effects of TLR9 stimulation on tumor cells, however, remains decidedly 
complex. In 2006, Selander and colleagues showed that CpG-ODN stimulation of the TLR9-
positive MDA-MB-231 but not TLR9-negative MCF-7 human breast cancer cells induced 
their migration across a matrigel matrix (Merrell et al., 2006), suggesting that TLR9 
signaling plays a role in cancer progression and metastasis. TLR9 overexpression in BT-20 
breast cancer cells has similarly been found to enhance invasiveness in vitro (Berger et al., 
2010). In both studies, CpG-ODN stimulation did not affect cellular proliferation, thus 
negating the possibility that the enhanced migration could be attributed to increased cell 
division. TLR9 expression may also be a mechanism that tumors employ to evade host 
immune responses such as tumor necrosis factor-related apoptosis inducing ligand 
(TRAIL)-induced apoptosis. The TRAIL/TRAIL receptor interaction is an important 
mechanism by which anti-tumor effectors such as CD8 T cells, NK cells and NKT cells 
mediate tumor-directed cell kill. In an in vitro study using TLR9-expressing breast cancer 
cell lines HCC1569 and Cal51, CpG-ODN stimulation resulted in a significant decrease in 
the sensitivity of tumor cells to lexatumumab, an anti-DR5 agonist antibody that stimulates 
the TRAIL pathway (Chiron et al., 2009; Ohta et al., 2006) . Using a synthetic TLR9 ligand 
in which the phosphate backbone was modified to increase resistance to nucleases and 
enhance circulating half-life, Chiron and co-workers showed that the phosphorothioate-
modified TLR9 agonist could bind directly to the DR5 receptor on tumor cells and inhibit 
TRAIL-dependent killing by NK cells. These findings have important implications for the 
use of TLR9-directed therapies using synthetic CpG-ODNs which may potentially 
attenuate tumor immunosurveillance. Conversely, a recent study suggest that CpG-ODN 
stimulation may hold therapeutic promise in estrogen-responsive breast cancer cells (Qiu 
et al., 2009). TLR9 activation in T47D and MCF-7 breast cancer cells inhibited estrogen-
receptor alpha (ER)-mediated transactivation through the NF-B pathway. Although 
these findings need to be confirmed in primary breast tumor tissues, it is intriguing to 
investigate whether CpG-ODN stimulation can synergize with hormonal therapy for ER+ 
breast cancers.  

6. The cross-talk between regulatory T cells and breast cancer cells (RANKL) 
Receptor activator of NF-kB (RANK) is a type I membrane protein, which shares high 
homology with CD40. RANK ligand (RANKL, also called TRANCE (TNF-related activation-
induced cytokine) or osteoclast differentiation factor (ODF) is a type II membrane protein 
with belongs to the TNF superfamily originally identified as a dendritic cell survival factor. 
RANKL is predominately expressed in activated T cells, as well as the thymus, lymph node 
and bone marrow. RANK/RANKL are essential regulators of bone remodeling, body 
temperature, lymph node and thymus formation as well as mammary gland development 
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during pregnancy (Leibbrandt and Penninger, 2008). Furthermore, the RANK/RANKL axis 
has been linked to progestin-driven breast carcinomas and bone metastases (Schramek et al., 
2010).  
In addition to the expression of RANK on hematopoietic osteoclast precursors and DC, the 
receptor is also expressed by some tumor cell types, including melanoma, osteosarcomas, 
breast and prostate cancers (Jones et al., 2006; Mori et al., 2007a; Mori et al., 2007b). RANK 
expression has been reported in 6-57% of invasive human breast cancers, depending upon 
the parameters used to define positivity and antibodies utilized for staining (Gonzalez-
Suarez et al., 2010; Santini et al., 2011). Stimulation of RANK+ human breast cancer cells 
with recombinant RANKL induces actin polymerization and migration without affecting 
cell proliferation (Jones et al., 2006). Preclinical models of Her-2+ mammary carcinoma 
(MMTV-neu transgenic mouse) have shown that metastatic spread is dependent on RANK 
signaling and that pharmacological inhibition of RANKL reduces tumor growth and lung 
metastases (Gonzalez-Suarez et al., 2010; Tan et al., 2011).  
While only a subgroup of breast cancers expresses RANKL and there is no evidence for co-
localization of RANK and its ligand in the carcinoma epithelium (Gonzalez-Suarez et al., 
2010; Van Poznak et al., 2006), RANKL is expressed by infiltrating immune cells. In one 
study, RANKL was detected in tumor-infiltrating mononuclear cells (not further 
characterized) and occasionally in fibroblast-like stromal cells (Gonzalez-Suarez et al., 2010). 
Another report showed that the majority of RANKL-producing cells infiltrating breast 
cancers were T cells expressing FOXP3, a transcription factor produced by Treg cells (Tan et 
al., 2011). Importantly, RANK signaling mediated the metastatic behavior of RANK-
expressing mouse breast cancer cells, and RANKL was produced by Treg cells (Tan et al., 
2011). Therefore, in addition to suppressing anti-tumor immune responses, Treg cells might 
promote the metastatic behaviors of some tumors by producing RANKL, explaining why 
Treg cells have been shown to have prognostic significance in breast cancers. In 237 patients 
with operable breast cancers, Treg cell numbers in the primary tumor correlated with 
relapse-free survival independently of nodal involvement, tumor size and grade (Bates et 
al., 2006). Therefore, it will be of great interest to determine if tumor infiltration by Treg cells 
and/or Th17 cells, another T cell subset that has been shown to express high levels of 
RANKL (Sato et al., 2006), predicts for increased metastases of RANK+ breast cancers, and 
whether RANKL inhibition will be effective at inhibiting metastasis and risk of recurrence 
and death from breast cancer. 

7. Therapeutic implications 
The role of interactions between tumor cells and host immune system is increasingly 
appreciated as critical for tumor development and progression, as well as therapeutic 
response. As discussed above, the type and density of immune cells infiltrating breast 
cancers is associated with prognosis, with high density of macrophages forecasting a worse 
outcome (Bingle et al., 2002) while high numbers of CD8+ T cells predict a better outcome 
(Mahmoud et al., 2011). Importantly, the presence of a brisk lymphocytic infiltrate in pre-
treatment biopsies of more than one thousand primary breast cancers was significantly 
associated with pathological complete response (pCR) to neoadjuvant anthracycline/taxane 
treatment (Denkert et al., 2010). A significant association was found between markers of T 
cells (CD3) and effector T-cell recruitment (CXCL9) and pCR (Denkert et al., 2010). These 
data in patients support the concept that the anti-cancer immune response is essential for 
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therapeutic success (Zitvogel et al., 2008), and suggest that immune infiltrates can provide 
predictive information. Indeed, if cytocidal treatments work, in part, by causing an 
immunogenic tumor cell death and generating an in situ vaccine, the presence of a less 
immunosuppressive microenvironment will favor development of anti-tumor immunity 
post-treatment (Apetoh et al., 2007c; Formenti and Demaria, 2009; Ghiringhelli et al., 2009; 
Obeid et al., 2007). Conversely, immune cells and their receptors become attractive targets 
for improving response to chemo- and radio-therapy. For example, we have shown in a 
mouse model of metastatic breast cancer that targeting the co-inhibitory receptor CTLA-4 on 
T cells synergizes with local radiotherapy in inducing the immune-mediated regression of 
the irradiated tumor and metastases outside of the radiation field (Demaria et al., 2005). In a 
different mouse model of breast cancer targeting colony stimulating factor (CSF)-1 receptor 
with an antagonist blocked macrophage recruitment to paclitaxel-treated tumors leading to 
improved therapeutic response, longer survival and reduced metastases (DeNardo et al., 
2011).  
Strategies to deplete Treg cells in breast cancer patients (Dannull et al., 2005; Rech and 
Vonderheide, 2009) may also be beneficial by reducing local immunosuppression as well as 
removing a main source of RANKL production. Increased accumulation of Treg cells is also 
seen in sentinel lymph nodes of breast cancer patients and it correlates with the size of the 
primary tumor (Gupta et al., 2011). Since anti-tumor T cells are activated in sentinel lymph 
nodes (Kim et al., 2006) the increased Treg cell presence might limit the efficacy of pre-
operative chemotherapy for locally advanced breast cancer by inhibiting the activation of 
tumor-specific T cells (Boissonnas et al., 2010).  
Multiple additional strategies for manipulating the immune environment of breast cancer 
are being studied, including TLR agonists (Lu et al., 2010), immunomodulatory drugs and 
vaccines (Emens et al., 2009). A critical question that will need to be addressed is how we 
predict response to treatment with agents that target the immune system, whether directly 
such as antibodies against co-stimulatory or co-inhibitory T cell receptors, or indirectly such 
as chemotherapy drugs that induce an immunogenic cell death. In fact, polymorphisms of 
TLR4 and P2X7, receptors that play a key role in development of anti-tumor immunity 
following chemotherapy-induced immunogenic tumor cell death, are present in the 
population and have been shown to impact response to treatment with anthracyclines and 
radiotherapy (Apetoh et al., 2007c; Ghiringhelli et al., 2009). Therefore, as recently proposed 
by Zitvogel and colleagues (Zitvogel et al., 2011), immune-relevant biomarkers will need to 
be considered together with tumor cell biomarkers in tailoring treatment for patients 
towards a personalized therapeutic approach.  

8. Conclusions 
This chapter summarizes the recent advances in our understanding of the interplay between 
breast cancer and the immune system. Cancer cells secrete and respond to cytokines, 
chemokines, and DAMPs influencing the nature and quantity of the immune infiltrate. In 
turn, the type of immune cells present within breast cancer can have a major impact on 
tumor progression, prognosis and response to treatment. Immune cells can foster a pro-
tumorigenic inflammatory environment as well as inhibit tumors (Figure 4). To achieve 
therapeutic success, any treatment strategy will need to include an approach to shift the 
balance of pro-tumorigenic and anti-tumor immunity in favor of the latter. The good news is 
that enlisting the power of the immune system to synergize with cytocidal tumor therapy 
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promote the metastatic behaviors of some tumors by producing RANKL, explaining why 
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T cells synergizes with local radiotherapy in inducing the immune-mediated regression of 
the irradiated tumor and metastases outside of the radiation field (Demaria et al., 2005). In a 
different mouse model of breast cancer targeting colony stimulating factor (CSF)-1 receptor 
with an antagonist blocked macrophage recruitment to paclitaxel-treated tumors leading to 
improved therapeutic response, longer survival and reduced metastases (DeNardo et al., 
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Vonderheide, 2009) may also be beneficial by reducing local immunosuppression as well as 
removing a main source of RANKL production. Increased accumulation of Treg cells is also 
seen in sentinel lymph nodes of breast cancer patients and it correlates with the size of the 
primary tumor (Gupta et al., 2011). Since anti-tumor T cells are activated in sentinel lymph 
nodes (Kim et al., 2006) the increased Treg cell presence might limit the efficacy of pre-
operative chemotherapy for locally advanced breast cancer by inhibiting the activation of 
tumor-specific T cells (Boissonnas et al., 2010).  
Multiple additional strategies for manipulating the immune environment of breast cancer 
are being studied, including TLR agonists (Lu et al., 2010), immunomodulatory drugs and 
vaccines (Emens et al., 2009). A critical question that will need to be addressed is how we 
predict response to treatment with agents that target the immune system, whether directly 
such as antibodies against co-stimulatory or co-inhibitory T cell receptors, or indirectly such 
as chemotherapy drugs that induce an immunogenic cell death. In fact, polymorphisms of 
TLR4 and P2X7, receptors that play a key role in development of anti-tumor immunity 
following chemotherapy-induced immunogenic tumor cell death, are present in the 
population and have been shown to impact response to treatment with anthracyclines and 
radiotherapy (Apetoh et al., 2007c; Ghiringhelli et al., 2009). Therefore, as recently proposed 
by Zitvogel and colleagues (Zitvogel et al., 2011), immune-relevant biomarkers will need to 
be considered together with tumor cell biomarkers in tailoring treatment for patients 
towards a personalized therapeutic approach.  
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This chapter summarizes the recent advances in our understanding of the interplay between 
breast cancer and the immune system. Cancer cells secrete and respond to cytokines, 
chemokines, and DAMPs influencing the nature and quantity of the immune infiltrate. In 
turn, the type of immune cells present within breast cancer can have a major impact on 
tumor progression, prognosis and response to treatment. Immune cells can foster a pro-
tumorigenic inflammatory environment as well as inhibit tumors (Figure 4). To achieve 
therapeutic success, any treatment strategy will need to include an approach to shift the 
balance of pro-tumorigenic and anti-tumor immunity in favor of the latter. The good news is 
that enlisting the power of the immune system to synergize with cytocidal tumor therapy 
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holds the promise to revolutionize treatment and the hope to achieve long-term tumor 
control and perhaps cure (Schreiber et al., 2011).  
 

 
Fig. 4. Immune cells infiltrating breast cancer play a dual role, promoting (left) or inhibiting 
(right) tumor growth and metastases. Breast cancer cells produce chemokines, such as CCL5 
and MCP-1, that recruit monocytic cells which, in the presence of IL-4 secreted by Th2 T 
cells differentiate into pro-tumorigenic macrophages (TAMs). Breast cancer cells also 
express chemokine receptors, such as CXCR4, that promote their migration in response to 
CXCL12, guiding metastases to distant organs. In contrast, other chemokines produced by 
breast cancer cells, such as CXCL16, promote the recruitment of CXCR6+ anti-tumor CD8 T 
cells. Activation of TLRs on the surface of breast cancer cells has differential effects that can 
either promote or inhibit tumor growth. The recruitment of Treg cells by breast tumor cells 
via secretion of CCL22 contributes to create an immunosuppressive milieu. In addition, 
RANKL production by Treg and Th17 cells, and possibly other stromal cells, promotes 
metastases of RANK+ breast cancer cells.  
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1. Introduction 
Breast cancers are classified in at least six different subtypes (normal-like, luminal A, 
luminal B, Her2, basal-like, claudin-low), which are characterized by distinct genome-wide 
transcriptional profiles and response to therapy [1]. Recently, it has been shown that these 
intrinsic types of breast cancers are associated with unique DNA-methylation patterns 
[2,3,4]. In 2009, a large-scale genomic analysis of breast cancer cohorts has identified a novel 
subtype of breast cancer enriched in putative cancer stem-cell (CSC) markers, named 
claudin-low [5]. In addition to cancer or stem cell signatures, claudin-low tumors are 
enriched in Epithelial-to-Mesenchymal transition (EMT) markers, such as high expression of 
the Transcription Factors (TFs) Twist and Snail, and loss of epithelial junction proteins, such 
as cadherins, claudins and ocludins. Together with basal-like breast cancers, claudin-low 
carcinomas are mostly triple negative, hence their lack of expression of the Estrogen 
Receptor (ER), Progesterone Receptor (PR) and Her2. Consequently, these carcinomas are 
refractory to regimens to treat breast cancers, such as anti-estrogens and conventional 
chemotherapy. Similarly to these breast cancers, a subtype of serious epithelial ovarian 
cancers also appear to be poorly differentiated, high grade, and associated with poor clinical 
outcome. These serous epithelial ovarian tumors, named type II, are often associated with 
p53 and BRCA mutations [6]. Thus, there is a need to develop novel and more effective 
strategies to target poorly differentiated carcinomas. This will begin with a better 
understanding of molecular pathways that are activated in these tumors, which maintain 
aberrant proliferation and potentially, tumor initiation.  
Little is known regarding the molecular determinants of tumor initiation and progression in 
poorly differentiated cancers. it has been proposed that claudin-low and basal-like breast 
tumors are originated by oncogenic transformation of bipotent stem and progenitor cells, 
respectively. Consistent with this idea, we found that many Transcription Factors (TFs) 
normally expressed in both, adult and embryonic stem cells (hESCs), are also over-expressed 
in poorly differentiated breast and ovarian carcinomas. In the first part of this chapter we will 
overview oncogenic TFs and TF networks that could play a role in maintaining aberrant self-
renewal, with special focus on the OCT4-SOX2-NANOG embryonic TF network. In addition to 
abnormal reactivation of oncogenic TFs, tumor suppressor genes undergo epigenetic silencing 
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refractory to regimens to treat breast cancers, such as anti-estrogens and conventional 
chemotherapy. Similarly to these breast cancers, a subtype of serious epithelial ovarian 
cancers also appear to be poorly differentiated, high grade, and associated with poor clinical 
outcome. These serous epithelial ovarian tumors, named type II, are often associated with 
p53 and BRCA mutations [6]. Thus, there is a need to develop novel and more effective 
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aberrant proliferation and potentially, tumor initiation.  
Little is known regarding the molecular determinants of tumor initiation and progression in 
poorly differentiated cancers. it has been proposed that claudin-low and basal-like breast 
tumors are originated by oncogenic transformation of bipotent stem and progenitor cells, 
respectively. Consistent with this idea, we found that many Transcription Factors (TFs) 
normally expressed in both, adult and embryonic stem cells (hESCs), are also over-expressed 
in poorly differentiated breast and ovarian carcinomas. In the first part of this chapter we will 
overview oncogenic TFs and TF networks that could play a role in maintaining aberrant self-
renewal, with special focus on the OCT4-SOX2-NANOG embryonic TF network. In addition to 
abnormal reactivation of oncogenic TFs, tumor suppressor genes undergo epigenetic silencing 
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processes during tumor initiation, such as p16INK4A a critical factor involved in immortalization 
of normal epithelial cells. Mammary serine protease inhibitor (maspin) is a tumor suppressor 
epigenetically silenced during metastatic progression of several epithelial cancers, including 
breast carcinomas. In the second part of the chapter we will describe the design of Artificial 
Transcription Factors (ATFs) and their potential applications to redirect or reprogram the 
epigenetic and transcriptional state of aggressive carcinomas towards a more benign or less 
aggressive phenotype. ATFs are typically composed of arrays of specific six Zinc Finger (ZF) 
domains, and are designed to bind, unique eighteen base pairs (bps) in targeted promoters. 
These ZFs are linked to several effector domain functions, which mediate activation, 
repression or epigenetic regulation of the gene of interest [7]. We will review ATFs generated 
in our laboratory and others, able to reprogram the epigenetic status of endogenous 
promoters, oncogenes and tumor suppressors, to revert some of the phenotypic hallmarks of 
aggressive cancer cells. 

1.1 Overview of molecular subtypes of breast cancers 
Large-scale genomic analyses of breast cancer patients have revealed that breast cancer is, 
clinically and biologically, a heterogeneous disease. Moreover, gene expression microarray 
technology has stratified breast cancer patients in distinct subtypes: normal-like, luminal A, 
luminal B, Her2, basal-like, claudin-low [1,8,9]. Recently, a novel subtype of breast cancer 
has been discovered, named claudin-low [5]. Although this subtype affects 5-10 % of all 
breast cancers, is associated with poor response to conventional therapy and with tumor 
relapse. Together with the basal-like subtype, the majority of claudin-low carcinomas are 
triple negative, (Estrogen Receptor (ER), Progesterone Receptor (PR) and Her2 negative 
[8,10].  
One of the molecular hallmarks of claudin-low tumors is the down-regulation of tight 
junction proteins, such as claudin 3, 4, 7 and E-cadherin (CDH1), and an over-representation 
of mesenchymal proteins characteristic of stromal cells, such as vimentin. Claudin-low 
carcinomas express TFs associated with epithelial-to-mesenchymal transition (EMT), 
including Snail1/2, Twist1/2 and ZEB1/2. Additional characteristics of claudin-low tumors 
are the enrichment in putative cancer stem-cell signatures, such as high CD44 and low CD24 
levels, high degree of lymphocyte infiltration, and resistance to chemotherapy [8,10,11,12].  
The cell of origin of breast tumors. Although genome-wide expression analyses have 
clearly defined subtypes of breast cancer patients, the cell of origin that is target of 
transformation is still subject of intense investigation and debate. To isolate and characterize 
the target cell giving rise the distinct subtypes of breast cancer is crucial in order to develop 
effective, targeted, and tailored therapies. It is generally accepted that human mammary 
epithelial cell preparations are composed of a hierarchic organization of cell types, where 
more undifferentiated, multipotent stem cells, can either remain quiescent, self-renew 
(generating progeny of undifferentiated cells identical to the mother cells) or differentiate 
towards specific, defined lineages (Figure 1). In addition to specific transcriptional profiles, 
the subtypes of cells within the breast hierarchy are characterized by distinct epigenetic 
landscapes, including DNA-methylation [13], and possibly, histone modifications. In 
addition, stromal cells surrounding the epithelial ductal structures of the mammary gland 
highly influence the degree of self-renewal or differentiation of stem and progenitor cells. 
Stromal-tumor cell interactions are of critical importance during tumor formation and 
progression [14]. For example, Mesenchymal stem cells (MSCs) originated in the bone- 
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Fig. 1. Schematic representation of the human breast epithelial cell hierarchy and its 
association with the main breast cancer subtypes. Each subpopulation of breast cells is 
defined by the expression of selected cell surface markers. Gene expression profiles of these 
cell populations upon fractionation of the mammary gland and cell sorting, revealed 
similarities to specific subtypes of breast cancer. Modified from [25]. 

marrow can home to breast tumors and promote metastasis [15,16]. Fibroblasts or “tumor-
associated fibroblasts” can similarly influence the growth and motility of breast epithelial 
cells [14,17]. 
Mammary stem cells (MSCs). The mammary epithelium is composed of two main lineages of 
epithelial cells: an inner layer of luminal cells and an outer sheath of myoepithelial cells 
(Figure 2). These cells compose the basic architecture of the human mammary gland, named 
terminal duct lobular units (TDLUs) [18,19]. MSCs are defined as cells having self-renewal 
ability and able to generate all the cell types of the mammary epithelium [20]. Progenitor cells 
are more restricted or committed cells having proliferative capabilities. Both stem and 
primitive progenitors are believed to reside within the ducts of the mammary gland, rather 
than in the terminal ductal lobular units. Bipotent epithelial cells are capable to fully 
differentiate in luminal and myoepithelial cells. These cells retain the ability to generate entire 
TDLUs both in vitro and also upon transplantation in nude mice [18,19,20,21]. These primitive 
cells occupy a suprabasal position in vivo and co-express the luminal keratin K19 and the 
basal-specific keratin K14. The most likely candidates for MSCs are basal positioned small 
electro-lucent (light) cells (SLCs), occurring at a frequency of 1-3% within the epithelium.  
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Fig. 2. Schematic representation of a terminal end duct in the mammary gland. Expansion 
(shown in red) occurs during puberty and pregnancy. 

Dontu and colleagues have developed a culture system to isolate and propagate in vitro 
human breast multipotent stem/progenitor cells in a non-differentiated state. They have 
generated mammospheres (MMS), or non-adherent spherical cell clusters, clonally derived 
from single cells possessing self-renewal ability. Primary MMS contain eight-times more of 
bi-potent progenitors than freshly cultured human mammary cells [22,23]. The majority of 
bi-potent progenitors are able to generate colonies in 3D matrigel cultures containing all the 
main lineages of the mammary gland [24].  
To date, combination of markers for the isolation of human stem/progenitor cells have been 
proposed based on the ability of the resulting populations to regenerate TDLUs by in vivo 
transplantation experiments. Based on prospective cell surface fractionation markers the 
current model of breast hierarchy is shown in Figure 1. In this model, the putative human 
MSC is a CD49fhi EpCAM-/low CD24- CD133-/low ER- PR- ERBB2- and the luminal progenitor 
is a CD49f+EpCAM+ cell [25,26]. 
In a seminal experiment by Lim et al., gene expression microarray studies of specific (sorted) 
populations of human breast revealed that the “prospective stem cell population” closely 
resembles claudin-low tumors (Figure 1). This has intrigued investigators and indicated that 
the cell of origin target of transformation in claudin-low carcinomas is possibly an early, 
undifferentiated EpCAM- stem cell. Basal-like breast cancers, which are highly proliferative, 
mostly triple negative and associated with BRCA mutation carriers, are possibly target of 
transformation of a more downstream, luminal-restricted, EpCAM+ progenitor. Finally, it 
has been proposed that both, luminal A and luminal B breast carcinomas are originated 
from “more” differentiated luminal cells [25].  
Stem/progenitor cells as potential targets of transformation. Stem and primitive progenitor 
cells exhibit the ubiquitous feature of either remaining quiescent or sustaining self-renewal 
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in response to their microenvironment. These cells also undergo an asymmetric cell division 
and differentiate towards more committed cell lineages [18,21,27,28]. The identification of 
factors regulating self-renewal and differentiation in the mammary gland is of primary 
importance, as these factors could be potentially involved in oncogenesis. Unlike somatic 
cells, which undergo senescence, adult stem cells exist in the period of a life-time of an 
individual. These “long lived” cells have the potential to accumulate genetic and epigenetic 
aberrations contributing to oncogenesis [19]. The BRCA1 gene, a major tumor suppressor 
associated with basal breast cancer, has been shown to regulate human mammary 
stem/progenitor cell fate. Knock-down of BRCA in primary breast cells leads to an increase 
in cells displaying the stem/progenitor cell marker ALDH1 and a decrease in cells 
expressing luminal epithelial markers and estrogen receptor [29]. Similarly, the protein 
Musashi (Msi1) has been shown to modulate mammary progenitor cell expansion by 
activation of Wnt and Notch pathways, which are often dys-regulated in breast cancers [30].  
Breast Cancer Stem Cells (breast CSCs). It has been demonstrated that only a small 
population of cancer cells (named “Tumor Initiating Cells, TICs, or Cancer Stem Cells, CSCs) 
retains the ability to form new tumors after transplantation in immunodeficient mice 
[31,32,33]. TICs display stem/progenitor cells properties, namely competence for self-renewal 
and capacity to re-establish tumor heterogeneicity [18]. Like normal stem/progenitor cells, 
CSCs can be propagated as spheroids cultures, named tumorspheres, when grown in low 
adherence conditions. Tumorspheres isolated from human cancer cell lines and patients are 
resistant to chemotherapy agents, such as paclitaxel and 5-fluorouracil [24,34]. Given their 
capability to promote tumor formation and the fact that these cells are refractory to 
chemotherapy, CSCs are primordial targets in breast cancer therapeutics. Very active 
research aims to the identification of prospective CSC markers for the isolation and study of 
these tumor-initiating cells. In a seminal study reported by Al-Hajj and colleagues, CSCs from 
breast cancer patients were identified by isolating the Lin-CD44+CD24-/low population (where 
Lin- refers the lineage negative population) [35]. As little as 100 cells of the sorted population 
formed palpable tumors when injected in immunodeficient animals. Recently, the same 
CD44+CD24-/low signature was identified in a panel of eight different human cancer cell lines. 
Importantly, the highest percentage of CD44+CD24-/low positive cells was found in basal-like 
breast cancer lines, whereas that more differentiated breast cancer cell lines, such as luminal 
and luminal-mix lines, showed significantly less percentage of cells expressing this signature. 
[34]. Reciprocally, TICs have also been isolated from three breast cancer lesions using the 
tumorsphere method. The resulting breast carcinoma lines exhibited the CD44+CD24-/low 

signature, over-expressed cytoprotective factors (including Survivin) and were able to self-
renew and differentiate into both, luminal and basal lineages, indicating that these cells could 
arise from a bi-potent progenitor. Importantly, these cells expressed the OCT4 stem cell 
marker, and as few as 1000 cells generated tumors in nude mice [36]. In addition to the 
CD44+CD24-/low signature, another potential marker for CSCs is the aldefluor (ALDH1). 
ALDH1 is a detoxifying enzyme responsible for the oxidation of intracellular aldehydes and 
thought to play a role in stem cell differentiation through metabolism of retinal to retinoic 
acid. Two recent publications have demonstrated that the ALDH1 positive population (which 
is typically 1% of the total tumor cell lines) displayed CSC characteristics and were able to 
promote tumor formation in immunodeficient mice [31,37]. 
In summary, the above results suggest that cancer cell lines contain a hierarchical 
organization of cell populations, and that rare CSCs exhibiting tumor-initiating capabilities 
can be isolated with at least two defined molecular signatures.  
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Basal-like (BL) and claudin-low (CL) breast cancers are enriched in putative Cancer Stem 
Cell (CSC) signatures. Recent studies suggest that basal-like and claudin-low breast cancers 
are enriched in gene signatures associated with Cancer Stem Cells (CSCs). First, Honeth et 
al. performed immunohistochemistry with the CD44 and CD24 antibodies in 240 human 
breast tumors, and demonstrated that the CD44+CD24- phenotype was enriched in the basal-
like subtype. From all BRCA- breast cancers analyzed, 94% contained the CD44+CD24- 

signature. However, this phenotype was detected in 31% of the all breast tumors scored, 
hence not all the basal-like tumors, and very few Her2+ tumors, contained this signature. 
Thus, is likely than other molecular signatures remain to be discovered for these tumors 
[38]. Second, characterization of mammary TICs revealed expression of many proteins that 
are up-regulated in basal-like and claudin-low tumors: CK5, CK14, α6 integrin, and αB-
crystallin in the case of basal-like tumors [1], and ALDH1 in the case of claudin-low tumors 
[5]. Third, immunohistochemistry analyses indicate that basal-like tumors express both 
luminal and basal CKs, suggesting that the cell type of origin of these tumors is bi-potent 
[39]. Finally, histo-pathological analysis of basal-like tumors reveals a poorly differentiated 
phenotype, nuclear atypia and mitotic index that are reminiscent to stem cells [40]. The 
recently identified claudin-low breast cancer subtype is characterized by a high enrichment 
of epithelial-mesenchymal transition (EMT) markers, such as high TWIST1, SNAI1, ZEB2 
and Vimentin. More importantly, a hallmark of these tumors is the presence of 
CD44+/CD24-/low CSC signature and also poor response to chemotherapy or 
hormonotherapy [41]. Overall, these findings suggest that this novel mesenchymal subtype 
is potentially enriched with CSCs that might be resistant to standard therapy. 
Targeting claudin-low and basal-like breast cancers. As expressed above, both claudin-low 
and basal-like breast cancers are triple negative and associated with poor prognosis. Basal 
breast cancers are currently treated with a combination of chemotherapeutic and anti-
angiogenic regimens [12]. However, because claudin-low tumors are refractory to 
chemotherapy and biologic therapy, there is an urgency to develop novel strategies to target 
these patients.  
The first targeting genetic approach consists in down-regulating potential oncogenes that 
are over-expressed in CSCs. This can be achieved by knock-down strategies, including 
siRNA, and repressive Artificial Transcription Factors, which will be discussed more in 
detail in the following sections. The second strategy is the forced up-regulation of tumor 
suppressors, which are often silenced in tumor cells. This can be achieved by over-
expression of tumor suppressors, by epigenetic remodeling drugs, which target repressive 
chromatin, and Artificial Transcription Factors (Figure 3).  
In the following sections we will overview first, embryonic TFs and their regulatory 
networks in stem and CSCs, and second, we will focus on the biology of selected tumor 
suppressor genes. Finally we will review recent investigations aiming to characterize ATFs 
targeting the tumor suppressor gene mammary serine protease inhibitor (maspin), which is 
down-regulated in claudin-low carcinomas. 

2. Targeting self-renewal transcription factors, TFs 
Because claudin-low tumors are possibly originated from primitive stem cells, dys-
regulation of self-renewal and differentiation gene pathways might be at the basis of their 
oncogenic potential. In that regard, it is possible that claudin-low/basal breast cancers use 
an operational machinery of transcription factors (TFs), which regulates self-renewal in stem  
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Fig. 3. Current approaches to target tumor initiating cells by down-regulation of potential 
oncogenes and up-regulation of tumor suppressors.  

cells. The improper function of this circuitry could unbalance a delicate equilibrium between 
self-renewal and differentiation, thereby locking stem/early progenitor cells in an aberrant, 
excessive self-renewal stage. Aberrant self-renewal could prevent or limit stem cells from 
undertaking downstream differentiation gene programs. The initial pool of self-renewal 
cells could accumulate subsequent genetic and epigenetic aberrations, particularly in 
patients associated with mutations in the BRCA tumor suppressor gene (basal and claudin-
low breast cancer). How is self-renewal dys-regulated in cancer stem cells? Can we learn 
some lessons from stem cell biology? Is there a network of TFs over-activated/operative in 
cancer stem cells? 
The self-renewal TF network of human embryonic stem cells (hESCs). The self-renewal 
TF network has been characterized in hESCs by ChIP-chip and Chip-seq. This network 
involves the transcriptional activation as well as the physical association of multiple TFs. 
The “heart” or “core” of this network is composed of three master regulators TFs: OCT4, 
SOX2 and NANOG. Interactions between these TFs results on an autoregulatory feed-
forward feedback loop [42]. The OCT4-SOX2-NANOG circuit functions as an epigenetic 
switch, which controls the maintenance of the self-renewal state. In hESCs DNA-
methylation of the OCT4, SOX2 and NANOG promoters acts as an “irreversible switch” 
promoting differentiation gene programs [43]. Are OCT4, SOX2 and NANOG, and 
downstream self-renewal TFs activated in breast cancers? If so, a very attractive approach 
would consist in promoting persistent, imprinted, and inherited silencing on these upstream 
master regulators to force tumor cells to switch from a “proliferative” towards a 
“differentiation” stage. OCT4 positive cells have been reported in breast cancer cell lines 
derived from tumors [36,44]. The SOX2 gene is over-expressed in basal breast cancer 
specimens and cell lines, and thus, represents a potential cancer stem cell/progenitor 
marker [44]. In the following sections we will describe the OCT4 and SOX2 TF targets and 
their functional importance in hESCs and potentially in CSCs. 
OCT4/POU5F1 (Octamer binding transcription factor 4). As a member of the POU 
transcription factor family (Pit, Oct, Unc), OCT4 contains a bipartite DNA-binding domain, 
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of epithelial-mesenchymal transition (EMT) markers, such as high TWIST1, SNAI1, ZEB2 
and Vimentin. More importantly, a hallmark of these tumors is the presence of 
CD44+/CD24-/low CSC signature and also poor response to chemotherapy or 
hormonotherapy [41]. Overall, these findings suggest that this novel mesenchymal subtype 
is potentially enriched with CSCs that might be resistant to standard therapy. 
Targeting claudin-low and basal-like breast cancers. As expressed above, both claudin-low 
and basal-like breast cancers are triple negative and associated with poor prognosis. Basal 
breast cancers are currently treated with a combination of chemotherapeutic and anti-
angiogenic regimens [12]. However, because claudin-low tumors are refractory to 
chemotherapy and biologic therapy, there is an urgency to develop novel strategies to target 
these patients.  
The first targeting genetic approach consists in down-regulating potential oncogenes that 
are over-expressed in CSCs. This can be achieved by knock-down strategies, including 
siRNA, and repressive Artificial Transcription Factors, which will be discussed more in 
detail in the following sections. The second strategy is the forced up-regulation of tumor 
suppressors, which are often silenced in tumor cells. This can be achieved by over-
expression of tumor suppressors, by epigenetic remodeling drugs, which target repressive 
chromatin, and Artificial Transcription Factors (Figure 3).  
In the following sections we will overview first, embryonic TFs and their regulatory 
networks in stem and CSCs, and second, we will focus on the biology of selected tumor 
suppressor genes. Finally we will review recent investigations aiming to characterize ATFs 
targeting the tumor suppressor gene mammary serine protease inhibitor (maspin), which is 
down-regulated in claudin-low carcinomas. 

2. Targeting self-renewal transcription factors, TFs 
Because claudin-low tumors are possibly originated from primitive stem cells, dys-
regulation of self-renewal and differentiation gene pathways might be at the basis of their 
oncogenic potential. In that regard, it is possible that claudin-low/basal breast cancers use 
an operational machinery of transcription factors (TFs), which regulates self-renewal in stem  
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Fig. 3. Current approaches to target tumor initiating cells by down-regulation of potential 
oncogenes and up-regulation of tumor suppressors.  

cells. The improper function of this circuitry could unbalance a delicate equilibrium between 
self-renewal and differentiation, thereby locking stem/early progenitor cells in an aberrant, 
excessive self-renewal stage. Aberrant self-renewal could prevent or limit stem cells from 
undertaking downstream differentiation gene programs. The initial pool of self-renewal 
cells could accumulate subsequent genetic and epigenetic aberrations, particularly in 
patients associated with mutations in the BRCA tumor suppressor gene (basal and claudin-
low breast cancer). How is self-renewal dys-regulated in cancer stem cells? Can we learn 
some lessons from stem cell biology? Is there a network of TFs over-activated/operative in 
cancer stem cells? 
The self-renewal TF network of human embryonic stem cells (hESCs). The self-renewal 
TF network has been characterized in hESCs by ChIP-chip and Chip-seq. This network 
involves the transcriptional activation as well as the physical association of multiple TFs. 
The “heart” or “core” of this network is composed of three master regulators TFs: OCT4, 
SOX2 and NANOG. Interactions between these TFs results on an autoregulatory feed-
forward feedback loop [42]. The OCT4-SOX2-NANOG circuit functions as an epigenetic 
switch, which controls the maintenance of the self-renewal state. In hESCs DNA-
methylation of the OCT4, SOX2 and NANOG promoters acts as an “irreversible switch” 
promoting differentiation gene programs [43]. Are OCT4, SOX2 and NANOG, and 
downstream self-renewal TFs activated in breast cancers? If so, a very attractive approach 
would consist in promoting persistent, imprinted, and inherited silencing on these upstream 
master regulators to force tumor cells to switch from a “proliferative” towards a 
“differentiation” stage. OCT4 positive cells have been reported in breast cancer cell lines 
derived from tumors [36,44]. The SOX2 gene is over-expressed in basal breast cancer 
specimens and cell lines, and thus, represents a potential cancer stem cell/progenitor 
marker [44]. In the following sections we will describe the OCT4 and SOX2 TF targets and 
their functional importance in hESCs and potentially in CSCs. 
OCT4/POU5F1 (Octamer binding transcription factor 4). As a member of the POU 
transcription factor family (Pit, Oct, Unc), OCT4 contains a bipartite DNA-binding domain, 
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which consists of two sub-domains, namely the POU-specific and the POU-homeodomain. 
These domains are connected by a flexible linker of variable length. The POU proteins have 
an intrinsic ability to bind DNA with sequence specificity. They interact with different 
binding partners as well as transcriptional co-activators or co-repressors, which mediate the 
activation or repression of their targets [45], [46]. This has a fundamental importance as 
different constellations of co-activator, co-repressors and chromatin remodeling complexes 
exist in different cell types. Thereby, depending on the chromatin microenvironment OCT4 
could behave either as an activator or a repressor.  
OCT4 was the first gene to be identified as a master regulator of pluripotency [47]. OCT4 is 
essential for the maintenance of pluripotency and this is mediated by up-regulation of a self-
renewal TF network. These downstream TF targets of OCT4 coordinately activate self-
renewal gene programs, while preventing the expression of genes that are activated during 
stem cell differentiation [48],[42,49].  
The regulatory core network in embryonic cells comprises OCT4, SOX2, and NANOG 
transcription factors. The transcription factors OCT4, SOX2 and NANOG form the basic 
core of the self-renewal TF network. OCT4, SOX2 and NANOG are able to physically 
associate with different TFs as well as with large co-activators/co-repressor complexes, and 
co-occupy a set of 179 target promoters, namely the “NOS” gene set. This mediates the 
activation of self-renewal transcription factors, while it represses targets associated with 
differentiation gene programs [42] [50]. The results reported by Boyer et al. [42] suggested a 
model of ESCs transcriptional regulation. Some of the OCT4, SOX2, and NANOG targets 
include genes involved maintenance of self-renewal (e.g. OCT4, SOX2, NANOG, STAT3 and 
ZIC3), members of the Wnt (DKK1, FRAT1/2) and TGF (TDGF1, LEFTY2/EBAF) signaling 
pathways, and histone-modifying and chromatin remodelers, such as SMARCAD1, MYST3 
and SET. Genes that encoded for homeodomain proteins, such as DLX5, HOXB1, LHX5, 
TITF1, LBX1 and HOP implicated in developmental gene programs were repressed [42]. 
Importantly, genome-wide studies have shown that NOS targets are over-represented in 
poorly differentiated carcinomas, such as breast carcinomas and gliomas, which suggest that 
embryonic TFs could similarly play an important role in maintaining aberrant self-renewal 
in these tumors [51]. 
OCT4 in cancer stem cells (CSCs). In humans, CSCs have been associated with multiple 
malignancies, including breast [35], ovarian [52] and prostate cancer [53]. The role of OCT4 in 
CSCs has been a subject of intense investigation. Several studies suggest that OCT4 is critical 
for tumor cell survival and for the formation of tumor-initiation units in vitro, or tumor-
spheroids. High expression of OCT4 has been reported in vitro in Lewis lung carcinoma 3LL 
and human breast cancer MCF7 cells. Silencing of Oct4 by siRNA resulted in cell apoptosis, 
suggesting that OCT4 is essential for cell survival [54]. Furthermore, human breast cancer cell 
lines have been isolated that exhibit the CSC signature CD44+CD24- and these cells express 
high levels of OCT4 [36]. In the same line, another group has shown a 60% reduction in cell 
viability in epithelial ovarian cancer PA-1 cells transfected with siRNA specific for OCT4, and 
the reduction in cell viability was in part due to an increase of apoptosis [55]. 
SRY (Sex determining Region Y) Box 2 (SOX2). SOX2 is a member of the SRY-related High 
Mobility Group (HMG) box transcription factor. SOX2 is key regulator of cell fate and is 
necessary for the maintenance of self-renewal in embryonic stem cells. SOX2 has been 
proposed to be a marker of CSCs (together with other genes, e.g. OCT4, CD133, CD44) in 
several tumor types, including glioblastoma, prostate, lung, liver and breast carcinomas [51], 
[56], [57], [58], [59], [60]. Gene-expression microarrays revealed that SOX2 up-regulated 
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Cyclin D1, which contributes to cell cycle progression. Consistently, Cyclin D1 over-
expression is observed in a variety of tumors [61]. However, the functional role of SOX2 in 
breast organogenesis remains still unexplored. SOX2 is over-expressed in breast cancer cells 
with increasing levels of expression in poorly differentiated cancer cells [62],[44]. Loss of 
function studies using SOX2-specific shRNA resulted in an inhibition of tumorigenic 
phenotype of MCF-7 breast cancer cells in xenograft studies in nude mice ([63]). These 
results give evidence that down-regulation of SOX2 in breast cancer cells can be used for 
clinical applications for the treatment of aggressive breast cancers.  

3. Targeting tumor suppressors in breast cancers 
In addition to activation of oncogenes, aggressive carcinomas inactivate multiple panels of 
tumor suppressor genes. The p16INK4A, p53, and BRCA tumor suppressor genes are 
commonly inactivated in breast cancers. As expressed earlier, BRCA mutation carriers are 
associated with risk to develop basal-like breast cancers [26]. Loss of p53 and p16INK4A tumor 
suppressor genes, which are also a main blockade for reprogramming of somatic cells, 
occurs in the earliest steps of mammary carcinogenesis [64,65,66]. Together with up-
regulation of telomerase reverse transcriptase (hTERT), loss of p16INK4A is involved in 
immortalization of normal epithelial cells [64]. Loss of p16INK4A gene function could thus be 
a critical initial stem for prospective cancers stem cells to bypass the senescence pathway. In 
addition to the above described tumor suppressor genes, DKK1 inactivation has been 
associated with claudin-low tumors [67,68]. DKK1 functions as an antagonist of the Wnt 
signaling pathway, which plays an essential role in maintaining self-renewal and in stem 
cells, and possibly, in cancer stem cells.  
The loss of tumor suppressive functions associated with self-renewal of stem cells could 
result in further genetic and epigenetic instability leading to tumor initiation. In addition to 
mutations and/or re-arrangements of tumor suppressors, epigenetic silencing mechanisms, 
for example DNA- and histone-methylation, and histone deacetylation, are very often 
observed in tumors. Some tumor suppressor genes named Class II tumor suppressors, such 
as the gene maspin, are ideal epigenetic targets because are solely down-regulated by 
epigenetic mechanisms in aggressive cancer cells.  
The maspin tumor suppressor. Mammary serine protease inhibitor (maspin or SERPIN B5) is a 
multifaced protein able to induce apoptosis and suppress cell motility and metastasis 
[69,70,71,72,73,74]. The mechanisms by which maspin exert their functions are still under 
investigation but recent evidence suggest that the tumor suppressive and possibly the anti-
metastatic responses are associated with the nuclear localization of this protein [75]. It has 
been demonstrated that maspin physically associates with chromatin and functions as a 
histone-deacetylase (HDAC) inhibitor [75,76]. The function of maspin as metastasis 
suppressor has been associated with the regulation of the urokinase-type plasminogen 
activator (uPA) and receptor (uPAR) protein system [77,78]. In addition to enhanced tumor 
cell apoptosis and inhibition of tumor cell motility, ectopic expression of maspin results in 
decreased angiogenesis, which as been attributed to regulation of endothelial cell migration 
and adhesion [79], as well as induction of endothelial apoptosis [80]. 
Maspin expression is regulated at many levels, including TFs (p53, p63, AP1/2) [81], 
microRNAs (mirRNA-21; [82]) and lastly, by promoter epigenetic regulation [83]. Epigenetic 
inhibitors, affecting both DNA- and histone methylation (for example 5-Aza-2’dC) and 
histone deacetylation (for example, SAHA) are commonly used to re-activate silenced tumor 
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which consists of two sub-domains, namely the POU-specific and the POU-homeodomain. 
These domains are connected by a flexible linker of variable length. The POU proteins have 
an intrinsic ability to bind DNA with sequence specificity. They interact with different 
binding partners as well as transcriptional co-activators or co-repressors, which mediate the 
activation or repression of their targets [45], [46]. This has a fundamental importance as 
different constellations of co-activator, co-repressors and chromatin remodeling complexes 
exist in different cell types. Thereby, depending on the chromatin microenvironment OCT4 
could behave either as an activator or a repressor.  
OCT4 was the first gene to be identified as a master regulator of pluripotency [47]. OCT4 is 
essential for the maintenance of pluripotency and this is mediated by up-regulation of a self-
renewal TF network. These downstream TF targets of OCT4 coordinately activate self-
renewal gene programs, while preventing the expression of genes that are activated during 
stem cell differentiation [48],[42,49].  
The regulatory core network in embryonic cells comprises OCT4, SOX2, and NANOG 
transcription factors. The transcription factors OCT4, SOX2 and NANOG form the basic 
core of the self-renewal TF network. OCT4, SOX2 and NANOG are able to physically 
associate with different TFs as well as with large co-activators/co-repressor complexes, and 
co-occupy a set of 179 target promoters, namely the “NOS” gene set. This mediates the 
activation of self-renewal transcription factors, while it represses targets associated with 
differentiation gene programs [42] [50]. The results reported by Boyer et al. [42] suggested a 
model of ESCs transcriptional regulation. Some of the OCT4, SOX2, and NANOG targets 
include genes involved maintenance of self-renewal (e.g. OCT4, SOX2, NANOG, STAT3 and 
ZIC3), members of the Wnt (DKK1, FRAT1/2) and TGF (TDGF1, LEFTY2/EBAF) signaling 
pathways, and histone-modifying and chromatin remodelers, such as SMARCAD1, MYST3 
and SET. Genes that encoded for homeodomain proteins, such as DLX5, HOXB1, LHX5, 
TITF1, LBX1 and HOP implicated in developmental gene programs were repressed [42]. 
Importantly, genome-wide studies have shown that NOS targets are over-represented in 
poorly differentiated carcinomas, such as breast carcinomas and gliomas, which suggest that 
embryonic TFs could similarly play an important role in maintaining aberrant self-renewal 
in these tumors [51]. 
OCT4 in cancer stem cells (CSCs). In humans, CSCs have been associated with multiple 
malignancies, including breast [35], ovarian [52] and prostate cancer [53]. The role of OCT4 in 
CSCs has been a subject of intense investigation. Several studies suggest that OCT4 is critical 
for tumor cell survival and for the formation of tumor-initiation units in vitro, or tumor-
spheroids. High expression of OCT4 has been reported in vitro in Lewis lung carcinoma 3LL 
and human breast cancer MCF7 cells. Silencing of Oct4 by siRNA resulted in cell apoptosis, 
suggesting that OCT4 is essential for cell survival [54]. Furthermore, human breast cancer cell 
lines have been isolated that exhibit the CSC signature CD44+CD24- and these cells express 
high levels of OCT4 [36]. In the same line, another group has shown a 60% reduction in cell 
viability in epithelial ovarian cancer PA-1 cells transfected with siRNA specific for OCT4, and 
the reduction in cell viability was in part due to an increase of apoptosis [55]. 
SRY (Sex determining Region Y) Box 2 (SOX2). SOX2 is a member of the SRY-related High 
Mobility Group (HMG) box transcription factor. SOX2 is key regulator of cell fate and is 
necessary for the maintenance of self-renewal in embryonic stem cells. SOX2 has been 
proposed to be a marker of CSCs (together with other genes, e.g. OCT4, CD133, CD44) in 
several tumor types, including glioblastoma, prostate, lung, liver and breast carcinomas [51], 
[56], [57], [58], [59], [60]. Gene-expression microarrays revealed that SOX2 up-regulated 
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Cyclin D1, which contributes to cell cycle progression. Consistently, Cyclin D1 over-
expression is observed in a variety of tumors [61]. However, the functional role of SOX2 in 
breast organogenesis remains still unexplored. SOX2 is over-expressed in breast cancer cells 
with increasing levels of expression in poorly differentiated cancer cells [62],[44]. Loss of 
function studies using SOX2-specific shRNA resulted in an inhibition of tumorigenic 
phenotype of MCF-7 breast cancer cells in xenograft studies in nude mice ([63]). These 
results give evidence that down-regulation of SOX2 in breast cancer cells can be used for 
clinical applications for the treatment of aggressive breast cancers.  

3. Targeting tumor suppressors in breast cancers 
In addition to activation of oncogenes, aggressive carcinomas inactivate multiple panels of 
tumor suppressor genes. The p16INK4A, p53, and BRCA tumor suppressor genes are 
commonly inactivated in breast cancers. As expressed earlier, BRCA mutation carriers are 
associated with risk to develop basal-like breast cancers [26]. Loss of p53 and p16INK4A tumor 
suppressor genes, which are also a main blockade for reprogramming of somatic cells, 
occurs in the earliest steps of mammary carcinogenesis [64,65,66]. Together with up-
regulation of telomerase reverse transcriptase (hTERT), loss of p16INK4A is involved in 
immortalization of normal epithelial cells [64]. Loss of p16INK4A gene function could thus be 
a critical initial stem for prospective cancers stem cells to bypass the senescence pathway. In 
addition to the above described tumor suppressor genes, DKK1 inactivation has been 
associated with claudin-low tumors [67,68]. DKK1 functions as an antagonist of the Wnt 
signaling pathway, which plays an essential role in maintaining self-renewal and in stem 
cells, and possibly, in cancer stem cells.  
The loss of tumor suppressive functions associated with self-renewal of stem cells could 
result in further genetic and epigenetic instability leading to tumor initiation. In addition to 
mutations and/or re-arrangements of tumor suppressors, epigenetic silencing mechanisms, 
for example DNA- and histone-methylation, and histone deacetylation, are very often 
observed in tumors. Some tumor suppressor genes named Class II tumor suppressors, such 
as the gene maspin, are ideal epigenetic targets because are solely down-regulated by 
epigenetic mechanisms in aggressive cancer cells.  
The maspin tumor suppressor. Mammary serine protease inhibitor (maspin or SERPIN B5) is a 
multifaced protein able to induce apoptosis and suppress cell motility and metastasis 
[69,70,71,72,73,74]. The mechanisms by which maspin exert their functions are still under 
investigation but recent evidence suggest that the tumor suppressive and possibly the anti-
metastatic responses are associated with the nuclear localization of this protein [75]. It has 
been demonstrated that maspin physically associates with chromatin and functions as a 
histone-deacetylase (HDAC) inhibitor [75,76]. The function of maspin as metastasis 
suppressor has been associated with the regulation of the urokinase-type plasminogen 
activator (uPA) and receptor (uPAR) protein system [77,78]. In addition to enhanced tumor 
cell apoptosis and inhibition of tumor cell motility, ectopic expression of maspin results in 
decreased angiogenesis, which as been attributed to regulation of endothelial cell migration 
and adhesion [79], as well as induction of endothelial apoptosis [80]. 
Maspin expression is regulated at many levels, including TFs (p53, p63, AP1/2) [81], 
microRNAs (mirRNA-21; [82]) and lastly, by promoter epigenetic regulation [83]. Epigenetic 
inhibitors, affecting both DNA- and histone methylation (for example 5-Aza-2’dC) and 
histone deacetylation (for example, SAHA) are commonly used to re-activate silenced tumor 
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suppressors, including maspin. These inhibitors are presently in clinical trials particularly for 
non-solid malignancies. However, the problem of using these inhibitors in a clinical setting 
is their high toxicity due to their lack of targeted specificity. Thus, novel strategies are 
required to target more specifically tumor suppressor genes.  
Our laboratory has developed Artificial Transcription Factors (ATFs), able to specifically 
bind the regulatory regions of both, oncogenes and tumor suppressors, to repress or activate 
gene expression. A hallmark or unique property of ATFs is their ability to revert the 
epigenetic state of the targeted genes, thereby reprogramming the phenotype of the tumor 
cell. This is particularly important for silencing oncogenes; the induction of epigenetic 
silencing by ATF has the unique capacity to promote inherited and stable changes in the 
tumor cell, which entails epigenetic, transcriptional and phenotypic memory. In the 
following sections we will describe the anatomical constituents of ATFs, the recent advances 
in the technology, and their potential to modulate gene expression in the breast cancer field. 

4. Artificial transcription factors for targeting cancer-associated genes 
Designer zinc finger transcription factors or Artificial Transcription factors (ATFs) are 
engineered proteins composed of a DNA-binding-domain (DBD) and an effector domain (ED). 
The DBD is designated to recognize specific DNA sequences, while the ED enables to edit or 
modify DNA. EDs comprise transcriptional activators or repressors, as well as enzymatic 
domains, such as methyltransferases, recombinases, and site-specific nucleases. Thus, unique 
features of ATFs comprise their capability to bind specific regions of the genome, as well as to 
edit, modify and sculpt the chromatin landscape of the cell. These technologies facilitate the 
directed and specific modification of the genome for gene therapy purposes.  
Design of the DNA binding domain (DBD). The DBD is designed to bind specific DNA 
sequences, typically in the promoter region of the gene of interest. Most of the DBDs used to 
engineer ATFs are based on zinc finger (ZF) scaffolds, because of their modular nature and 
the simplicity of their DNA–protein interactions. Cys2-His2 ZF domains are compact, 30 
amino acids units composed of a recognition -helix and two antiparallel -strands 
stabilized by a zinc ion [84,85]. Each ZF -helix recognizes 3 base-pairs (bps) of DNA in an 
antiparallel manner [84]. Importantly, each ZF recognize the DNA in a quasi-independent 
manner, which has facilitated the selection and rational design of multimodular 
(“polydactyl” ZF proteins). Novel DNA-binding specificities are generated by mutagenesis 
of the recognition -helix, without altering the rest of the scaffold. This has facilitated the 
construction of arrays of ZFs to recognize large DNA sequences using simple and relatively 
quick molecular biology approaches. Nevertheless, proteins of improved DNA-binding 
specificity can be further optimized by randomization and subsequent selection of the ZF 
backbone, using both in vitro and in vivo approaches (for an overview of these, see references 
[7,86,87]). Our laboratory has focused on six-ZF arrays recognizing 18-bp sequences because 
of the high affinity of these proteins (with Kds in the picomolar range). In addition, 6ZF 
proteins are capable of binding and regulating single genes in complex genomes and thus, 
possess higher selectivity than three ZF proteins [88].  
Effector domains linked to the DNA binding domain (DBD). The effector domain (ED) 
mediates the ATF function by either modulating transcription or by modifying or editing 
the chromatin. The VP16 [89], VP64 [90] and p65 [91] are common transcriptional activators 
that interact with the Mediator protein recruiting the polymerase-II transcriptional complex 
and associated enzymes to facilitate transcription. Additional activator domains used to  
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Fig. 4. Structure of Cys2Hys2 ZF proteins and their DNA-recognition mode. (a) Crystal 
structure of a ZF protein illustrating the recognition -helix, the two antiparallel -strands, 
and the zinc ion. (b) ZF-DNA interactions of a prototype 3ZF protein binding a 9-bp target. 

construct ATFs comprise the S3H domain [92] and the (FDTDL)11 domain derived from the 
C-terminal transcriptional activator domain of -catenin [93]. 
Commonly used repressor domains include the Krüppel-associated box domain of KOX1 
(KRAB) [94] and the SID domain (derived from the amino acid residues 1- 36 of the Mad 
mSIN3 interaction domain [95]). These EDs repress transcription by interacting with 
transcriptional co-repressors and chromatin condensing enzymes, resulting in a decreased 
accessibility of the promoter, which impedes the access of transcription factors and the 
polymerase II complex. Additional repressor domains include the ERD domain (comprising 
the residues 473-530 of the est2 repressor factor) [96], the vErbA (the ligand-binding domain 
of the thyroid hormone receptor v-erbA) [97], and the SRDX domain, derived from the 
transcription factor SUPERMAN of Arabidopsis thaliana [93]. 
Recently, DBDs have been linked to methyltransferase domains to silence promoter activity 
[98]; this fusion induced an epigenetic modification conferring stably and inherited gene 
silencing. DNA-methyltransferases catalyze the incorporation of methyl groups in position 5 
of a cytosine base in CpG dinucleotides. In the cell, DNA methylation marks are “read” by 
methyl-binding-proteins (MBPs) proteins, which recruit large repressive complexes 
resulting in chromatin compaction and gene silencing. ZFs have been also linked to the 
Histone methyltransferase G9a to promote H3K9 methylation in the VEGF-A promoter [98]. 
Our laboratory has recently found that the VP64 activator domain can directionally de-
methylate the maspin promoter [99]. Overall, these results hold great promise to develop 
novel ATFs able to alter the epigenetic code at specific promoter contexts, thereby 
promoting stable and inherited phenotypic changes in target cells. 
Construction of Artificial Transcription Factors. Two main strategies have been developed 
to engineer ZF proteins, namely the modular assembly and the combinatorial-selection. The 
modular strategy involves the assembly of a basic repertoire of ZF building blocks of pre-
characterized DNA-binding specificities. The modular approach is commonly performed by 
the “helix grafting” method ([90,100,101,102,103]). The combinatorial method produces ZFs 
with high specificity and binding affinity after the interrogation of randomized libraries and 
selection techniques. Here again, several strategies are available for investigators to select 
for ZF DBDs, such us as Phage display [104,105,106,107,108], ribosome display [109], two 
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suppressors, including maspin. These inhibitors are presently in clinical trials particularly for 
non-solid malignancies. However, the problem of using these inhibitors in a clinical setting 
is their high toxicity due to their lack of targeted specificity. Thus, novel strategies are 
required to target more specifically tumor suppressor genes.  
Our laboratory has developed Artificial Transcription Factors (ATFs), able to specifically 
bind the regulatory regions of both, oncogenes and tumor suppressors, to repress or activate 
gene expression. A hallmark or unique property of ATFs is their ability to revert the 
epigenetic state of the targeted genes, thereby reprogramming the phenotype of the tumor 
cell. This is particularly important for silencing oncogenes; the induction of epigenetic 
silencing by ATF has the unique capacity to promote inherited and stable changes in the 
tumor cell, which entails epigenetic, transcriptional and phenotypic memory. In the 
following sections we will describe the anatomical constituents of ATFs, the recent advances 
in the technology, and their potential to modulate gene expression in the breast cancer field. 
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Designer zinc finger transcription factors or Artificial Transcription factors (ATFs) are 
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The DBD is designated to recognize specific DNA sequences, while the ED enables to edit or 
modify DNA. EDs comprise transcriptional activators or repressors, as well as enzymatic 
domains, such as methyltransferases, recombinases, and site-specific nucleases. Thus, unique 
features of ATFs comprise their capability to bind specific regions of the genome, as well as to 
edit, modify and sculpt the chromatin landscape of the cell. These technologies facilitate the 
directed and specific modification of the genome for gene therapy purposes.  
Design of the DNA binding domain (DBD). The DBD is designed to bind specific DNA 
sequences, typically in the promoter region of the gene of interest. Most of the DBDs used to 
engineer ATFs are based on zinc finger (ZF) scaffolds, because of their modular nature and 
the simplicity of their DNA–protein interactions. Cys2-His2 ZF domains are compact, 30 
amino acids units composed of a recognition -helix and two antiparallel -strands 
stabilized by a zinc ion [84,85]. Each ZF -helix recognizes 3 base-pairs (bps) of DNA in an 
antiparallel manner [84]. Importantly, each ZF recognize the DNA in a quasi-independent 
manner, which has facilitated the selection and rational design of multimodular 
(“polydactyl” ZF proteins). Novel DNA-binding specificities are generated by mutagenesis 
of the recognition -helix, without altering the rest of the scaffold. This has facilitated the 
construction of arrays of ZFs to recognize large DNA sequences using simple and relatively 
quick molecular biology approaches. Nevertheless, proteins of improved DNA-binding 
specificity can be further optimized by randomization and subsequent selection of the ZF 
backbone, using both in vitro and in vivo approaches (for an overview of these, see references 
[7,86,87]). Our laboratory has focused on six-ZF arrays recognizing 18-bp sequences because 
of the high affinity of these proteins (with Kds in the picomolar range). In addition, 6ZF 
proteins are capable of binding and regulating single genes in complex genomes and thus, 
possess higher selectivity than three ZF proteins [88].  
Effector domains linked to the DNA binding domain (DBD). The effector domain (ED) 
mediates the ATF function by either modulating transcription or by modifying or editing 
the chromatin. The VP16 [89], VP64 [90] and p65 [91] are common transcriptional activators 
that interact with the Mediator protein recruiting the polymerase-II transcriptional complex 
and associated enzymes to facilitate transcription. Additional activator domains used to  
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construct ATFs comprise the S3H domain [92] and the (FDTDL)11 domain derived from the 
C-terminal transcriptional activator domain of -catenin [93]. 
Commonly used repressor domains include the Krüppel-associated box domain of KOX1 
(KRAB) [94] and the SID domain (derived from the amino acid residues 1- 36 of the Mad 
mSIN3 interaction domain [95]). These EDs repress transcription by interacting with 
transcriptional co-repressors and chromatin condensing enzymes, resulting in a decreased 
accessibility of the promoter, which impedes the access of transcription factors and the 
polymerase II complex. Additional repressor domains include the ERD domain (comprising 
the residues 473-530 of the est2 repressor factor) [96], the vErbA (the ligand-binding domain 
of the thyroid hormone receptor v-erbA) [97], and the SRDX domain, derived from the 
transcription factor SUPERMAN of Arabidopsis thaliana [93]. 
Recently, DBDs have been linked to methyltransferase domains to silence promoter activity 
[98]; this fusion induced an epigenetic modification conferring stably and inherited gene 
silencing. DNA-methyltransferases catalyze the incorporation of methyl groups in position 5 
of a cytosine base in CpG dinucleotides. In the cell, DNA methylation marks are “read” by 
methyl-binding-proteins (MBPs) proteins, which recruit large repressive complexes 
resulting in chromatin compaction and gene silencing. ZFs have been also linked to the 
Histone methyltransferase G9a to promote H3K9 methylation in the VEGF-A promoter [98]. 
Our laboratory has recently found that the VP64 activator domain can directionally de-
methylate the maspin promoter [99]. Overall, these results hold great promise to develop 
novel ATFs able to alter the epigenetic code at specific promoter contexts, thereby 
promoting stable and inherited phenotypic changes in target cells. 
Construction of Artificial Transcription Factors. Two main strategies have been developed 
to engineer ZF proteins, namely the modular assembly and the combinatorial-selection. The 
modular strategy involves the assembly of a basic repertoire of ZF building blocks of pre-
characterized DNA-binding specificities. The modular approach is commonly performed by 
the “helix grafting” method ([90,100,101,102,103]). The combinatorial method produces ZFs 
with high specificity and binding affinity after the interrogation of randomized libraries and 
selection techniques. Here again, several strategies are available for investigators to select 
for ZF DBDs, such us as Phage display [104,105,106,107,108], ribosome display [109], two 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 494 

hybrids [110,111], and more recently the OPEN [112] and CODA systems [113]. The 
selection of the specific ZF units is a first critical step, and researchers can take advantage of 
several web-based tools available for designing their suitable array of ZFs, such as Zinc 
Finger Tools, (http://www.scripps.edu/mb/barbas/zfdesign/zfdesignhome.php) [114]; 
Zinc Finger Targeter, ZiFiT (http://bindr.gdcb.iastate.edu:8080/ZiFDB/) [115]; and 
ZFNGenome (http://bindr.gdcb.iastate.edu/ZFNGenome) [116]. These web-based tools are 
user-friendly interfaces that identify potential ZF binding sites on the target gene and 
provide scores for each ZF protein.  
Endogenous gene regulation by Artificial Transcription Factors. In 1997 at the Barbas’ lab 
demonstrated that 6ZF ATFs coupled either with the VP16 or KRAB-A box EDs were able to 
regulate the expression of an ErbB2-driven reporter gene [117]. The same group later 
demonstrated that an ATF was able to target the endogenous ErbB2 promoter [90]. For the 
purpose of modulating gene expression in mammalian cells, ATFs are cloned either in 
transient expression vectors (pcDNA), or retroviral expression vectors. These constructs 
facilitate the expression of ATFs in primary and transformed mammalian cells. Some of the 
genes successfully regulated by ATFs are listed on Table I. Recently regulated genes include: 
mammary serine protease inhibitor (maspin) [103,118], dystrophin-related gene utrophin [119], 
vascular endothelial growth factor A (VEGF-A) [120,121], gamma-globin [122], heme oxygenase-1 gene 
(HMOX1) [123], glial cell line-derived neurotrophic factor gene (GDNF) [124], derived tyrosine 
kinase receptors ErbB2 [90,125], and ErbB3 [100,125]. Genes that were successfully down-
regulated by ATFs comprise: VEGF-A [120,121], ErbB2 [90,125], ErbB3 [100], the human 
telomerase reverse transcriptase (hTERT) [126], the nuclear hormone receptor PPAR gene 
(PPAR) [127], and the repression of the checkpoint kinase 2 (CHK2) gene [88]. 
The most recent application of engineered ZF DBDs embrace the ability to specifically 
modify the genome using zinc finger nucleases (ZFNs). These ZFNs are composed of 2-4 ZF 
arrays linked to DNA-cleavage domain of Fok-I. Gene correction has been successfully 
demonstrated in human embryonic and hematopoietic cells [128]. 
Regulation of cancer associated genes by ATFs. ATFs are versatile tools, which offer a 
unique therapeutic strategy to modulate the expression of oncogenes and tumor 
suppressors. Currently, several ATFs have been constructed to regulate cancer genes. Falke 
et al. reported an ATF up-regulating the pro-apoptotic Bax gene. Upon transfection in Saos-2 
cells this ATF promoted a 40% reduction in cell viability and apoptosis induction [130].  
High levels of VEGF-A protein expression have been associated with tumor vascularization. 
In 2003 Snowden et al. [97] generated an ATF coupled with the repressor domain v-ErbA 
targeting the VEGF-A gene. Transfection of this ATF into tumorigenic HEK293 cells resulted 
in a 50% reduction of protein expression.  
Several cancers are associated with the over-expression of the ErbB-family of receptors (e.g. 
breast, prostate, colon, pancreas and ovary). The ErbB2 receptor has an important role in 
tumor cell proliferation and metastasis, particularly in breast cancer cell models. ATFs 
designed to up- and down-regulate this gene in A431 cells, derived from an epidermoid 
squamous cell carcinoma line, caused an increase in cell migration when ErbB2 was over-
expressed, while its down-regulation led to a significant reduction in cell migration [125]. 
Recently Lund CV. et al. described the generation of a single twelve-ZF construct designed 
to down-regulate the ErbB2 and ErbB3 genes. This ZF protein was properly expressed in the 
cells, co-regulated both targets, and was able decrease breast tumor cell proliferation in vitro 
[125]. 
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Endogenous gene Regulation Target site 
length (bp) Effector Domain Reference 

CCK2R ↑ 9 VP16 Liu et al. 2004 [129] 
Utrophin ↑ 9 VP16 Corbi et al. 2000 [119] 

Bax ↑ 15 VP16 Falke et al. 2003 [130] 
Human 

erythropoietin ↑ 9 VP16 Zhang et al. 2000 [131] 

EPO-1 ↑ 9 VP64 Zhang et al. 2000 [131] 
-Globin ↑ 18 VP64 Blau et al. 2005 [122] 
Maspin ↑ 18 VP64 Beltran et al. 2007 [103] 
HMOX1 ↑ 18 p65 Guo et al. 2010 [123] 
GDNF ↑ 18 p65 Laganiere et al. 2010 [124]  
PEDF ↑ 18 p65 Yokoi et al. 2007 [132] 

PTHR1 ↑ 9 VP16/p65 Liu et al 2005 [133]  

VEGF-A ↑ 9 VP16/p65 Liu et al. 2001, Mori et al. 2008 
[121,134] 

IGF2/H19 ↑↓ 9 VP16/p65/v-ErbA Jouvenot et al. 2003 [132] 

ErbB2/ErbB3 ↑↓ 9 VP16, VP64 
KRAB, ERD, SID Beerli et al, 1998, 2000 [90,100] 

ErbB2/ErbB3 ↑↓ 18 VP64/KRAB Lund et al. 2005 [125] 
ErbB2 ↑↓ 18 VP64/KRAB Beerli et al. 2000 [100] 
OCT-4 ↑↓ 18 VP16/KRAB Bartsevich et al. 2003 [135] 
MDR1 ↑↓ 15 VP16/KRAB Bartsevich et al. 2000 [136] 
hTERT ↓ 12 KRAB Sohn et al. 2010 [126] 
PPAR ↓ 18 KRAB Ren et al. 2002 [127] 
CHK2 ↓ 18 KRAB Tan et al. 2003 [88] 

Table 1. Genes regulated by Artificial Transcription Factors. 

Targeting the maspin tumor suppressor gene. Recently, our laboratory has targeted the 
gene maspin, a tumor suppressor silenced by epigenetic mechanisms in aggressive cancer 
cells. We have constructed three six-ZF ATFs designed to bind 18-pbs sites in the maspin 
proximal promoter. These ATFs were fused to the VP64 transactivator domain and designed 
to awake the silenced gene. These ATFs offer a versatile strategy to study the phenotypic 
consequences of re-expressing the endogenous gene in different cancer cell models. ATFs -
97 and -126 strongly reactivated maspin in highly metastatic breast and lung cancer cell lines 
[99,103,118]. The up-regulation of maspin decreased cell motility and induced tumor-cell 
apoptosis in approximately 60% of the transfected cells; the remaining cell population 
restored cell junction proteins, such as E-cadherin, and other normal-like features. When 
ATF-126 was expressed in MDA-MB-231 cells using inducible retroviral vectors, ATF 
induction resulted in 50% of tumor burden reduction and totally abolished metastatic 
colonization in nude mice. Furthermore, gene expression microarrays demonstrated that the 
ATF-responsive genes predicted normal-like cell behavior, better prognosis and therapeutic 
response of breast cancer patients. These data point to the future clinical application of ATFs 
targeting maspin in breast cancers. 
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Subsequent studies with maspin-specific ATFs in several cancer cell backgrounds revealed 
that the re-activation of the gene was partially compromised by the epigenetic status of its 
promoter. Maspin is aberrantly silenced in metastatic tumors by epigenetic mechanisms 
including DNA methylation, H3K9 methylation, and histone de-acetylation. Co-treatment of 
low-maspin expressing breast and lung cancer cell lines with ATF-126 with either 
methyltransferase or HDAC inhibitors resulted in a synergistic interaction in re-activating 
maspin expression, and cell death induction. Furthermore, the triple combination (ATF-126 + 
methyltransferase + HDAC inhibitor) was far more potent in re-activating maspin and in 
inducing cell death as compared to single or double treatments, even at low concentration of 
inhibitors. These observations demonstrated the importance of the promoter context, 
particularly promoter methylation, in the reactivation of maspin by ATFs.  
Later experiments have demonstrated that both ATFs, ATF-126 and ATF-97, were able to re-
activate maspin in non-small cell lung carcinoma (NSCLC) cancer cells carrying a 
hypermethylated maspin promoter. Sodium bisulfate methylation studies in ATF-97 and 
ATF-126 transfected cells demonstrated substantial DNA demethylation upstream the ATF-
binding sites (~70% reduction relative to control cells). This unidirectional, site-specific, de-
methylation effect was dependent on the positioning of VP64 along the promoter. The VP64 
transactivator domain interacts with the mediator protein to recruit RNA polymerase 
complex and chromatin remodeling enzymes in the maspin promoter, which acts to relax the 
chromatin and to ignite transcription. Although the mechanism by which ATFs de-
methylate the maspin promoter remains elusive, these results demonstrate that ATFs can be 
target DNA demethylation in specific promoters.  
ATFs designed against the maspin promoter resulted in successful target gene regulation. 
The next step involves the delivery of the ATFs into tumors and metastasis in a pre-clinical 
setting. To this end, our laboratory and others are developing targeted nanoparticles and 
adenoviral delivery systems. Although these delivery systems are at this time under 
development, an ATF made to target the Vascular Endothelial Growth Factor (VEGF-A) 
gene is currently in clinical trials. Nevertheless, the forthcoming engineering of ATFs will 
benefit from EDs that actively shape the chromatin to either compact or relax its native 
architecture. In addition, combinations of ATFs to target both, oncogenes and tumor 
suppressors, are anticipated to achieve more potent therapeutic outcomes. The development 
of ATFs able to alter the chromatin landscape of multiple loci represents a powerful novel 
genetic tool to target malignant breast cancer.  
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1. Introduction 
Breast cancer is a leading cause of morbidity and mortality among women. Much of the 
morbidity and mortality is associated with metastasis or local recurrence. There has been 
significant research on what can cause breast cancer progression and resistance to treatment. 
Carcinomas are made of transformed cells contained within stromal cells, fibroblasts, and 
immune cells. Difficulty in determining definite causal pathways of development of 
resistance and metastases is complicated by the heterogeneity of breast cancers. There are 
many different subtypes of breast cancer, each with certain unique phenotypes and 
genotypes. There has been shown 3 subsets of mammary cells: basal stem/progenitor cells, 
luminal progenitors, and non stem luminal cells. Although there is heterogeneity among the 
cell population of breast cancer tumors, there is generally a dominant cell type that allows 
classification of the tumor. There are at least four different breast cancer phenotypes. The 
first is the normal-like phenotype which resembles non cancerous breast cancer. The second 
is the luminal phenotype, generally ER positive and often divided into luminal A and 
luminal B categories. These breast cancers also express E-cadherein, KRT8, KRT18, and 
KRT19. The third category is HER-2 positive phenotype, which is generally ER negative. The 
fourth phenotype, designated as basal-like, generally overexpresses markers characteristic 
of normal mammary gland myoepithelium including EGF, p63, and basal cytokeratins 
KRT14, KRT17, and KRT5/6.  
However, a poorly differentiated phenotype has been established as a hallmark for 
aggressive breast cancers, which has suggested a role of stem cells in breast cancers. Stem 
cells are defined as cells that have the ability to undergo unlimited cell cycle divisions to 
create new stem cells that retain their undifferentiated state and multipotent differentiating 
potential. There are two broad categories of stem cells, embryonic and adult, or somatic, 
stem cells. Embryonic stem cells are found in the inner cell mass of blastocysts and involved 
in the differentiation of the embryo. Somatic stem cells are found in various tissues after 
embryogenesis with the main function of normal tissue repair and renewal. Examples 
include mammary stem cells found in breast tissue and recently associated with breast 
carcinomas, as well as mesenchymal stem cells, found in various locations throughout the 
body, including the bone marrow, and involved in modulating immune response. Many 
believe that the somatic stem cells are not as pluripotent as embryonic stem cells and should 
therefore be considered more as progenitor cells rather than stem cells. Progenitor cells are 
similar to stem cells in their ability for self-renewal and ability to differentiate into multiple 
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1. Introduction 
Breast cancer is a leading cause of morbidity and mortality among women. Much of the 
morbidity and mortality is associated with metastasis or local recurrence. There has been 
significant research on what can cause breast cancer progression and resistance to treatment. 
Carcinomas are made of transformed cells contained within stromal cells, fibroblasts, and 
immune cells. Difficulty in determining definite causal pathways of development of 
resistance and metastases is complicated by the heterogeneity of breast cancers. There are 
many different subtypes of breast cancer, each with certain unique phenotypes and 
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embryogenesis with the main function of normal tissue repair and renewal. Examples 
include mammary stem cells found in breast tissue and recently associated with breast 
carcinomas, as well as mesenchymal stem cells, found in various locations throughout the 
body, including the bone marrow, and involved in modulating immune response. Many 
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therefore be considered more as progenitor cells rather than stem cells. Progenitor cells are 
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cell lineages but with a finite number of cell cycle division and more drive toward 
differentiation than embryonic stem cells. Somatic stem cells and progenitor cells are often 
used interchangeably, as will be the case in this chapter.  
An increase in interest in stem cells began in 1997 when malignant stem cells were found in 
acute myeloid leukemia. Subsequent research revealed stem cells in various other solid 
tumors such as prostate, breast, lung, colon, and brain. The discovery of stem cells in breast 
cancer along with the heterogeneity of breast cancers and ability to develop resistance to 
treatment and relapse helped change the previous theory of each cell having equal 
tumorigenic potential to a preference for a theory suggesting that only certain cells within 
the tumor population allow progression of the tumor. Where these stem cells came from, 
however, is still up for debate. Breast cancers have a very heterogeneous set of phenotypes 
which leads to problems with generalizations of clonal origins of breast cancer stem cells 
(BCSC). As will be discussed in this chapter, there are several theories about breast cancer 
stem cell origins. Research about BCSC has captured the attention of scientists because of 
the undifferentiated character of aggressive breast cancer and the ability of stem cells for 
self-renewal, which may fuel breast cancer tumor progression and metastases. However, 
there are significant complicating variables that must be taken into consideration in BCSC 
research. BCSC are complicated with unknown origin, various pathways linked with a 
variety of physiologic processes as well as the uncertainty of isolating breast cancer stem 
cells due to lack of definite cell markers and BCSC definition. An additional roadblock in 
furthering research on BCSC is the possible need of these cells for a particular niche in 
which to grow. Not only must research concentrate on the characterization and pathways of 
BCSC but also take into account the normal physiologic processes and environmental 
conditions which influence the behaviors of cells and tissues . Additionally, it remains to be 
determined whether different subtypes of breast cancer harbor different types of BCSC.  
In evaluating breast cancer, factors to be considered include subtype of breast cancer, 
prognosis, what causes relapse and why breast cancer tumors can develop resistance to 
therapy. Although stem cells have been suggested to be the culprit for possible relapse and 
resistance to therapy, which is often linked to a poor prognosis, the presence of stem cells 
alone is not indicative of poor prognosis. Indeed, mammary stem cells are found in normal 
breast tissue, shown by studies to be present in the basal epithelial compartment of 
mammary glands. Therefore, it is paramount to determine why stem cells become malignant 
or from where the malignant stem cells came. Despite that the exact nature and role of BCSC 
still remain elusive to researchers, much has been discovered about them since 1997, with 
every day giving more insight into their role in breast cancer. This chapter will give an 
overview of the major players in BCSC research in characterization, pathways, and 
treatments, all suggesting possible future directions in breast cancer research. 

2. Characterizing breast cancer stem cells 
One of the difficulties in research about BCSC remains the elusive definition of the cells. 
Although there is no concrete definition of cancer stem cells, generally, scientists include the 
following two characteristics in determining BCSC: the ability for self-renewal to generate 
another malignant cell and the ability to show lineage-specific differentiation. Even given 
these criteria, characterization of BCSC is further hindered by phenotypes linked to self-
renewability such as ALDH1. These phenotypes will be further discussed later in the 
chapter. Other universally accepted characteristics of BSCS include undifferentiated 

 
Breast Cancer Stem Cells – A Review 

 

507 

phenotype and resistance to various breast cancer therapies. The resilience of these cells to 
less than optimal conditions has potentially been attributed to their low mitotic rates, when 
compared to the mitotic rates of their differentiated counterpart.  
An important characteristic of stem cells is their inherent resistance to multiple drugs. This 
multiple drug resistance (MDR) profile is generally believed to be conferred to these cells 
mainly by ATP-binding cassette transporters. BCSC are thought to be associated with 
overexpression of these transporters and the most likely mechanism for failure of 
chemotherapy in these cells (Figure 1). The ATP-binding cassette transporters are able to 
efflux various, unrelated drugs out of cells on which they are present, thus conferring an 
MDR profile to these cancer cells. Multidrug resistance gene 1(MDR1) also is a major cause 
of breast cancer resistance to chemotherapy. Other multi drug resistance-linked genes 
include ABCB1, CCNE1, and MMP9. Although MDR is a significant obstacle to effective 
chemotherapy, MDR appears to be a normal protective function not only in malignant 
cancer cells, but also in their benign counterparts as studies have identified ATP-binding 
cassette transporters in normal tissue stem cells. Importantly, MDR activity is up regulated 
in response to chemotherapy. Of significant concern, these transporters have also been 
found in tumor cells that have not been exposed to chemotherapy, indicating a built in 
obstacle to antineoplastic treatment. Studies have shown that chemotherapy also  
 

 
Fig. 1. MDR gene in breast cancer. 
MDR is a natural defense mechanism in many, non-carcinogenic cells. However, MDR 
genes can be upregulated when exposed to chemotherapy, which can allow for tumor 
proliferation and an increasing stem cell phenotype. Nonetheless, expression of MDR genes 
is not the only factor in determining cancer progression or induced-stem cell phenotype 
after chemotherapy because sole upregulation of these genes do not result in stem cell 
phenotype, only treatment escape.  
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significantly increases tumor enrichment with stem cells, suggesting the idea that MDR 
genes may be involved in stem cell phenotype. However, singularly over expressing MDR 
genes showed that although MDR genes may allow escape from treatment, overexpression 
alone does not cause an increase in stem cell phenotype.  
To help determine a concrete definition for BCSC, researchers have endeavored to find cells 
markers common, or more helpfully, exclusive, to BCSC. Cell markers that have garnered 
significant interest in research include CD44 and CD 24. CD44 is a transmembrane 
glycoprotein which is involved in cell adhesion and migration and has been shown to be 
upregulated in various cancers as well as their metastastes. Studies in which the blockage of 
CD44 led to inhibition of local growth and metastases suggest that CD44 is potentially a 
protective measure in breast cancer tumors. CD24 is a heavily glycosylated cell marker, 
which has been suggested to play a role in tumor migration due to its ability to bind P-
selectin, a lectin expressed by endothelium and platelets. It has been suggested that the 
dynamic nature of the CD marker expression, however, prevents CD44 and CD24 from 
being definite markers for BCSC. Their expression can be influenced by epigenetic factors, 
genomic instability, and epithelial to mesenchymal transition, discussed later in this chapter. 
In addition, other studies have found that CD24 is not a consistent marker for breast cancer 
even though it has been and still continues to be used as a marker for BCSC. Therefore, the 
tide is potentially turning away from using these as the only markers for BCSC. However, 
they are still currently being used extensively by the scientific community to help identify 
BCSC. The usage is supported by studies which show that although the CD markers were 
not found to be consistently expressed in all breast cancer or with an increased stem cell-like 
phenotype, in mammospheres, the stem cell phenotype was present as was the ability to 
differentiate into luminal and basal phenotypes in human breast cancers.  
Mammospheres are discrete clusters of cells that have the ability to survive and proliferate 
in non adherent, non differentiated culture conditions and are indicative of stem cell-like 
characteristics. Studies have shown that mammospheres may be more accurate in studying 
stem cells as more stem cell markers and characteristics were found in the spheroids rather 
than the adherent cultures. The spheroids were also found to be more malignant with 
greater altered chemo sensitivity than their adherent counterpart. Therefore, mammosphere 
formation may be used as a characteristic to help identify BCSC. These studies additionally 
showed that MAPK, Notch, Wnt genes, and aldehyde dehydrogenase (ALDH) are all over-
expressed in breast cancer mammospheres. These markers and pathways have all been 
linked to BCSC by various studies and are accepted as potential BCSC markers. 
Side populations are being investigated as a potential identification method for BCSC. Side 
populations were originally used to establish a population of hematopoietic cells enriched in 
hematopoietic stem cell. They are defined by their ability to efflux the dye Hoechst 33342 
out of the cell determined to be due to ATP-binding cassette transporters. Importantly, this 
side population was also found in breast cancers and irradiated breast cancer tumors were 
discovered to contain side populations enriched in progenitor cells. However, the usage of 
this potential method of identification is hampered by the toxicity of the dye to non-side 
population cells. 
ALDH1 is becoming more important for isolation of BCSC along with usage for 
identification of side populations of breast cancer cells with MDR proteins. ALDH1 is a 
member of a family of ALDH enzymes involved in the detoxification of a wide array of 
aldehydes. Functional enzymatic assays are utilized to detect the presence of ALDH 
enzymes due to the wide array of enzymes within the family. There are some contradictory 
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studies about the frequency of ALDH+ cells within a tumor with one study suggesting it is 
as low as 25% while another study reported finding ALDH+ cells in 23 out of the 33 breast 
cancer tumors tested. Although these studies may appear contradictory in the prevalence of 
ALDH+ cells in breast cancer tumors, studies have shown that ALDH- cells are far less 
tumorigenic than ALDH+ cells, especially the small subset that also displays stem cell 
markers CD44+/CD24-/low. In addition, the ALDH+ tumor exhibited preference for 
forming high-grade, HER2+, hormone receptor negative tumor, all indicative of poor overall 
prognosis. ALDH1 has also been rumored to be an independent prognostic factor in 
predicting metastases in inflammatory breast cancer with the associated BCSC having the 
ability to reconstruct the heterogeneity of the originating breast cancer at the distant site . 
CD133, also known as Prominin-1, has been suggested to identify a subset of BCSC. A 
transmembrane glycoprotein, CD133 has been used in defining a wide array of somatic stem 
cells as well as being elevated in the peripheral blood of patients with metastatic disease. 
CD133 is considered a very important stem cell marker despite not much being know about 
it because of it greater restriction to cancer stem cells unlike CD44 and ALDH. Additionally, 
downregulation of CD133 has been shown to decrease cell growth, cell motility, ability to 
metastasize, and ability to form spheroids in stem cell-like conditions (Figure 2). CD133 may  
 

 
Fig. 2. Role of CD133 in breast cancer. 
CD133 downregulation results in poor mammosphere formation, less metastasis, and less 
proliferation, suggesting a potential target for breast cancer treatment. Furthermore, CD133 
is more specific to breast cancer stem cells than many other markers such as CD44, showing 
additional importance in the role of cancer progression and characterization.  
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also be a successful anti-neoplastic therapeutic target as shown in hepatocellular and gastric 
cancers in addition having a role as a cancer stem cell marker. CD133 is potentially a very 
important cancer stem cell marker in breast cancer specifically as shown by several labs. 
Cells from basal-like breast cancer and mammospheres from ductal carcinomas express high 
levels of CD133. Isolated CD133-specfic breast cancer cells from BRCA-1 lines have greater 
colony forming efficiency and increased proliferative potential, similar to stem cells. Finally, 
CD133 has been identified in a majority of inflammatory breast cancers, an aggressive form 
characterized by extensive lymphovascular invasion. A specific xenograft model of 
inflammatory breast cancer, MARY-X, has not only been shown to contain BCSC-enriched 
spheroids expressing CD133, but these spheroids have also been shown to contain BCSC 
profile of CD44+/CD24-/low and ALDH+.  

3. Origin of breast cancer stem cells 
The origins of BCSC to date still have not been fully elucidated. Indeed, prior to interest in 
stem cells, the theory of breast cancer progression was different as well. The traditional 
theory of breast cancer progression hypothesized that each breast cancer cell has the same 
tumorigenic potential and phenotypic heterogeneity, according to this stochastic model, was 
due to the accumulation of genetic insults in the progenitor cells. As more light was shed on 
the undifferentiated nature of aggressive breast cancer tumors and development of 
therapeutic resistance, a new hierarchical model was suggested. This newer theory believes 
that the progression of breast cancer is due to a subset of cells within the tumor with stem 
cell-like characteristics of self-renewal and multi-lineage differentiation potential, which also 
accounts for the heterogeneity of breast cancer (Figure 3). Further support of 
the hierarchical model is additionally shown by studies in which only a small portion of 
cells within a tumor is shown to lead to tumorigenesis. Moreover, the majority of breast 
cancer cells are very inefficient at tumorigenesis at a cellular level, therefore, only a subset 
within the tumor must be responsible for metastases by invading blood vessels and 
transversing the basement membrane. Within the hierarchical model, the subset of cells 
within breast cancer tumors leading to tumorigenesis has been suggested to be BCSC. This 
returns to the question about where these cells come from. There are a variety of theories on 
the subject. BCSC have been supposed to come from de-differentiation, progenitor cells or 
acquirement of genetic alterations by normal resident cells. Embryonic stem cells have been 
known to have undifferentiated phenotype and ability for multi lineage differentiation. 
BCSC are not quite the same although they have the same basic characteristics. In fact, the 
molecular mechanisms involved in the genesis of BCSC appear to point to a variety of 
pathways common to both stem cells and cancer biology, which will be discussed later. P53, 
a long known cell cycle regulator, has been identified as a key determinant in stem cell-like 
characteristics in breast cancer tumors. The mechanism by which p53 endows breast cancer 
tumors to develop tumor progression is by allowing reprogramming of tumor cells to 
become induced-pluripotent cells (Figure 4). These p53 mutations arise often late in tumor 
progression. There is a clear association between p53 inactivation and the presence of stem 
cell associated transcription factors in breast cancer. Furthermore, there is an increased 
incidence of decreased p53 function in malignant tumors, which implies that decreased p53 
function leads to phenotypic plasticity and reprogramming of tumor cells. Additional 
support is seen in studies where induced p53 function led to an inhibition of induced-
pluripotent cells from their differentiated counterpart. In addition, the involvement of 
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epithelial to mesenchymal transition (EMT), discussed below, has been purported to be 
involved in the creation of BCSC.  
 

 
Fig. 3. Theories of breast cancer progression.  
The old model of breast cancer progression assumed that all breast cells have equal potential 
to become tumorigenic with repetitive insults. The new model contends that the breast cells 
are heterogenous from the start with differing potentials for tumorigenesis, thus resulting in 
heterogenous breast cancers. 

Epithelial to mesenchymal transition is defined as the loss of epithelial characteristics of a 
cell to adopt a more mesenchymal phenotype. EMT is a function of normal development, for 
example, involved in gastrulation of a chicken embryo. However, the mesenchymal 
phenotype typically allows more cell migration and invasion and is the reason EMT is being 
researched in relation to cancer progression and metastases. Although EMT has been 
researched for the past two decades, evidence showing EMT in vivo has been controversial. 
EMT has been identified in breast carcinomas and associated with poor prognosis at both 
the gene and subtype level. Features characterizing EMT include loss of cell to cell adhesion 
via E-cadherein in adherens junctions, occludins and claudins in tight junctions and 
desmoplakin in desmosomes. Aditionally, there is a down regulation of epithelial 
cytokeratins (KRT8, KRT18, KRT19), upregulation of mesenchymal proteins vimentin and 
ACTA2. Importantly, there is increased potential for migration and resistance due to an  
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Fig. 4. p53 in breast cancer progression. 
P53 is integral in regulating the normal cell cycle. Ordinarily, it eventually induces apoptosis 
and growth arrest through various caspases. With loss or mutation of p53, EMT and 
increased stem cell associated transcription factors result in breast cancer progression. 

adoption of dynamic actin microfilament networks and increased resistance to apoptosis. 
EMT has also been shown to be induced by EGF, IGF-1, IGF-2, and TGFb, as well as though 
transcriptional control of E-cadherin by transcription factors such as SNA1, SNA2, ZEB1, 
ZEB2, TWIST, and GSC. Signal pathways such as Wnt, Hedgehog and Notch have also been 
implicated in EMT.  
Cells that are the result of EMT and BCSC are not necessarily the same thing. EMT is 
considered distinct from BCSC generation but has some overlapping factors such as EMT 
cells demonstrate a CD44+/CD24-/low phenotype similar to BCSC. It has been suggested 
that EMT can help create BCSC as shown in studies where overexpression of Snail or TWIST 
lead to the creation of cells with CD44+/CD24-/low expression. EMT has been investigated 
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EMT is important in breast cancer research not only as a possible origin for BCSC but also 
for prognosis. EMT that may create BCSC promotes the development of refractory and 
resistant breast cancer because BCSC are often resistant to many cancer tx, which ultimately 
leads to breast cancer relapse. EMT can be induced by CD8+T cells with the resulting 
tumors having CD44+/CD24-/low phenotype, potent tumorigenicity, ability to re-estabilish 
an epithelial tumor and increased resistance to therapy further lending credence to the idea 
that EMT is involved in BCSC generation. 
Not only do BCSC lend breast cancer the ability for tumor progression but breast cancer is 
also potentially affected by mesenchymal stem cells (MSC). MSC may have a role in being 
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protective for BCSC, thus affecting breast cancer progression. These cells have been shown 
to migrate to breast cancer tumor site and allow the breast cancer to become resistant to 
therapy. Importantly, MSC play an important role in helping BC cells evade the immune 
system, thus allowing tumor progression. MSC by itself has the ability to promote tumor 
progression by creating cancer associated fibroblasts (CAFs). These CAFs, characterized by 
SDF-1 are established in tumor stroma and leads to the creation of metastases, angiogenesis 
and other pro-tumorigenic factors; however, further details are beyond the scope of this 
chapter. 

4. Pathways 
Important pathways that have been implicated in BCSC include Hedgehog, Notch, Wnt, 
p53, and TGFB. TGFB, an immunosuppressive cytokine that is involved in wound healing, 
fibrosis, and cell cycle regulation has been shown to be critical in BCSC behavior. 
Importantly, loss of TGFB may enhance breast cancer motility (thus leading to metastases) 
via EMT, as discussed earlier. This increased motility may be due to the fact that TGFB is 
responsible for cell cycle inhibition and blocking de novo cancer formation. Loss of TGFB is 
associated with an increase the Sca1 marker, showing an increase in the luminal progenitor 
cells within the tumor. Additionally, TGFB results in a decrease in side population cells, 
characterized by the ability to efflux Horest dye, which is thought to be enriched with 
progenitor cells. Furthermore, TGFb was silenced in a cell population with the 
CD44+/CD24-/low phenotype, thus further supporting the fact that TGFb is a tumor 
suppressor. 
Wnt pathway involves secreted growth factors involved in a wide range of cell processes 
and has been shown to be regulatory in nature of stem cell maintenance and carcinogenesis. 
There are two broad categories in this pathway: canonical and non-canonical pathways. The 
canonical pathway, including Wnt1, is b-catenin-dependent while the non-canonical 
pathway, including Wnt5a, is b-catenin-independent. The canonical pathway is associated 
with stem cell maintenance or expansion by suppressing differentiation and promoting self-
renewal. Exogenous administration of Wnt to normal mammary stem cells results in an 
expansion of stem cells with an increase in self-renewal ability. Furthermore, Lp5, a receptor 
for Wnt signaling, is present in the same location as mammary stem cells in the basal-
epithelial compartment of the mammary gland, as previously mentioned. A decreased in 
Lp5 results in the loss of stem cell activity in the mammary gland. The canonical pathway is 
b-catenin dependent, as previously mentioned, therefore, it follows that a gain of function 
mutation resulting in increased b-catenin activity results in increased mammary stem cell 
self renewal. Although the canonical Wnt pathway is involved in stem cell maintenance, it 
has also been implicated in tumorigenesis from stem cells and luminal progenitor cells as 
shown in studies where there is an increase in stem cells and Sca1, a marker for luminal 
progenitor cells, in tumors with overexpressed Wnt1. On the other hand, decreased Wnt5a 
in breast cancer tumors have been implicated in early relapse and poor prognosis. Wnt 1 of 
the canonical Wnt pathway is unregulated and Wnt5a is downregulated in breast cancer 
cells when compared to normal mammilary cells, indicating that the Wnt5a has tumor 
suppressive ability similar to TGFb (discussed above). The two opposing Wnt pathways 
appear to exert effects on each other to maintain normal cellular function. When the 
canonical pathway is suppressed by the non-canonical pathway, there is a decrease in stem 
cell phenotype.  
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Fig. 4. p53 in breast cancer progression. 
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Importantly, the Wnt pathway and TGFb are connected since TGFb tumor suppressive 
function appears to involve antagonism of the canonical Wnt pathway by Wnt5a. The two 
are interconnected further because TGFb regulates Wnt5a expression in mammary gland 
while Wnt1 of the canonical pathway mediates TGFb effects on branching during breast 
development. The data suggests that TGFb and Wnt5a can inhibit the canonical Wnt 
pathway, redirecting the mammilary tumor cells to adopt a more basal-like characteristic. 
The mechanism for this tumor suppression by TGFb has been reported to be due to the fact 
that TGFb acting through Wnt5a inhibits b-catenin, thus initiating tumor suppression by 
limiting stem/progenitor cell populations (Figure 5). 
 

 
Fig. 5. TGFb and Wnt pathways interplay in breast cancer. 
TGFb and Wnt5a both act as tumor suppressors. TGFb, when inhibited, induces epithelial-
to-mesenchymal transition, leading to breast cancer progression. Wnt1 is normally inhibited 
by Wnt5a, leading to suppressed ability for self-reneal and de-differentiation. When b-
catenin is not inhibited by Wnt5a, Wnt1 leads to increased self renewal and decreased 
differentiation, both of which lead to breast cancer progression. Therefore, Wnt1 and Wnt5a, 
along with TGFb, work against each other to help maintain normal cell physiology.  

The hedgehog pathway has been implicated in sustaining cancer stem cells through self-
renewal. The pathway was first discovered in Drosophila melanagaster and is a major 
regulator of cell proliferation, differentiation, and stem cell maintenance. The link to cancer 
was established while studying a rare familial disease, Gorlin syndrome, in 1996. Secreted 
Hedgehog ligands bind their transmembrane receptor Patch, which causes Smo release and 
dissociation of transcription factors Gil1, Gil2, and Gil 3 from Fu and SuFu. These 
transcription factors lead to transcription of cyclin D, cyclin E, Myc and EGF factors, 
enhancing carcinogenesis. In the absence of the Hedgehog ligands, the transmembrane 
receptor Patch associates with Smo, effectively blocking Smo function. Thus, Hedgehog 
inhibitors, such as cyclopamine, are being looked at as potential anti-neoplastic agents 
(Figure 6). Additionally, TFGb has been demonstrated to upregulate factors in the 
Hedgehog pathway. Further support of a role in cancer is shown by studies in which the 
hedgehog pathway has been implicated in progression from non-invasive phenotype to 
invasive phenotype in ductal carcinoma. An important fact of which to take note, however, 
is the fact that Hedgehog is also intimately involved in normal developmental processes as 
well, causing potential difficulties implementing Hedgehog inhibitors as anti-tumorigenic 
agents. 
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Fig. 6. Promotion of carcinogenesis through Hedgehog. 
With Hedgehog ligand association with PATCH, smo is released, allowing smo to function 
causing dissociation of transcription factors. This causes an increase in transcriptional 
activity producing Cyclin D, Cyclin E, Myc and EFG factors, all of which lead to 
carcinongenesis. In the absence of Hedgehog ligand, PATCH associates with smo, 
effectively blocking smo function and ultimately inhibiting carcinogenesis, thus suggesting 
the utility of Hedgehog inhibitors such as cyclopamine in breast cancer treatment.  

The Notch pathway has been implicated in normal cell proliferation control and apoptosis 
as well as the development of a variety of organs. This pathway has been demonstrated to 
be abnormally regulated in cancer stem cells, including BCSC, leading to uncontrolled BCSC 
self-renewal. The Notch receptors are bound by ligands called Delta-like and Jagged. The 
bound receptors are proteolytically cleaved by ADAM protease family and y-sectretase, 
allowing sequestration into the nucleus. Once in the nucleus, the transcription of genes 
inhibiting cell differentiation and increasing cell proliferation ensues. The released 
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intracellular domain of Notch acts as a transcriptional co-activator to promote transcription 
of downstream targets of the recombination signal sequence binding protein Jk such as Myc 
and Cyclin D1 (Figure 7). Additionally, Notch transmembrane receptors for Notch proteins 
Notch 1-4 have been found in many stem cells. Studies have shown that treatment of ductal 
carcinomas with Notch inhibitors have led to the formation of fewer mammospheres, 
further supporting evidence of Notch playing a key role in mammary epithelial cell 
proliferation and differentiation. In fact, studies nearly a decade ago provided evidence for a 
role of Notch in breast cancer. These studies showed hyperproliferation of normally 
mammary cells in a dose-dependent manner by Notch pathway activation of constitutively 
active Notch receptors. Notch inhibitors are being considered in clinical trials also because 
Notch signaling has been implicated in breast cancer to resistance to radiation therapy.  
 

 
Fig. 7. Role of Notch in breast cancer. 
The intracellular domain of Notch is cleaved by ADAMS and y –secretase after being bound 
by Delta-like and Jagged ligands. The cleaved portions are then sequestered in the nucleus 
where they act as transcription cofactors resulting in increased Myc and Cyclin D, 
promoting carcinogenesis. Also, Notch inhibitors have been demonstrated to decrease 
mammosphere formation, further suggesting the importance of Notch in breast cancer 
therapy. 
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5. Treatments 
Since the discovery of stem cells in breast cancer, these cells have also been the focus of 
research as potential targets for anti-neoplastic treatment. If these cells allow cancer 
progression, resistance, and recurrence, it is logical that treatments concentrated on stem cell 
suppression would lead to more efficacious breast cancer treatment. Importantly, long-term 
efficacy is doubtful since renewal of stem cells is always a possibility. Nonetheless, there are 
have many proposed therapies targeted at BCSC and their pathways. To date, several 
potential treatments have been suggested against the MDR profile of BCSC including 
UHRF1, dofequidor fumarate, isotetrandrine. UHRF1 plays a role in treating breast cancer by 
inhibiting MDR1 promoter activity and expression. Studies have shown that overexpression 
of UHRF1 can induce deacetylation of histonesH3 and H4 on the MDR1 promoter. This 
deacetylation leads to a loss of binding to transcription factors MyoD, CBP, and p300, 
ultimately suppression MDR1. These cells have been shown to have increased sensitivity to 
chemotherapy agents that are transported by p-glycoprotein. Dofequidor fumarate, an orally 
active quinilone compound, has been shown to decrease MDR profile by inhibiting p-
glygoprotein, MDR1 or both. Indeed, phase III clinical trials have shown a decrease in chemo-
resistance in patients who have not previously received treatment. The compound is thought 
to work by inhibiting ABCG2/BCRP, which is higher in side populations than non side 
population cells, which results in an increased sensitivity to anti-neoplastic treatment. 
Another agent found to be efficacious against the MDR profile associated with BCSC is 
isotetrandrine, an isoquinoline alkaloid extracted from Caulis manhoniae. This agent has 
been discovered to result in MDR reversal through inhibition of p-glycoprotein-mediated 
MDR as has phenybutenoids derived from the rhizomes of Zingiber cassumunar, both acting 
as a potent chemo-sensitizing agent in the treatment against breast cancer. Additionally, IL-24 
has recently gained attention as a potential anti-neoplastic treatment based on its anti-tumor 
effects via induction of apoptosis. Other anti-BCSC agents include salinomycin, an agent that 
targets cancer stem cells of epithelial origin. This agent has been shown to decrease the 
population of CD44+/CD24-/low within breast cancer. Although not specifically shown to 
inhibit breast cancer progression, cyclopamine has been demonstrated to inhibit progression 
of other cancers through the Hedgehog pathway, which is responsible for maintenance of 
CD44+/CD24-/low population in breast cancer.  
Since de-differentiation is a major focus as a potential origin of BCSC and the de-
differentiated phenotype is associated with aggressive breast cancers, it follows that agents 
that can induce differentiation could serve as possible agents antagonistic to stem cell 
creation and survival, leading to improved prognosis and treatment efficacy. Retinoids are 
the forerunners for differentiation therapy and has been shown to be successful as seen in 
acute myeloid leukemia M3 therapy where all-trans retinoic acid is currently being used. Of 
note, BRCA1 has been shown to be integral in differentiation in breast cancer. BRCA1 
knockdown is present in breast cancers with increased mammosphere formation, increased 
ALDH1 cells and increased BCSC.  
It is imperative also to consider the interaction of the immune system with breast cancer 
cells prior to initiating targeted treatment against BCSC. The helper T cell phenotype (Th1 
phenotype), has been found to be more anti-neoplastic than the counterbalancing Th2 
phenotype. Th1 phenotype have effects that may be bimodal, however, since the 
inflammatory nature of the Th1 response can cause DNA damage leading to malignant cell 
transformation, while also allowing anti-tumorigenic actions, perhaps to eliminate these  
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malignant cells, as seen by micrometastases to sentinel lymph nodes creating an increased 
Th1 phenotype. The Th2 phenotype, which studies show to be more clearly linked to pro-
tumorigenic processes, demonstrates a facilitative effect on cancer via release of Il-4, which 
prevents chemo-sensitivity and escape from immune detection.  
Pathways associated with BCSC have also been targeted in breast cancer research. There is 
significant evidence of a role for Hedgehog and Wnt, on stem cells in breast cancer, 
however, there is difficulties associated with inhibiting these pathways because they are also 
involved in normal somatic stem cells required in development. Additionally, since Numb, 
an inhibitor of the Notch pathway, has been shown to have decreased activity in BCSC, 
targeted therapies against Notch have made it to clinical trials unfortunately however, with 
limited success. Much of the ineffectuality of the treatments has been attributed to potential 
cross talk with other pathways.  

6. Conclusion 
Breast cancer research has come a long way in uncovering the unique characteristics of stem 
cells found within breast cancers that make them an important aspect in breast cancers as both 
a reason for resistance and progression as well as a potential target for anti-neoplastic 
treatment. Although much has been discovered about BCSC since their introduction into 
breast cancer research back in 1997, there is still a lot to be figured out. There have been a lot of 
characteristic that have been found helping identify BCSC, however, there is still a lack of a 
concrete definition. Indeed, it may be not only unrealistic to determine a single definition of 
BCSC, but also counterproductive. Since there are such a variety of breast cancers and 
treatments vary accordingly, maybe it is only natural that the definition of these BCSC would 
also vary. Even after stem cells have been identified, it is difficult to specifically target these 
cells. Given that BCSC, whether or not they result directly from normal stem cells, have a lot of 
pathways common to both the abnormal and normal stem cells. This makes it difficult to 
inhibit these pathways without altering normal cellular processes necessary for normal cell 
survival as well. Determination of the development and origin of BCSC would be greatly 
helpful in establishing specific treatments focused on these malignant cells. Given the plethora 
of information already discovered about BCSC and the vast areas still being investigated, 
research has shown how critical BCSC are in the fight against breast cancer.  
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malignant cells, as seen by micrometastases to sentinel lymph nodes creating an increased 
Th1 phenotype. The Th2 phenotype, which studies show to be more clearly linked to pro-
tumorigenic processes, demonstrates a facilitative effect on cancer via release of Il-4, which 
prevents chemo-sensitivity and escape from immune detection.  
Pathways associated with BCSC have also been targeted in breast cancer research. There is 
significant evidence of a role for Hedgehog and Wnt, on stem cells in breast cancer, 
however, there is difficulties associated with inhibiting these pathways because they are also 
involved in normal somatic stem cells required in development. Additionally, since Numb, 
an inhibitor of the Notch pathway, has been shown to have decreased activity in BCSC, 
targeted therapies against Notch have made it to clinical trials unfortunately however, with 
limited success. Much of the ineffectuality of the treatments has been attributed to potential 
cross talk with other pathways.  

6. Conclusion 
Breast cancer research has come a long way in uncovering the unique characteristics of stem 
cells found within breast cancers that make them an important aspect in breast cancers as both 
a reason for resistance and progression as well as a potential target for anti-neoplastic 
treatment. Although much has been discovered about BCSC since their introduction into 
breast cancer research back in 1997, there is still a lot to be figured out. There have been a lot of 
characteristic that have been found helping identify BCSC, however, there is still a lack of a 
concrete definition. Indeed, it may be not only unrealistic to determine a single definition of 
BCSC, but also counterproductive. Since there are such a variety of breast cancers and 
treatments vary accordingly, maybe it is only natural that the definition of these BCSC would 
also vary. Even after stem cells have been identified, it is difficult to specifically target these 
cells. Given that BCSC, whether or not they result directly from normal stem cells, have a lot of 
pathways common to both the abnormal and normal stem cells. This makes it difficult to 
inhibit these pathways without altering normal cellular processes necessary for normal cell 
survival as well. Determination of the development and origin of BCSC would be greatly 
helpful in establishing specific treatments focused on these malignant cells. Given the plethora 
of information already discovered about BCSC and the vast areas still being investigated, 
research has shown how critical BCSC are in the fight against breast cancer.  
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1. Introduction 
The discovery of interfering RNAs uncovered a new level of regulation of gene expression. 
It is now believed that as much as 92% of gene expression may be regulated by interfering 
RNAs. Interfering RNAs may be micro RNAs (miRNAs) or small interfering RNAs 
(siRNAs). Our focus is on miRNAs. These are mostly coded in intronic or intergenic regions 
of DNA and are grouped into families on the basis that they likely evolved from a common 
ancestral gene. Among the miRNA families, the miR17-92 family has attracted attention 
because of its oncogenic activity. miRNAs in this family include the miR17-92 cluster and 
two paralogs, the miR-106a and miR-106b clusters. Expression of these miRNAs is markedly 
upregulated in several types of cancer, and they are considered oncomirs. The two paralogs 
derive from an ancient gene duplication event involving the miR17-92 cluster. They 
therefore share highly similar sequences with miR17-92 family members and each other. As 
a result, they also work on very similar targets, primarily inhibiting the translation of target 
mRNAs by binding to the 3’ untranslated region. The miR-106 paralogs are located on 
different chromosomes from the miR17-92 cluster: miR-106a is intriguingly located on the X 
chromosome, miR-106b on chromosome 7, and miR17-92 on chromosome 13. Regulation of 
expression of any of the paralogs can therefore occur without concomitant regulation of the 
other two. This review examines the thesis that miR-106a in particular may play an 
important role in the development and progression of breast cancer. Because relatively little 
attention has yet to be given to miR-106a, the potential role of miR-106a is often suggested 
on the basis of a known role of a related family member. Similarly, defined roles of miR-
106a and family members in other neoplasms are used to suggest a role in breast cancer. 

2. Small interfering RNAs 
Interfering RNAs are small ribonucleic acids around 18-25 nucleotides in length. Depending 
on the author, between 60 and 92% of human genes are likely regulated by these small 
RNAs (Baek et al. 2008, Dai and Ahmed 2011). Interfering RNAs may be microRNAs 
(miRNAs) or small interfering RNAs (siRNAs). Both share a similar mechanism of action, 
but differ in their initial cellular processing. miRNAs are usually encoded by intergenic or 
intronic regions of DNA, but may be present in exonic regions of non-protein-coding genes 
or of protein coding genes subject to alternate splicing (Rodriguez et al. 2004 , (Kim et al., 
2009). In the classical scheme for their production (Figure 1), miRNA regions of the genome 
are transcribed by RNA polymerase II as longer sequences including a region that forms a   
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Fig. 1. Classical and alternate pathways of miRNA generation and the mechanisms of 
inhibition of target gene expression. Figure modified from one by Dai and Ahmed (2011). 
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hairpin or stem loop (pri-miRNA). This is then processed by binding to DGCR8 (DiGeorge 
Syndrome Critical Region protein 8) and cleavage by RNASEN (an RNAse III enzyme) to 
form a pre-miRNA of about 70 nucleotides in length. The pre-miRNA is exported from the 
nucleus by binding to exportin 5, which recognizes its double-stranded hairpin region. Once 
in the cytosol, the pre-miRNA is subject to further cleavage by the dicer complex. This 
removes the loop portion of the hairpin creating two complementary strands of miRNAs. 
These two strands, along with dicer and a binding protein then interact with Argonaute 
(Ago) to form RISC (RNA Induced Silencing Complex). One of the complementary strands 
is released and degraded. The other, now a single-stranded miRNA, is able to bind to its 
target sequence. At this point, the degree of complementarity between the miRNA and its 
target sequence determines whether it functions to inhibit translation or promote the 
degradation of mRNA. The less the complementarity, the more likely it will function to 
inhibit translation without effect on the level of mRNA. With greater complementarity, 
miRNAs function more like siRNAs and promote mRNA degradation (Lee et al. 1993, Bartel 
2004, Carthew and Sontheimer 2009). To accomplish both of these endpoints, the miRNA 
binds to the 3’ untranslated region (UTR) of mRNAs (Yekta et al. 2004). Interaction with the 
3’UTR relies on a 7 nucleotide “seed sequence” present in the miRNA (see table I).  
An alternate pathway for miRNA synthesis exists in which splicing of a small intronic 
region (a microRNA intron region or mirtron region) out of pre-mRNA creates a lasso-like 
structure (a pre-mirtron) that subsequently loses its branch to form double-stranded pre-
miRNA. This hairpin double-stranded pre-miRNA is then handled in the same manner as 
the RNASEN-processed variety. 
SiRNAs, by contrast, originate via viral infection or are introduced into a cell 
experimentally. Either way, the cell gains long stretches of double-stranded RNA. These are 
recognized and bound by specific binding proteins which initiate cleavage by dicer into 
short 18-25 nucleotide lengths of double-stranded RNA that can interact with Ago. This 
interaction results in the release and degradation of one strand and the targeting of the 
specific complementary strand. Since SiRNAs have perfect complementarity, they result in 
mRNA degradation rather than inhibition of translation.  
Having discussed the differences and similarities between these two forms of interfering 
RNA, focus is now on miRNAs. Although several miRNAs have been proposed to be of 
importance in breast cancer, the purpose of this review is to draw attention to the potential 
role of miR-106a. 

3. The miR-106a cluster (paralog to miR-106b and miR-17-92 clusters) 
To date, the best studied miRNAs implicated in carcinogenesis are in the miR-17-92 family. 
This family consists of six members : miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-
92a. They are all transcribed from the same polycistronic cluster, the miR-17-92 cluster on 
chromosome 13. In addition in mammals, there are two paralogs, the miR-106b-25 cluster on 
chromosome 7, and the miR-106a-363 cluster on the X chromosome. These resulted from 
gene duplications of the miR-17-92 cluster during evolution. As mentioned earlier, miRNAs 
interact with the 3’UTR of target mRNAs through their seed sequence; hence miRNAs with 
the same seed sequence may share the same targets. Based on homology of the seed 
sequences, miRNAs in these paralogous clusters can be grouped into four different families, 
miR-17,miR-18, miR-19 and miR-92, as shown in table 1.  
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hairpin or stem loop (pri-miRNA). This is then processed by binding to DGCR8 (DiGeorge 
Syndrome Critical Region protein 8) and cleavage by RNASEN (an RNAse III enzyme) to 
form a pre-miRNA of about 70 nucleotides in length. The pre-miRNA is exported from the 
nucleus by binding to exportin 5, which recognizes its double-stranded hairpin region. Once 
in the cytosol, the pre-miRNA is subject to further cleavage by the dicer complex. This 
removes the loop portion of the hairpin creating two complementary strands of miRNAs. 
These two strands, along with dicer and a binding protein then interact with Argonaute 
(Ago) to form RISC (RNA Induced Silencing Complex). One of the complementary strands 
is released and degraded. The other, now a single-stranded miRNA, is able to bind to its 
target sequence. At this point, the degree of complementarity between the miRNA and its 
target sequence determines whether it functions to inhibit translation or promote the 
degradation of mRNA. The less the complementarity, the more likely it will function to 
inhibit translation without effect on the level of mRNA. With greater complementarity, 
miRNAs function more like siRNAs and promote mRNA degradation (Lee et al. 1993, Bartel 
2004, Carthew and Sontheimer 2009). To accomplish both of these endpoints, the miRNA 
binds to the 3’ untranslated region (UTR) of mRNAs (Yekta et al. 2004). Interaction with the 
3’UTR relies on a 7 nucleotide “seed sequence” present in the miRNA (see table I).  
An alternate pathway for miRNA synthesis exists in which splicing of a small intronic 
region (a microRNA intron region or mirtron region) out of pre-mRNA creates a lasso-like 
structure (a pre-mirtron) that subsequently loses its branch to form double-stranded pre-
miRNA. This hairpin double-stranded pre-miRNA is then handled in the same manner as 
the RNASEN-processed variety. 
SiRNAs, by contrast, originate via viral infection or are introduced into a cell 
experimentally. Either way, the cell gains long stretches of double-stranded RNA. These are 
recognized and bound by specific binding proteins which initiate cleavage by dicer into 
short 18-25 nucleotide lengths of double-stranded RNA that can interact with Ago. This 
interaction results in the release and degradation of one strand and the targeting of the 
specific complementary strand. Since SiRNAs have perfect complementarity, they result in 
mRNA degradation rather than inhibition of translation.  
Having discussed the differences and similarities between these two forms of interfering 
RNA, focus is now on miRNAs. Although several miRNAs have been proposed to be of 
importance in breast cancer, the purpose of this review is to draw attention to the potential 
role of miR-106a. 

3. The miR-106a cluster (paralog to miR-106b and miR-17-92 clusters) 
To date, the best studied miRNAs implicated in carcinogenesis are in the miR-17-92 family. 
This family consists of six members : miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-
92a. They are all transcribed from the same polycistronic cluster, the miR-17-92 cluster on 
chromosome 13. In addition in mammals, there are two paralogs, the miR-106b-25 cluster on 
chromosome 7, and the miR-106a-363 cluster on the X chromosome. These resulted from 
gene duplications of the miR-17-92 cluster during evolution. As mentioned earlier, miRNAs 
interact with the 3’UTR of target mRNAs through their seed sequence; hence miRNAs with 
the same seed sequence may share the same targets. Based on homology of the seed 
sequences, miRNAs in these paralogous clusters can be grouped into four different families, 
miR-17,miR-18, miR-19 and miR-92, as shown in table 1.  
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Seed Sequence Members in miR-17-92 
cluster 

Members in miR-106a-
363 cluster 

Members in miR-106b-
25 cluster 

AAAGUG 
(miR-17 family) 

miR-17, 
miR-20a 

miR-20b, 
miR-106a 

miR-106b, 
miR-93 

AAGGUG 
(miR-18 family) 

 
miR-18a 

 
miR-18b  

GUGCAA 
(miR-19 family) 

miR-19a, 
miR-19b-1 

 
miR-19b-2  

AUUGCA 
(miR-92 family) 

 
miR-92a-1 

miR-92a-2, 
miR-363 

 
miR-25 

Table 1. miRNAs from miR-17-92, miR-106a-363 and miR-106b-25 clusters were grouped 
into 4 different families based on their seed sequences. Table adapted from Van Haaften et 
al. (2010). 

According to this grouping, miR-106a, for example, may target the same mRNAs as miR-
17,miR-20a, miR-20b, miR-106b and miR-93. Tanzer et al.(2004) analyzed the evolutionary 
history of these miRNAs, a history based on the seed sequence. Interestingly, while an 
ortholog of the miR-17-92 seed sequence family occurs in Drosophila and C. elegans, both 
the miR-17 and miR-19 seed sequence families seem to be vertebrate innovations. Moreover, 
miR-106a seems to exist only in mammals; it was found in mouse, rat, human, and chimp, 
but not in any non-mammalian vertebrates tested. This raises the possibility of a specific role 
for miR-106a in mammals where one defining feature is the presence of mammae. 

4. Regulation of miRNAs 
4.1 Regulation of miRNA by methylation 
In addition to protein expression being regulated by miRNAs, formation of miRNAs can be 
regulated by hypermethylation. Thus, hypermethylation of CpG islands that encompass or 
are adjacent to miRNA regions can inhibit transcription, as can histone modification 
(Lehmann et al, 2008). In fact, the frequency of epigenetic regulation of miRNA regions on 
the genome is estimated to be about an order of magnitude greater than for protein-coding 
regions. The regions of miRs-124-1, 124-2, 124-3, 126, 141, 148a, 152, 199a-1, 199a-2, 200c, 34a, 
663, and 9-1, previously associated with breast cancer, are epigenetically modified, showing 
an established role for regulation of miRNAs by methylation in breast cancer. The miR-106a 
region has also been reported to be epigenetically modified in colon cancer (Kunej et al, 
2011). Although not yet specifically examined, it is possible therefore that miR-106a is also 
epigenetically modified in breast cancer, becoming either hypo- or hyper-methylated.  

4.2 Regulation of miR-106a by myc and estrogen 
In several cancers, upregulation of the oncogene, myc, is accompanied by the induction of 
many miRNAs, including several members from the miR-17-92, miR-106a-363, and miR-
106b-25 clusters (O'Donnell et al. 2005). Evidence that myc directly regulated the expression 
of these miRNAs was produced by chromatin immunoprecipitation (ChIP). This showed 
that myc could interact with a fragment upstream of the miR-17-92 cluster. Though there 
were seven putative myc binding sites (CACGTG) upstream of the miR-106a-363 cluster, no 
interaction was found in the ChIP assay. However, the expression of miR-106a-363 was 
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undetectable in their tested cell line, P493-6 B lymphoma cells. Castellano et al. (2009) 
expanded this study to breast cancer cells and included upstream regulation by estrogen. 
With estrogen stimulation, expression of myc, and both miR-17-92 and miR-106a-363 
clusters was upregulated. There is an estrogen receptor response element 70 bp upstream of 
the c-myc binding site on the miR-17-92 promoter. However, no detectable interaction 
between the estrogen receptor and this DNA region was observed. Expression levels of 
miR106a were too low to make this determination. For miR-17-92, this suggests that 
estrogen induction of myc preceeds myc induction of the miR-17-92 cluster. Although an 
indirect induction, it is nevertheless an important link between estrogen, a known oncogene, 
and the miR-17-92 cluster. miR-106a expression can also be negatively regulated in some 
cancers. As reported in monocytopoiesis, the transcription factor, acute myeloid leukaemia-
1 (AML-1), also known as Runt-related transcription factor 1 (Runx1) can bind to the 
promoter region of the miR-106a-363 cluster and repress the expression of miR-106a 
(Fontana et al. 2007). 

5. The expression pattern of miR-106a correlates with breast tumor 
development and other tumor development 
Table 2 illustrates the relative expression of miR-106a in tumors versus normal tissue and 
then in metastasized versus non-metastasized tumors. As can be appreciated, as breast 
cancer progresses, expression of miR-106a increases. This is also true for several other 
tumors in which the analysis was carried through to the metastatic stage. Wang et al. (2010), 
for example, examined breast tumors, matching serum and adjacent normal tissue from 
patients and showed that miR-106a was consistently and significantly overexpressed in both 
breast tumors and matching serum samples. The expression was gradually increased as the 
stage of breast cancer progressed. In addition, the expression was higher in progesterone 
receptor negative versus positive cancers, as well as in estrogen receptor negative versus ER  
 

Tissue Expression of miR-106a in 
tumor compared to non-tumor 
tissue 

Expression of miR-106a in 
metastasized tumor to non-
metastasized tumor 

Gastric Up-regulated Increased 
Colon Up-regulated decreased 
Renal Up-regulated decreased 
Pancreas/Liver Up-regulated ND 
Lung Up-regulated Increased 
Nervous 
system Down-regulated ND 

Prostate Up-regulated Increased 
Immune Up-regulated ND 
Breast Up-regulated Increased 

Table 2. Summary of expression pattern of miR-106a in different tissues and in metastasized 
tumors. ND, not determined. 
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undetectable in their tested cell line, P493-6 B lymphoma cells. Castellano et al. (2009) 
expanded this study to breast cancer cells and included upstream regulation by estrogen. 
With estrogen stimulation, expression of myc, and both miR-17-92 and miR-106a-363 
clusters was upregulated. There is an estrogen receptor response element 70 bp upstream of 
the c-myc binding site on the miR-17-92 promoter. However, no detectable interaction 
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cancers. As reported in monocytopoiesis, the transcription factor, acute myeloid leukaemia-
1 (AML-1), also known as Runt-related transcription factor 1 (Runx1) can bind to the 
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for example, examined breast tumors, matching serum and adjacent normal tissue from 
patients and showed that miR-106a was consistently and significantly overexpressed in both 
breast tumors and matching serum samples. The expression was gradually increased as the 
stage of breast cancer progressed. In addition, the expression was higher in progesterone 
receptor negative versus positive cancers, as well as in estrogen receptor negative versus ER  
 

Tissue Expression of miR-106a in 
tumor compared to non-tumor 
tissue 

Expression of miR-106a in 
metastasized tumor to non-
metastasized tumor 

Gastric Up-regulated Increased 
Colon Up-regulated decreased 
Renal Up-regulated decreased 
Pancreas/Liver Up-regulated ND 
Lung Up-regulated Increased 
Nervous 
system Down-regulated ND 

Prostate Up-regulated Increased 
Immune Up-regulated ND 
Breast Up-regulated Increased 

Table 2. Summary of expression pattern of miR-106a in different tissues and in metastasized 
tumors. ND, not determined. 
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positive cancers (Wang et al. 2010). An interesting experiment was performed by Fassan et 
al. (2009) during which they compared the miRNA expression profiles in male and female 
breast cancer patients. When compared to female breast tumors, the expression of miR-106a 
in male tumor samples was downregulated, indicating there might exist a different 
regulation mechanism between male and female breast cancer, perhaps resulting from a 
different X chromosome complement (see below).  
Macrophages play a dual role in tumor development, acting first to present tumor antigens 
to T cells that kill transformed cells, and later contributing to tumor progression in a number 
of different ways (Lamagna et al, 2006). miR-106a inhibits monocyte and therefore 
macrophage development (Fontana et al 2007). This might be predicted to reduce initial 
clearing responses to transformed cells and therefore to increase the incidence of breast 
cancer. 

6. Potential significance of X chromosome location of miR-106a 
Group B retroviruses, like the mouse mammary tumor, share a common integration site on 
the X chromosome (Mueller et al. 1992). This is close to the promoter region for the miR-
106a cluster. As a result,there is elevated expression of miR-106a.  
Irregardless of virus involvement, there are multiple studies indicating reactivation of the 
silenced X chromosome in breast cancer, particularly basal-like breast cancers (Richardson et 
al. 2006). Such reactivation could elevate expression of the miR-106a cluster. Some features 
of the inactive X chromosome (Xi) have been identified. These include hypermethylation of 
DNA and hypoacetylation of Histones 3 and 4 (Lucchesi et al. 2005). Reactivation of Xi 
would therefore have to reverse these features. As we will discuss later, it is interesting to 
note that miR-106a may target  SUV420H1, a DNA methyltransferase, and BRMS1-L, a 
component of the histone deacetylase complex (HDAC). Downregulation of these two 
proteins by targeting their mRNA by miR-106a would result in DNA hypomethylation and 
histone acetylation, thereby linking elevated miR106a to the possibility of X chromosome 
reactivation.  
There is also another potential link between breast cancer and X reactivation, in this case 
related to BRCA1 functionality. Thus, BRCA1 has been reported to regulate Xist 
transcription from the X chromosome that should be inactive. When transcribed, BRCA1 
then guides Xist to reinteract with and therefore re-silence the same chromosome (Ganesan 
et al., 2004; Ganesan et al., 2002; Silver et al., 2007). However, this is not a universal finding 
(Pageau et al., 2007; Xiao et al., 2007). 

7. Potential targets of miR-106a 
Although miR-106a has not been extensively investigated, there are several ways in which 
reports connect it to an influence on tumor progression. From results derived from a 
miRNA target search, for example, over 700 potential targets for miR-106a were identified 
(Sinha et al., 2008). These include cell cycle regulatory proteins, and proteins that regulate 
apoptosis, angiogenesis, autophagy, metastasis, and drug resistance. 

7.1 Involvement in cell cycle regulation and apoptosis 
Using a miRNA target search engine, Sinha et al.(2008) proposed that miR-106a had up to 40 
targets involved in the regulation of cell proliferation, and up to 44 targets involved in the 
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regulation of apoptosis (Table 3). Among these targets, the best studied example to date is 
the tumor suppressor protein, retinoblastoma 1(RB1). RB is a tumor suppressor whose 
inactivation is involved at some stage in many cancers. Phosphorylation of the Rb protein 
blocks progression of the cell cycle from G1 to S phase. Inactivation of RB therefore has a 
proliferative effect. Several studies have shown upregulation of miR-106a was accompanied by 
downregulation of Rb in a number of different cancers (Zhou et al. 2010, Xiao et al. 2009, Volinia 
et al. 2006). In addition, RB attenuation also appears to be important in the development of 
resistance to anti-estrogens, including Tamoxifen (Boscoe et al. 2007, (Lehn et al., 2011), 
Thangavel et al. 2011). Moreover, therapeutically activating RB has been shown to reestablish 
cell cycle control in endocrine therapy-resistant breast cancer (Thangavel et al. 2011).  
Another important tumor suppressor is p21, also known as cyclin-dependent kinase 
inhibitor 1 (gene is CDKN1A on table 3). This also regulates cell cycle progression between 
the G1 and S phase and contains several putative miR-106a sites in its 3‘-UTR. The 
importance of p21 specifically in breast cancer is currently unclear. However, it is widely 
accepted that loss of function of p21, caused by mutations, reduced expression, or abnormal 
cellular translocation, would promote breast cancer progression (Trimis et al. 2008, Winters 
et al. 2003, Balbín et al. 1996). Also, upregulation of miR-106a downregulates p21 expression, 
and transfection with an antimir of miR-106a restores expression (Ivanovska et al. 2008). 
Thus, p21 expression is clearly regulated by miR-106a even though direct demonstration of 
the use of the putative 3’ UTR sites has yet to be reported. 
There is a complicated and highly regulated interplay among the many pro- and anti-
apoptotic proteins in a cell. Bim (gene called BCL2L11 in table) is a pro-apoptotic molecule, 
involved in regulating anoikis in the normal developing mammary gland to create a duct 
lumen (Whelan et al., 2010), as well as responses of breast cancer cells to chemotherapeutics 
such as paclitaxel (Kutuk and Letai, 2010). Early breast cancer is in many instances 
characterized by a duct lumen filled with cells that have not undergone normal anoikis. 
Caspase 6 is the direct activator of caspase 8 in the intrinsic pathway for initiation of 
apoptosis (Cowling and Downward, 2002). A reduction in expression of Bim, caspase 6 and 
caspase 8 brought about by elevations of miR-106a would therefore be expected to reduce 
anoikis/apoptosis leading to increased cell number. Increased proliferation and decreased 
apoptosis also predict poor prognosis in recurrent breast cancers (Vakkala et al. 1999). 
 
Predicted targets of miR-106a associated 
with cell proliferation  

Predicted targets of miR-106a associated with 
apoptosis 

BCL11B, BCL6, BHLHB3, BMPR2, 
BTG1,BTG2, BTG3, CDKN1A, COL4A3, 
CSF1,DERL2, E2F1, EBI3, EDD1, EDG1, 
EFNB1,EREG, FLT1, FZD3, GAB1, 
HDAC4, KLF11,LIF, MAP3K11, MAPRE1, 
PAFAH1B1, PCAF,PDGFRA, PPARD, 
PTEN, PTHLH, PURB, RB1,RBBP7, TAL1, 
TBX3, TGFB1, TOPORS,TSG101, TUSC2 

ACIN1, ACVR1B, APBB2, APP, 
BCL2L11,BCL2L2, BCL6, BIRC4, BNIP2, BTG1, 
CASP6, CASP8, CDKN1A, CFLAR, COL4A3, 
DAPK2,DEDD, DNASE2, DNM2, E2F1, 
EGLN3,EP300, FASTK, FOXL2, HIF1A, 
INHBA,LALBA, MAP3K5, PAK7, PIK3R1, 
PLAGL2,PPARD, PPP2CA, PTEN, PURB, 
SQSTM1,STK17B, TAOK2, TAX1BP1, 
TIMP3,TMEM23, TNFRSF21, TOPORS, 
TP53INP1 

Table 3. Predicted targets of miR-106a involved in cell proliferation and apoptosis. Data 
from Sinha et al. (2008). Genes in bold type are those chosen as examples in the text. 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

528 

positive cancers (Wang et al. 2010). An interesting experiment was performed by Fassan et 
al. (2009) during which they compared the miRNA expression profiles in male and female 
breast cancer patients. When compared to female breast tumors, the expression of miR-106a 
in male tumor samples was downregulated, indicating there might exist a different 
regulation mechanism between male and female breast cancer, perhaps resulting from a 
different X chromosome complement (see below).  
Macrophages play a dual role in tumor development, acting first to present tumor antigens 
to T cells that kill transformed cells, and later contributing to tumor progression in a number 
of different ways (Lamagna et al, 2006). miR-106a inhibits monocyte and therefore 
macrophage development (Fontana et al 2007). This might be predicted to reduce initial 
clearing responses to transformed cells and therefore to increase the incidence of breast 
cancer. 

6. Potential significance of X chromosome location of miR-106a 
Group B retroviruses, like the mouse mammary tumor, share a common integration site on 
the X chromosome (Mueller et al. 1992). This is close to the promoter region for the miR-
106a cluster. As a result,there is elevated expression of miR-106a.  
Irregardless of virus involvement, there are multiple studies indicating reactivation of the 
silenced X chromosome in breast cancer, particularly basal-like breast cancers (Richardson et 
al. 2006). Such reactivation could elevate expression of the miR-106a cluster. Some features 
of the inactive X chromosome (Xi) have been identified. These include hypermethylation of 
DNA and hypoacetylation of Histones 3 and 4 (Lucchesi et al. 2005). Reactivation of Xi 
would therefore have to reverse these features. As we will discuss later, it is interesting to 
note that miR-106a may target  SUV420H1, a DNA methyltransferase, and BRMS1-L, a 
component of the histone deacetylase complex (HDAC). Downregulation of these two 
proteins by targeting their mRNA by miR-106a would result in DNA hypomethylation and 
histone acetylation, thereby linking elevated miR106a to the possibility of X chromosome 
reactivation.  
There is also another potential link between breast cancer and X reactivation, in this case 
related to BRCA1 functionality. Thus, BRCA1 has been reported to regulate Xist 
transcription from the X chromosome that should be inactive. When transcribed, BRCA1 
then guides Xist to reinteract with and therefore re-silence the same chromosome (Ganesan 
et al., 2004; Ganesan et al., 2002; Silver et al., 2007). However, this is not a universal finding 
(Pageau et al., 2007; Xiao et al., 2007). 

7. Potential targets of miR-106a 
Although miR-106a has not been extensively investigated, there are several ways in which 
reports connect it to an influence on tumor progression. From results derived from a 
miRNA target search, for example, over 700 potential targets for miR-106a were identified 
(Sinha et al., 2008). These include cell cycle regulatory proteins, and proteins that regulate 
apoptosis, angiogenesis, autophagy, metastasis, and drug resistance. 

7.1 Involvement in cell cycle regulation and apoptosis 
Using a miRNA target search engine, Sinha et al.(2008) proposed that miR-106a had up to 40 
targets involved in the regulation of cell proliferation, and up to 44 targets involved in the 

 
Potential Roles of miR-106a in Breast Cancer 

 

529 

regulation of apoptosis (Table 3). Among these targets, the best studied example to date is 
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inactivation is involved at some stage in many cancers. Phosphorylation of the Rb protein 
blocks progression of the cell cycle from G1 to S phase. Inactivation of RB therefore has a 
proliferative effect. Several studies have shown upregulation of miR-106a was accompanied by 
downregulation of Rb in a number of different cancers (Zhou et al. 2010, Xiao et al. 2009, Volinia 
et al. 2006). In addition, RB attenuation also appears to be important in the development of 
resistance to anti-estrogens, including Tamoxifen (Boscoe et al. 2007, (Lehn et al., 2011), 
Thangavel et al. 2011). Moreover, therapeutically activating RB has been shown to reestablish 
cell cycle control in endocrine therapy-resistant breast cancer (Thangavel et al. 2011).  
Another important tumor suppressor is p21, also known as cyclin-dependent kinase 
inhibitor 1 (gene is CDKN1A on table 3). This also regulates cell cycle progression between 
the G1 and S phase and contains several putative miR-106a sites in its 3‘-UTR. The 
importance of p21 specifically in breast cancer is currently unclear. However, it is widely 
accepted that loss of function of p21, caused by mutations, reduced expression, or abnormal 
cellular translocation, would promote breast cancer progression (Trimis et al. 2008, Winters 
et al. 2003, Balbín et al. 1996). Also, upregulation of miR-106a downregulates p21 expression, 
and transfection with an antimir of miR-106a restores expression (Ivanovska et al. 2008). 
Thus, p21 expression is clearly regulated by miR-106a even though direct demonstration of 
the use of the putative 3’ UTR sites has yet to be reported. 
There is a complicated and highly regulated interplay among the many pro- and anti-
apoptotic proteins in a cell. Bim (gene called BCL2L11 in table) is a pro-apoptotic molecule, 
involved in regulating anoikis in the normal developing mammary gland to create a duct 
lumen (Whelan et al., 2010), as well as responses of breast cancer cells to chemotherapeutics 
such as paclitaxel (Kutuk and Letai, 2010). Early breast cancer is in many instances 
characterized by a duct lumen filled with cells that have not undergone normal anoikis. 
Caspase 6 is the direct activator of caspase 8 in the intrinsic pathway for initiation of 
apoptosis (Cowling and Downward, 2002). A reduction in expression of Bim, caspase 6 and 
caspase 8 brought about by elevations of miR-106a would therefore be expected to reduce 
anoikis/apoptosis leading to increased cell number. Increased proliferation and decreased 
apoptosis also predict poor prognosis in recurrent breast cancers (Vakkala et al. 1999). 
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The activation of oncogenes usually induces cellular apoptosis or senescence as a protective 
mechanism (Li et al. 2009a, Maes et al. 2008b). In an activated ras oncogene model, it was 
shown that overexpression of the miR-106a-363 cluster abolished ras-induced senescence. 
With further deletion analysis, only miR-106a and miR-20b were essential for this function 
(Hong et al. 2010). The upregulation of miR-106a in cancer therefore might play an 
important role in inhibition of oncogene-induced senescence, allowing cancer cells to escape 
this anti-tumor defensive pathway.  

7.2 Involvement in metastasis /differentiation of tumors 
As shown earlier in table 2, the expression of miR-106a increases with metastasis in breast 
cancer. This is also true of a number of other cancers and suggests a potential role for 
miR-106a in the metastatic process. Laminin 5 is a component of the basement membrane 
that mediates attachment of epithelial cells. Laminin 5 is a direct target of the tumor 
suppressor, smad4, and increased laminin 5 increases cell adhesion and reduces cancer 
cell migration (Zapatka et al. 2007). Moreover, epithelial cell interaction with the 
basement membrane promotes mammary differentiation (McCave et al. 2010). 
Overexpression of miR-106a down-regulates laminin 5 in the breast cancer cell line, MCF-
7, and with an antimir to miR-106a expression is normalized (Wenrich et al. 2007). Thus, 
reduced laminin 5 is associated with reduced differentiation and reduced cell adhesion to 
the basement membrane. However, if laminin 5 is cleaved by matrix metalloproteases it 
becomes a tumor-promoting factor that stimulates cell motility (Carpenter et al. 2009). 
Thus, the end effect of miR-106a via laminin 5 will depend on the level of matrix 
metalloprotease activity.  
BRMS1L (Breast Cancer Metastasis 1 Like) suppresses metastasis of human breast cancer. It 
is a component of the mSin3a family of histone deacetylase complexes (HDAC) and 
therefore suppresses transcription of genes (Meehan et al. 2004). As for the other examples, 
this protein has a potential binding site for miR-106a on its 3’-UTR. Edmonds et al. (2009) 
investigated the miRNA expression profile related to expression of the related protein, 
BRMS1, in breast cancer. Unfortunately, miR-106a was not within their tested array. Given 
the binding site, however, miR-106a may promote breast cancer metastasis through 
downregulation of BRMS1-L. Other than this function to suppress metastasis, the related 
protein, BRMS1, has also been reported to be involved in maintaining sensitivity of breast 
cancer to chemotherapy (Vaidya et al. 2009). 
The protein product of the ARID4A (AT Rich Interactive Domain 4A) gene has been 
reported to interact with the tumor suppressor proteins, BRMS1 and RB, and therefore to 
participate in tumor suppression (Hurst et al. 2008). As a predicted target of miR-106a, 
downregulation of this protein would be expected to promote breast cancer progression. 

7.3 Involvement in angiogenesis 
The role of miR-106a in angiogenesis is hard to predict from the amount of information 
currently available. On the one hand, thrombospondin-1 (TSP-1) and connective tissue 
growth factor (CTGF/CCN2), both anti-angiogenic factors, are targeted by members of the 
same seed family and therefore would be predicted to be targeted by miR-106a. 
Downregulation of both contributes to endothelial cell migration and therefore tumor 
progression (Dews et al. 2006, Chien et al. 2011). On the other hand, vascular endothelial 
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growth factor (VEGF), one of the most important pro-angiogenic factors (Delli Carpini et al., 
2010) also has putative binding sites for miR-106a on the 3’UTR. Hua et al. (2006) made a 
reporter construct by connecting the 3’UTR of VEGF downstream of a luciferase reporter 
and then co-transfected this construct into cells with different miRNAs reported to act on 
this 3’UTR. Among the miRNAs examined (miR-106a, miR-106b, miR-17, miR-20a, miR-20b, 
miR-150, miR-29b), miR-106a showed the greatest inhibition of luciferase expression (Hua et 
al. 2006). Further analysis will therefore be required to identify all counterbalancing 
activities in regard to miR-106a, angiogenesis and breast cancer. All that can be said at 
present is that both miR-106a and VEGF are increased as a function of breast cancer 
progression and hence that other factors must influence the interaction between miR-106a 
and the 3’UTR of VEGF mRNA. PRDM6 (PR/SET Domain Protein 6) is another 
angiogenesis-related potential target protein. High expression of this protein inhibits 
endothelial cell proliferation and differentiation (Wu et al. 2008). Down regulation of this 
protein by miR-106a may initiate breast cancer metastasis through promotion of both 
endothelial cell differentiation and proliferation. 

7.4 Other potential targets in breast cancer 
7.4.1 SUV420H1, a DNA methyltransferase 
DNA methylation governs the expression of genes and an abnormal epigenetic pattern may 
contribute to disease. DNA hypomethylation is associated with the worst stages of breast 
cancer (Soares et al. 1999), and the DNA methyltransferase, SUV420H1, is severely 
downregulated in human breast cancers (Tryndyak et al. 2006). As mentioned eariler, RB,  
which forms a complex with this methyltransferase, is also a target of miR-106a. Thus, an 
elevation of miR-106a would concurrently reduce expression of both RB and the 
methyltransferase, thereby enhancing hypomethylation.  

7.4.2 Atg7 (autophagy-related protein 7) 
Autophagy, or self eating, is a lysosomal process that occurs in all cells in order to recycle 
the components of worn out organelles, to reduce unecessary organelles or cytoplasmic 
constituents when physiological demands change, or upon cellular stress. Autophagy can 
serve as a tumor suppressor since defective autophagy provides an oncogenic stimulus, 
resulting in malignant transformation and spontaneous tumors (Dalby et al. 2010). At the 
same time, autophagy can function as a cell survival mechanism (Dalby et al. 2010). Atg7 
(Autophagy-related protein 7) is a potential target of miR-106a. The effect of reduction in 
expression of Atg7, as assessed in a knockout mouse model, is increased cell survival (Xue et 
al. 2010), an effect that would be predicted to contribute to tumor progression. 

7.5 Targets related to chemotherapy resistance 
Xia et al. (2008) investigated the correlation between miRNA expression and the 
development of drug resistance in gastric cancers. The data showed that miR-106a was 
downregulated in the vincristine (VCR)-resistant gastric cancer cell line, SGC7901/VCR (Xia 
et al. 2008). However, in human breast cancer doxorubicin-resistant MCF-7 cells, there was 
an upregulation of miR-106a (Kovalchuk et al. 2008). There were no further experiments 
performed regarding the functional role of this altered expression of miR-106a in either 
cancer in these papers. Much drug resistance develops through increased expression of 
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and the 3’UTR of VEGF mRNA. PRDM6 (PR/SET Domain Protein 6) is another 
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elevation of miR-106a would concurrently reduce expression of both RB and the 
methyltransferase, thereby enhancing hypomethylation.  

7.4.2 Atg7 (autophagy-related protein 7) 
Autophagy, or self eating, is a lysosomal process that occurs in all cells in order to recycle 
the components of worn out organelles, to reduce unecessary organelles or cytoplasmic 
constituents when physiological demands change, or upon cellular stress. Autophagy can 
serve as a tumor suppressor since defective autophagy provides an oncogenic stimulus, 
resulting in malignant transformation and spontaneous tumors (Dalby et al. 2010). At the 
same time, autophagy can function as a cell survival mechanism (Dalby et al. 2010). Atg7 
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an upregulation of miR-106a (Kovalchuk et al. 2008). There were no further experiments 
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multidrug resistance transporter proteins such as MDR-1. In B cell lymphomas, Fu et al. 
(2009) examined the relationship between miRNAs and drug resistance. Based on the 
observation that patients with mantle cell lymphomas (MCL) express higher miR-17-92, he 
overexpressed miR-17-92 in MCL cells and exposed them to the chemotherapy drug, 
topotecan. The miR-17-92 overexpressing cells were more resistant to drug treatment. 
Interestingly, David et al. (2004) found an association between DNA hypomethylation in 
breast cancer and drug resistance that occurred through regulation of the multidrug 
resistance protein, MDR-1. 

8. miR-106a in development 
There are many correlates between early embryogenesis and tumor formation and 
progression. We therefore sought information concerning the role of miR-106a in 
development. Foshay et al. (2009) examined the expression of miR-17, miR-20a, miR-106a, 
and miR-93 (all members of the same seed sequence family) during mouse development. At 
an early stage of development (E 4.0), both miR-17 and miR-20a were expressed more in the 
trophectoderm. By contrast, miR-106a was expressed primarily in the inner cell mass, a 
region considered as the source of stem cells with the potential to differentiate into most cell 
types. The expression of miR-93 was seen in both the trophectoderm and primitive 
endoderm. As development progressed (E 6.5), the visceral endoderm had low expression of 
all four miRNAs, however, the expression of miR-106a and miR-20 was relatively higher. 
One might speculate therefore that miR-106a expression may be related to stem cell function 
and differentiation in endoderm-derived tissues. However, in regard to the latter none of 
the members of the miR-106a-363 cluster, including miR-106a, miR-18b, miR-20b and miR-
363, was expressed in early embryonic lung (Lu et al. 2007). The role of miR-106a in 
development was best described by Ventura et al. who analyzed the consequences of miR-
17-92, miR-106a-363 and miR-106b-25 cluster deletion, separately or in combination 
(Ventura et al. 2008). miR-17-92 deficient mice cannot survive due to severe lung failure. 
Furthermore, deletion of the miR-17-92 cluster caused defects in B-cell development. 
However, neither deletion of miR-106b-25 nor miR-106a-363 had any obvious effects. The 
combined deletion of miR-106b-25 and miR-106a-363 also showed no effect, but the double 
knockout of miR-106b-25 and miR-17-92 caused more serious problems than deletion of 
miR-17-92 alone. This analysis either implies a straightforward lack of importance of miR-
106a-363 in development or perhaps a degree of subtlety of its effects not easily appreciated. 
If miR-106a is important to stem cell function, one might predict early tissue aging. 
Concordant with this suggestion is downregulated expression in human aging (Hackl et al. 
2010).  

9. Potential roles of miR-106a in other cancers 
As shown in table 2, the expression of miR-106a was upregulated in gastric cancer. This was 
accompanied by low expression of RB1, mentioned previously as a direct target of miR-106a 
(Zhou et al. 2010, Xiao et al. 2009). Further analysis revealed a positive correlation between  
miR-106a expression and the stage of tumor-node-metastasis. Higher expression of miR-
106a was associated with increasing gastric tumor size, and lymphatic and distant 
metastasis (Xiao et al. 2009), implying an important role of miR-106a in gastric tumor 
progression. 
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In colorectal cancer, miR-106a was overexpressed at both stages I and II, but was decreased 
at stages III and IV. In addition, high expression of miR-106a was inversely correlated with 
the cell proliferation-associated target, E2F1 (table 3) (Schetter et al. 2008, Guo et al. 2008). 
Late stage downregulation of miR-106a predicted shortened disease-free survival. (Díaz et 
al. 2008). 
Slaby et al. (2010) studied miRNA expression in renal cell carcinoma (RCC) versus renal 
parenchyma from disease-free areas. They found a similar pattern as that described for 
colorectal cancer i.e. higher levels initially, followed by lower levels when metastasized. 
In pancreatic and hepatocellular cancer, miR-106a was upregulated, but no further analysis 
has yet been performed (Volinia et al. 2006, Kutay et al. 2006). 
Primary lung cancer can be classified into 2 types, non-small cell lung cancer (NSCLC) and 
small cell lung cancer (SCLC). SCLC is usually diagnosed when the cancer has already 
spread. The expression of miR-106a is higher in lung cancer compared to non-cancerous 
regions and higher still in SCLC than NSCLC (Navarro et al. 2009). In addition, it was also 
shown that patients with higher miR-106a expression had a significantly worse prognosis 
(Yanaihara et al. 2006). 
In vitro analyses have shown that miRNAs in the miR-106a-363 cluster are overexpressed in 
both Hodgkins lymphoma cells and T cell leukemia (Gibcus et al. 2011, Landais et al. 2007). 
Targets in leukemia were also identified : myosin regulatory light chain–interacting protein, 
which regulates actin stress fibers and motility in non-muscle cells, and RB1-like protein, a 
known tumor suppressor (Landais et al. 2007). p27kip1-deficient mice that are highly 
susceptible to viral infections and develop lymphomas were used to analyze effects in vivo. 
Among the miRNAs tested (188) that were overexpressed were members of the miR-106a-
363 cluster. Their expression was even higher when there was a MMuLV integration at the 
Xpcl1 locus, the locus responsible for expression of the miR-106a-363 cluster on chromosome 
X (Kuppers et al. 2011).  
In prostate cancer, expression of miR-106a was not merely increased but there was also in 
incremental increase that correlated with increasing cancer risk. Furthermore, there was a 
positive correlation between the expression of miR-106a and metastatic status (Moltzahn et 
al. 2011). 
Schulte et al. (2008) examined the expression pattern of miRNAs at different stages of 
neuroblastoma. However, there was no correlation with the presence or absence of disease 
or stage of neuroblastoma. In contrast to neuroblastoma, when surgical samples of 
astrocytoma were compared to adjacent non-astrocytoma tissue, miR-106a was 
downregulated in astrocytomas when compared to normal tissue. In addition, patients with 
reduced miR-106a had a lower survival rate. These results imply a rather different and 
possibly protective role of miR-106a in the brain (Zhi et al. 2010).  

10. Conclusion 
In this review we have presented experimental, bioinformatic and correlative data and our 
speculations supporting a role for overexpression of miR-106a in breast cancer. We have 
discussed the potential role of miR-106a in cell proliferation, apoptosis, metastasis, 
angiogenesis, gene repression through DNA hypomethylation, and the development of 
resistance to therapies. From this perspective, we propose that knockdown of miR-106a may 
be therapeutically beneficial.   
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miR-17-92 alone. This analysis either implies a straightforward lack of importance of miR-
106a-363 in development or perhaps a degree of subtlety of its effects not easily appreciated. 
If miR-106a is important to stem cell function, one might predict early tissue aging. 
Concordant with this suggestion is downregulated expression in human aging (Hackl et al. 
2010).  
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which regulates actin stress fibers and motility in non-muscle cells, and RB1-like protein, a 
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Among the miRNAs tested (188) that were overexpressed were members of the miR-106a-
363 cluster. Their expression was even higher when there was a MMuLV integration at the 
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incremental increase that correlated with increasing cancer risk. Furthermore, there was a 
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downregulated in astrocytomas when compared to normal tissue. In addition, patients with 
reduced miR-106a had a lower survival rate. These results imply a rather different and 
possibly protective role of miR-106a in the brain (Zhi et al. 2010).  
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In this review we have presented experimental, bioinformatic and correlative data and our 
speculations supporting a role for overexpression of miR-106a in breast cancer. We have 
discussed the potential role of miR-106a in cell proliferation, apoptosis, metastasis, 
angiogenesis, gene repression through DNA hypomethylation, and the development of 
resistance to therapies. From this perspective, we propose that knockdown of miR-106a may 
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1. Introduction 
The relationship between breast cancer and scleroderma is complex, involving aspects of 
epidemiological coexistence, pathophysiology and treatment. Increased risk of malignancy 
is known to occur in scleroderma patients particularly lung and breast cancer. Risk factors 
for breast cancer in scleroderma patients include older age and autoimmunity status (lack of 
ANA positivity). The sometimes close temporal relationship between breast cancer and 
scleroderma suggests the possible existence of a common pathophysiological mechanism. 
TGF- β and Caveolin-1 have been widely investigated, while researchers also examined 
estrogen receptors, common genetic background and other possible mechanisms. 
Treatment for breast cancer with radiotherapy and taxanes can both induce scleroderma, 
morphea and sclerodermic skin lesions. The existence of scleroderma can affect breast 
cancer treatment and reversely. Breast conservation surgery is avoided in scleroderma 
patients and radiotherapy is also traditionally considered a relative contradiction due to 
more frequent and severe toxicity. 

2. Epidemiology 
There is an increased risk of malignancy in scleroderma patients with an incidence between 
4 and 11% 1,2,3,4,5,6,7. The exact characteristics of this relationship are difficult to assess due to 
the rarity of scleroderma and the consequent lack of statistical power to determine the 
importance of any comparison, the differences in methodology of the studies and the lack of 
knowledge of the detailed pathophysiology of scleroderma. 
Several well-designed population studies have reported a correlation between 
scleroderma and different types of cancers. The results are summarized in Table 1. The 
majority of the studies reported a significantly elevated SIR of between 1-5 and 3.15 1 2 3 4 8 
5. In contrast, Chatterjee et al 9 found no statistically significant increase in malignancy in 
patients with scleroderma compared with the normal population. The only malignancy 
with a significantly increased risk was liver cancer in black females. The commonest 
cancer type occurring in scleroderma is lung cancer, while data over other cancer types 
are not clear1. 
In terms of breast cancer risk, some studies such as those of Siau et al 2 and Abu – Shakra et 
al 4 found a statistically important correlation with SIRs 3,07 and 6,1 respectively, while 
others 3,8 reported a non statistically significant correlation or no correlation at all.1, 5, 9  
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majority of the studies reported a significantly elevated SIR of between 1-5 and 3.15 1 2 3 4 8 
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are not clear1. 
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al 4 found a statistically important correlation with SIRs 3,07 and 6,1 respectively, while 
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Author SIR 95% CI 

Olesen 1.5 1.3-1.7 

Siau 3.15 1.77-5.2 

Hill 1.99 1.46-2.65 

Abu-Shakra 2.1  

Derk 1.55 1.16-1.93 

Rosenthal 2.4 1.5-3.6 

Chatterjee 1.23  

Table 1. Scleroderma and Standardised Incidence Rate of malignancy. 

The risk factors for malignancy in patients with scleroderma , in particular breast cancer are 
not determined. Siau et al 2 found age > 70 to be an important risk factor, while Abu – 
Shakra et al 4 found an increased risk for age > 65 for all cancer types. Derk et al reported that 
the diagnosis of scleroderma occurs in older patients with cancer in general 8 or breast 
cancer10, while Lu et al 11 concluded that age of scleroderma diagnosis was irrelevant to age 
of breast cancer diagnosis. Kyndt 7 reported that scleroderma patients with breast cancer 
had their scleroderma diagnosis at a later age than patients with scleroderma only, but this 
difference was not statistically significant. 
The role of the gender of the patients is not determined either. Most authors state that both 
male and female scleroderma patients are at higher risk of developing cancer in comparison 
to the general population, but there is no agreement as to whether the correlation is stronger 
for men 1,3,4,8 or women5. It is important to highlight that both breast cancer and scleroderma 
predominately affect women. 
As for the scleroderma type, data are also equivocal. Some authors 9,11 believe that 
scleroderma type is not important while some others 4,7 find various differences that do not 
reach statistical importance. Siau et al 2 report that limited scleroderma is a risk factor for 
cancer development and Hill et al 3 states the same for diffuse scleroderma. Systemic 
sclerosis, morphea and breast cancer can coexist12. 
With regard to the autoimmune status of the patients, most authors 3,4,9,7 agree that ANA, Scl 
70 and U1 - RNP antibody status do not constitute a risk factor for cancer development. 
Reports focusing on breast cancer however10, 11 find the lack of ANA positivity to be a risk 
factor for breast cancer development. Family history is considered a risk factor for all cancer 
types in scleroderma patients 8 and also for breast cancer. On the other hand, scleroderma 
patients with breast cancer use Hormone Replacement Therapy less frequently than those 
without the disease but this finding may be biased11, 10. 
Breast cancer diagnosis can precede, follow or coincide with diagnosis of scleroderma. To 
evaluate this relationship, it has to be taken in consideration that authors use different 
definitions of “simultaneous”, accepting a time lag from 1 to 6 months between the breast 
cancer and scleroderma diagnosis. Derk 10 studied two groups, one with breast cancer and 
scleroderma and another with scleroderma only (control group). The first group was the 
divided into two subgroups: those in whom breast cancer diagnosis followed the 
scleroderma diagnosis (48%) and those in which it preceded (52%). When these groups were 
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compared for age at scleroderma diagnosis it emerged that patients with breast cancer 
diagnosis prior to scleroderma diagnosis were older than the ones with breast cancer after 
scleroderma. This difference was however not statistically significant. In contrast, for the 
group in which breast cancer was diagnosed prior to scleroderma with the control group, 
the difference reached statistical significance. This was not true for the group in which 
breast cancer diagnosis followed scleroderma diagnosis. The first subgroup of patients was 
ANA negative compared with patients with scleroderma only, and this attained statistical 
significance when the second subgroup were compared with the control subgroup. Not all 
researchers agree on the timing of diagnoses of the two conditions. In another study by Lu et 
al 11 cancer diagnosis predated scleroderma diagnosis in only 24% of the patients and 
followed in 76%. 
Others13,14 have underlined the close temporal relationship between scleroderma diagnosis 
and breast cancer diagnosis, and explored the possibility of a pathophysiological connection 
between them. Pineda et al 15 described a rare case of bilateral breast carcinoma and diffuse 
scleroderma. Possible aetiologies for this include scleroderma as a true paraneoplasmatic 
syndrome, a common background immunological abnormality, or a detection bias due to 
extensive investigation of unwell patients.16 

3. Pathophysiology 
While the epidemiological connection between cancer and scleroderma is well established, 
any pathophysiological relationship is not clear yet. Certain mechanisms such as lung 
fibrosis have been incriminated for lung cancer, the commonest coexisting cancer in 
scleroderma patients, but few data exist for other cancer types. 
Epidemiological correlations do not necessarily mean aetiological correlation, since they can 
be attributed to higher prevalence of both diseases in older ages17, female gender18 or a 
diagnostic bias from close follow-up and extensive clinical investigation. Yet, there is some 
evidence that could support the existence of mechanisms that, in some extent, connect the 
two diseases. Hypotheses for these include a common genetic background, a common 
mechanism or finally scleroderma as a consequence of breast cancer radiotherapy and 
chemotherapy. 
With regard to the common genetic background, scleroderma patients have been 
occasionally reported to have a breast cancer family history11. Genetic polymorphism has 
been incriminated and HLA-DR2 haplotype is more frequent in scleroderma and breast 
cancer patients.17 Explanations proposed include that this haplotype confers to a germline 
BRCA mutation or is at a genetic linkage to it.11 
Mechanisms involving both conditions include TGF-β/Smad signaling pathway that is 
known to regulate many events in scleroderma, especially in the pathogenesis of fibrosis via 
upregulation of collagen expression 19. On the other hand, increased collagen formation, 
expressed as greater mammographic density20 is a recognized risk factor for breast cancer 
development. Interestingly TGF β is a known breast tumor suppressor21 although certain 
reports refer both to proliferative and suppressive action22. TGF-β levels are increased in 
breast cancer patients and, in those having limited disease, they decrease after resection of 
the tumor23 
Another piece of evidence that could potentially indicate common pathophysiology is the 
breast tumor associated antigen Ca 15-3 (MUC-1) which is increased in scleroderma 
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compared for age at scleroderma diagnosis it emerged that patients with breast cancer 
diagnosis prior to scleroderma diagnosis were older than the ones with breast cancer after 
scleroderma. This difference was however not statistically significant. In contrast, for the 
group in which breast cancer was diagnosed prior to scleroderma with the control group, 
the difference reached statistical significance. This was not true for the group in which 
breast cancer diagnosis followed scleroderma diagnosis. The first subgroup of patients was 
ANA negative compared with patients with scleroderma only, and this attained statistical 
significance when the second subgroup were compared with the control subgroup. Not all 
researchers agree on the timing of diagnoses of the two conditions. In another study by Lu et 
al 11 cancer diagnosis predated scleroderma diagnosis in only 24% of the patients and 
followed in 76%. 
Others13,14 have underlined the close temporal relationship between scleroderma diagnosis 
and breast cancer diagnosis, and explored the possibility of a pathophysiological connection 
between them. Pineda et al 15 described a rare case of bilateral breast carcinoma and diffuse 
scleroderma. Possible aetiologies for this include scleroderma as a true paraneoplasmatic 
syndrome, a common background immunological abnormality, or a detection bias due to 
extensive investigation of unwell patients.16 

3. Pathophysiology 
While the epidemiological connection between cancer and scleroderma is well established, 
any pathophysiological relationship is not clear yet. Certain mechanisms such as lung 
fibrosis have been incriminated for lung cancer, the commonest coexisting cancer in 
scleroderma patients, but few data exist for other cancer types. 
Epidemiological correlations do not necessarily mean aetiological correlation, since they can 
be attributed to higher prevalence of both diseases in older ages17, female gender18 or a 
diagnostic bias from close follow-up and extensive clinical investigation. Yet, there is some 
evidence that could support the existence of mechanisms that, in some extent, connect the 
two diseases. Hypotheses for these include a common genetic background, a common 
mechanism or finally scleroderma as a consequence of breast cancer radiotherapy and 
chemotherapy. 
With regard to the common genetic background, scleroderma patients have been 
occasionally reported to have a breast cancer family history11. Genetic polymorphism has 
been incriminated and HLA-DR2 haplotype is more frequent in scleroderma and breast 
cancer patients.17 Explanations proposed include that this haplotype confers to a germline 
BRCA mutation or is at a genetic linkage to it.11 
Mechanisms involving both conditions include TGF-β/Smad signaling pathway that is 
known to regulate many events in scleroderma, especially in the pathogenesis of fibrosis via 
upregulation of collagen expression 19. On the other hand, increased collagen formation, 
expressed as greater mammographic density20 is a recognized risk factor for breast cancer 
development. Interestingly TGF β is a known breast tumor suppressor21 although certain 
reports refer both to proliferative and suppressive action22. TGF-β levels are increased in 
breast cancer patients and, in those having limited disease, they decrease after resection of 
the tumor23 
Another piece of evidence that could potentially indicate common pathophysiology is the 
breast tumor associated antigen Ca 15-3 (MUC-1) which is increased in scleroderma 
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patients, and correlates with more severe disease including renal and joint involvement, 
ANA positivity and elevated CRP24. Furthermore, scleroderma has sometimes evolved in 
women undergoing breast augmentation surgery and the proposed mechanism was 
fibroblastic actions of silica or a Graft versus Host disease25 
Sex hormone changes are also involved in the pathophysiology of both diseases. Certain 
predisposing factors for breast cancer such as nulliparity 26 or protective factors like 
increasing number of births 27 alter the course of scleroderma disease. Existence of parity 
delays scleroderma onset and decreases disease mortality and morbidity but does not alter 
duration26. Not only estrogens but also genetic alterations in estrogen receptors (ER) are 
involved in the pathogenesis of scleroderma. Specifically ERa XbaI GG phenotype was 
significantly less frequent in systemic scleroderma patients than in healthy controls 
although no association with clinical manifestations was found28. Nevertheless, ERa up-
regulation is an early event during mammary hyperplasia and adenocarcinoma 
development.29 
The two conditions are also connected in studies focusing on certain mediators such as 
Caveolin I, a regulator that inhibits the baseline activity of several pro-proliferative and 
oncogenic proteins via the TGF-β/Smad signaling pathway30. Caveolin-1 is known to 
suppress collagen expression via interactions with TGF - β31 and also has a variety of effects 
on breast cancer development such as up-regulation of ERa or molecular changes necessary 
in the development of metastasis as confirmed in mouse models. Caveolin-1 normally 
inhibits metastases via suppression of matrix metalloproteinase secretion that degrades the 
basement membrane of normal epithelia 32,33. In humans loss of stromal caveolin-1 is a novel 
breast cancer biomarker that predicts early disease recurrence, metastasis, survival, and 
tamoxifen resistance.34  
Post irradiation morphea was first described in 1905, the first large series in 198935. 
Radiotherapy for breast cancer can induce scleroderma through various mechanisms. After 
radiotherapy morphea in the breast region is a relatively common manifestation, but 
systemic scleroderma has also been occasionally reported.36 Its frequency is calculated at up 
to 1/500 37,38. The hypothesis of a systemic mechanism, triggered by radiotherapy is 
supported by the scleroderma appearance away from the radiated field. Possible 
mechanisms involve T cell activation 36 and clonal fibroblast population alteration. Selective 
local immune alteration, including TGF-β increase and endothelial alterations have also 
been proposed for radiation caused scleroderma39, 37. 
Research on predictive factors for breast cancer patients to develop scleroderma 
manifestations is inconclusive. Patient age, total dose of radiation, dose per fraction, severity 
of the acute reaction and tamoxifen use do not appear significant.37 Several studies however 
indicate the severity of scleroderma is an important predictive factor40. Finally apart from 
radiotherapy, chemotherapy especially with docetaxel and paclitaxel has been reported to 
occasionally induce scleroderma41,42,43,44. 

4. Treatment 
A possible relation between the two diseases could potentially lead to treatment 
alternations with dilemmas occurring mainly when scleroderma patients develop a breast 
cancer. No evidence exists in the literature that the core treatment – surgery – should be 
altered but questions over adjuvant chemotherapy and radiotherapy have been raised. 

 
Scleroderma and Breast Cancer 545 

Finally, hormonal and biological therapies do not seem to interfere with the course of 
scleroderma. 
Scleroderma is a relative contradiction for radiotherapy due to possible sensitivity of the 
tissue affected by the disease. Many doctors hesitate to treat breast cancer in scleroderma 
patients with breast conservation45,46, although large studies failed to prove severe 
toxicity48,49, such as grade III or IV toxicity (severe adverse events or life threatening or 
disabling adverse events respectively). It has been stated that clinicians consider 
radiotherapy to be contraindicated to scleroderma patients because mainly of publication 
bias, severe cases of toxicity being written up as case reports, while cases with mild 
toxicity or no toxicity are omitted 38.  
A large study by Lin et al50 found no differences in early toxicity, but differences were 
found in late toxicity. Proven prognostic factors for scleroderma patients developing 
toxicity effects are curative treatment, multi organ involvement of scleroderma for acute 
toxicity and negative antinuclear antibodies for late toxicity.51. However these results 
reach statistical importance for mild toxicity only (Grade 1 and 2 according to Common 
Terminology Criteria for Adverse Events version 3.0 grading scales). 
Another implication of the coexistence of scleroderma and breast cancer is imaging 
surveillance after breast conservation. This may be difficult due to breast fibrosis and is 
sometimes achieved only by MRI.47  
On the other hand, previously healthy patients who receive radiotherapy for breast cancer 
can develop sclerodermatic changes. The typical clinical picture includes sclerotic and 
pigmentary lesions in the breast, initially severe and painful but self – limited. 37 The 
initial calculation of its incidence at 0.2% is probably an overestimate. This situation is 
rare and is only reported in sparse case reports in the English literature35,38,39. 
In these cases the clinician can use the appropriate scleroderma therapy and topical 
steroids, calcineurin inhibitors or low doses of systemic immunosuppressants (steroids, 
methotrexate MTX cyclosporine) can be applied. Topical softening of the tissue can be 
achieved by means of heparin, hyaluronidase, UVA1 irradiation, PUVA irradiation, or the 
systemic administration of penicillamine with various success 54,52,55. 

5. Conclusions 
While the relationship between cancer and scleroderma is strongly suggested, its 
characteristics are not yet clarified and more research is required. Questions to be answered 
include underlying pathophysiological mechanisms and alterations in the treatment for 
scleroderma patients. Coexistence of scleroderma and breast cancer can be a challenging 
problem, involving general surgeons, rheumatologists, oncologists, radiologists and, last but 
not least, mental health professionals since the coexistence of two diseases can affect the 
patients’ psychological status and their compliance with the treatment. A multidisciplinary 
approach with doctors, nurses and paramedics, high clinical vigilance and cooperation is 
required so to avoid undesirable consequences. 
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indicate the severity of scleroderma is an important predictive factor40. Finally apart from 
radiotherapy, chemotherapy especially with docetaxel and paclitaxel has been reported to 
occasionally induce scleroderma41,42,43,44. 

4. Treatment 
A possible relation between the two diseases could potentially lead to treatment 
alternations with dilemmas occurring mainly when scleroderma patients develop a breast 
cancer. No evidence exists in the literature that the core treatment – surgery – should be 
altered but questions over adjuvant chemotherapy and radiotherapy have been raised. 
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Finally, hormonal and biological therapies do not seem to interfere with the course of 
scleroderma. 
Scleroderma is a relative contradiction for radiotherapy due to possible sensitivity of the 
tissue affected by the disease. Many doctors hesitate to treat breast cancer in scleroderma 
patients with breast conservation45,46, although large studies failed to prove severe 
toxicity48,49, such as grade III or IV toxicity (severe adverse events or life threatening or 
disabling adverse events respectively). It has been stated that clinicians consider 
radiotherapy to be contraindicated to scleroderma patients because mainly of publication 
bias, severe cases of toxicity being written up as case reports, while cases with mild 
toxicity or no toxicity are omitted 38.  
A large study by Lin et al50 found no differences in early toxicity, but differences were 
found in late toxicity. Proven prognostic factors for scleroderma patients developing 
toxicity effects are curative treatment, multi organ involvement of scleroderma for acute 
toxicity and negative antinuclear antibodies for late toxicity.51. However these results 
reach statistical importance for mild toxicity only (Grade 1 and 2 according to Common 
Terminology Criteria for Adverse Events version 3.0 grading scales). 
Another implication of the coexistence of scleroderma and breast cancer is imaging 
surveillance after breast conservation. This may be difficult due to breast fibrosis and is 
sometimes achieved only by MRI.47  
On the other hand, previously healthy patients who receive radiotherapy for breast cancer 
can develop sclerodermatic changes. The typical clinical picture includes sclerotic and 
pigmentary lesions in the breast, initially severe and painful but self – limited. 37 The 
initial calculation of its incidence at 0.2% is probably an overestimate. This situation is 
rare and is only reported in sparse case reports in the English literature35,38,39. 
In these cases the clinician can use the appropriate scleroderma therapy and topical 
steroids, calcineurin inhibitors or low doses of systemic immunosuppressants (steroids, 
methotrexate MTX cyclosporine) can be applied. Topical softening of the tissue can be 
achieved by means of heparin, hyaluronidase, UVA1 irradiation, PUVA irradiation, or the 
systemic administration of penicillamine with various success 54,52,55. 

5. Conclusions 
While the relationship between cancer and scleroderma is strongly suggested, its 
characteristics are not yet clarified and more research is required. Questions to be answered 
include underlying pathophysiological mechanisms and alterations in the treatment for 
scleroderma patients. Coexistence of scleroderma and breast cancer can be a challenging 
problem, involving general surgeons, rheumatologists, oncologists, radiologists and, last but 
not least, mental health professionals since the coexistence of two diseases can affect the 
patients’ psychological status and their compliance with the treatment. A multidisciplinary 
approach with doctors, nurses and paramedics, high clinical vigilance and cooperation is 
required so to avoid undesirable consequences. 
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1. Introduction 
Breast cancer is the most prevalent cancer in women. Although the survival rate of breast 
cancer has improved steadily in the past two decades, over 40,000 women die from breast 
cancer related complications each year. The heterogeneity of breast cancer makes the 
treatment of different subtypes difficult (Gonzalez-Angulo et al., 2007; Perez et al., 2010). 
Triple negative breast cancer (TNBC) is one of the subtypes. It is negative for both estrogen 
and progesterone hormone receptors and lack the overexpression of human epidermal 
growth factor receptor 2 (HER2). TNBC constitutes approximately 15% of all breast cancers. 
However, its death rate is disproportionately higher than any other subtype of breast cancer, 
especially among young Black, Asian and Hispanic patients (Anders and Carey, 2009; 
Kassam et al., 2009; Rahman et al., 2009). Although, HER2 antibody, Herceptin, estrogen 
receptor antagonist, and aromatase inhibitor have brought hope to breast cancer patients, 
the treatment of TNBC remains to be a great challenge (Amir et al., 2010; Gluz et al., 2009; 
Silver et al., 2010). Thus it is imperative to investigate effective therapeutic targets for TNBC 
patients. 
FZD7, a Wnt pathway receptor, is one of the most abundant Frizzled family proteins 
expressed in TNBC and its cell lines. Wnt canonical signaling regulates cell fate decision 
throughout embryonic development and is related to human disease (Clevers, 2006; 
MacDonald et al., 2009; Reya and Clevers, 2005). Activation of Wnt canonical pathway is 
transduced through Frizzled (FZD) family receptors and LRP5/LRP6 coreceptor to the -
catenin signaling cascade (Bhanot et al., 1996; Pinson et al., 2000). In the presence of canonical 
Wnt signal, FZD binds to Dishevelled (DVL) and LRP5/6 to AXIN-FRAT to form a complex. 
-catenin is protected from phosphorylation (Tolwinski et al., 2003) and the stabilized -
catenin translocates from the cytoplasm to the nucleus to activate the transcription of Wnt 
responsive genes by binding with T-cell factor/lymphoid enhancer factor (TCF/LEF) family 
transcription factors. Activation of these tissue-specific Wnt target genes is involved in the 
development of human tumors, including breast, colon, and other cancers (Jones and Kemp, 
2008; Lee et al., 1995; Ojalvo et al., 2010).  
To investigate the therapeutic targets for TNBC, microarray has been performed to identify 
the genes that may be involved in the tumorigenesis of TNBC. FZD7 is differentially 
expressed in TNBC which raises the possibility that aberrant Wnt signaling might be critical 
for TNBC development. In this chapter we will address the role that FZD7 plays in cell 
proliferation of TNBC and its mechanism. 
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cancer related complications each year. The heterogeneity of breast cancer makes the 
treatment of different subtypes difficult (Gonzalez-Angulo et al., 2007; Perez et al., 2010). 
Triple negative breast cancer (TNBC) is one of the subtypes. It is negative for both estrogen 
and progesterone hormone receptors and lack the overexpression of human epidermal 
growth factor receptor 2 (HER2). TNBC constitutes approximately 15% of all breast cancers. 
However, its death rate is disproportionately higher than any other subtype of breast cancer, 
especially among young Black, Asian and Hispanic patients (Anders and Carey, 2009; 
Kassam et al., 2009; Rahman et al., 2009). Although, HER2 antibody, Herceptin, estrogen 
receptor antagonist, and aromatase inhibitor have brought hope to breast cancer patients, 
the treatment of TNBC remains to be a great challenge (Amir et al., 2010; Gluz et al., 2009; 
Silver et al., 2010). Thus it is imperative to investigate effective therapeutic targets for TNBC 
patients. 
FZD7, a Wnt pathway receptor, is one of the most abundant Frizzled family proteins 
expressed in TNBC and its cell lines. Wnt canonical signaling regulates cell fate decision 
throughout embryonic development and is related to human disease (Clevers, 2006; 
MacDonald et al., 2009; Reya and Clevers, 2005). Activation of Wnt canonical pathway is 
transduced through Frizzled (FZD) family receptors and LRP5/LRP6 coreceptor to the -
catenin signaling cascade (Bhanot et al., 1996; Pinson et al., 2000). In the presence of canonical 
Wnt signal, FZD binds to Dishevelled (DVL) and LRP5/6 to AXIN-FRAT to form a complex. 
-catenin is protected from phosphorylation (Tolwinski et al., 2003) and the stabilized -
catenin translocates from the cytoplasm to the nucleus to activate the transcription of Wnt 
responsive genes by binding with T-cell factor/lymphoid enhancer factor (TCF/LEF) family 
transcription factors. Activation of these tissue-specific Wnt target genes is involved in the 
development of human tumors, including breast, colon, and other cancers (Jones and Kemp, 
2008; Lee et al., 1995; Ojalvo et al., 2010).  
To investigate the therapeutic targets for TNBC, microarray has been performed to identify 
the genes that may be involved in the tumorigenesis of TNBC. FZD7 is differentially 
expressed in TNBC which raises the possibility that aberrant Wnt signaling might be critical 
for TNBC development. In this chapter we will address the role that FZD7 plays in cell 
proliferation of TNBC and its mechanism. 
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2. FZD7 plays a critical role in cell proliferation of TNBC 
Basal-like breast cancer is categorized as TNBC because almost all basal-like breast cancers 
do not have hormone receptor expression and HER2 overexpression (Perou et al., 2000; 
Sotiriou et al., 2003). Although aberrant Wnt signaling activation has been observed in breast 
cancer (Brown, 2001; Turashvili et al., 2006), the correlation of Wnt signaling with TNBC has 
rarely been investigated. However, canonical Wnt pathway activation in basal-like tumor 
has been observed (DiMeo et al., 2009; Lindvall et al., 2009). Recently, we performed Human 
Gene Array ST-1.0 (Affymetrix) in 19 breast tumor samples of five triple negative and 14 
non-triple negative breast cancers (non-TNBC). Identification of the differentially expressed 
genes was carried out under the criteria of 1.5 fold up-regulated in TNBC with p-value less 
than 0.01. FZD7 as well as other two Wnt pathway genes were found to be overexpressed in 
TNBC tissues. Among these genes, FZD7 showed the greatest change as compared to other 
genes (Table 1).  Although other Frizzled, such as FZD3 and FZD5 showed high level 
expression in TNBC tissues, it was not significantly higher (p>0.05). This result suggested 
that overexpression of FZD3 and FZD5 in the TNBC samples used in our microarray study 
may have been due to the variation of individual samples, but not from overall upregulation 
of FZD3 and FZD5 in TNBC.  
 
Log2Ratio P-value Symbol Description Chromosome GenBank 

1.30663 0.0023467 FZD7 frizzled homolog 7 
(Drosophila) 2 NM_003507 

1.07657 0.0047925 TCF7 transcription factor 7 (T-
cell specific, HMG-box) 5 NM_003202 

0.866995 0.0083258 LRP6 low density lipoprotein 
receptor-related protein 6 12 NM_002336 

Table 1. FZD7 and other Wnt pathway genes were up-regulated in TNBC. 

2.1 FZD7 is up-regulated in TNBC and its derived cell lines 
Aberrant Wnt signaling in TNBC has been noted by a few research groups. Dr. Bu and his 
team reported that LRP6 overexpression is found in a subtype of breast tumor that is ER-
negative and Her2-negative (Liu et al., 2010). This is consistent with our microarray result. 
Benefiting from free access to the public database, we analyzed FZD7 expression in a larger 
human breast tumor cohort study reported by Finak et al (20). We found that FZD7 mRNA 
expression was significantly higher in the TNBC samples (n=14) as compared to non-TNBC 
samples (n=109; P=0.0017, Wilcoxon Test) (Figure 1A). We further evaluated the FZD7 
expression using breast tumor tissues. In Fig 1B, the overexpression of FZD7 was observed 
in all TNBC samples, whereas the other four non-TNBC tissues with equal 
differentiation/stage minimally expressed FZD7. To validate the FZD7 overexpression in 
TNBC, immunohistochemistry staining was performed in 20 formalin-fixed paraffin-
embedded breast tumor slides. It was found that 67% of TNBC expressed FZD7; while only 
5% non-TNBC weakly expressed FZD7 (Fig. 1C). FZD7 expression in various breast cancer 
cell lines was also assessed (Fig. 1D). Among the seven cell lines investigated, MDA-MB-231 
and BT-20 cell lines expressed high levels of FZD7, while the other five cell lines either had 
no or limited FZD7 expression. While the MDA-MB-231 and BT-20 cell lines were known to 
be TNBC-derived, all other cell lines were either derived from normal breast tissue (MCF 
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10A) or non-TNBC tissues. Notably, FZD7 is the most abundant FZD in TNBC cell lines: 
MDA-MB-231 and BT-20 (Fig. 1E). 
 

 
Fig. 1. FZD7 expression in TNBC tissues and TNBC cell lines. 

2.2 FZD7shRNA suppressed tumor transformation in TNBC cell lines MDA-MB-231 
and BT-20  
To evaluate the function of FZD7 in TNBC cells, FZD7shRNA or its control GFPshRNA 
lentivirus were transduced into TNBC-derived cell lines MDA-MB-231 and BT-20, and were 
selected with puromycin. Effective knockdown of FZD7 in MDA-MB-231 and BT-20 cells 
was found in FZD7shRNA lentivirus transduced cells. It was observed that FZD7 expression 
was reduced by 95% to 97.5% at the mRNA level (Fig.23A, left panel) and almost completely 
inhibited the protein expression (Fig. 2A, right panel). Specific inhibition of FZD7 expression 
without affecting the other members of the FZD family was confirmed by RT-PCR in MDA-
MB-231(Fig. 2B) and in BT-20 cells (Fig. 2C).  
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Fig. 2. FZD7 knockdown in MDA-MB-231 and BT-20 cells. 

2.2.1 FZD7 is required for cell growth in TNBC cells 
Frizzled family gene is commonly up-regulated in various tumors from different organs. 
Wnt signaling initiated from these genes induce acceleration of cell growth in these tumor 
cells.  Comparisons were made with regards to the rate of cell growth of FZD7shRNA and 
GFPshRNA lentivirus infected MDA-MB-231 cells. As shown in Fig. 3 left panel, cell growth 
significantly slowed in FZD7shRNA transduced MDA-MB-231 cells as compared to that of 
GFPshRNA infected MDA-MB-231 cells. When both cell lines were treated with FZD7 
ligand Wnt3a, significant cell growth acceleration was observed in GFPshRNA transduced 
MDA-MB-231 cells. However, there was no growth advantage seen in FZD7shRNA 
transduced MDA-MB-231 cells. To determine if the FZD7shRNA alone is sufficient for the 
growth inhibition, MDA-MB-231/GFPshRNA cells and MDA-MB-231/FZD7shRNA cells 
were treated with LRP6 inhibitor DKK1 to block the LRP6 signal. As indicated in Fig 3 right 
panel, there is no significant change in the suppression of cell growth by double treatment 
with FZD7shRNA and DKK1 as compared with FZD7shRNA treatment alone in MDA-MB-
231 cells. In each panel of Fig 3, FZD7 suppressed cells with FZD7shRNA transduction 
showed significant growth retardation (P<0.05). The data indicates that FZD7 plays a critical 
role in cell growth of TNBC. 
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Fig. 3. FZD7 regulated cell growth in MDA-MB-231 cells. 

2.2.2 FZD7 plays an important role in cell motility and invasion 
We have noted that FZD7 enhances cell growth in TNBC. We then asked whether FZD7 is 
involved in cell motility and invasion of TNBC. We evaluated the invasive ability of the cells 
with or without FZD7 by using an invasion assay. MDA-MB-231 and BT-20 cells that 
express GFPshRNA actively migrated into the bottom layer of the membrane of the insert 
chamber after overnight culture. A representative area from each well for each cell line 
cultured was analyzed. The number of invasive cells in the membrane was quantified using 
the Image-Pro 6.3 software. As shown in Fig. 4A, MDA-MB-231 and BT20 cells treated with  
 

 

 
Fig. 4. FZD7 increased cell migration in TNBC. 
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GFPshRNA virus showed aggressive migration from the metrigel to the membrane. The 
numbers of cells in the membrane of MDA-MB-231/GFPshRNA and BT-20/GFPshRNA 
cells were 2.6 and 1.9 times higher than those of MDA-MB-231/FZD7shRNA and BT-
20/FZD7shRNA cells respectively. To address the effect of FZD7 in cell motility, we 
performed a wound healing assay. MDA-MB-231/GFPshRNA cells migrated to the wound 
area within 16 hours and completely closed the wound within 24 hours; whereas with FZD7 
inhibited cells, the wound remained open even after 24 hours of observation (Fig. 4B).  
These results suggested that FZD7 exert positive effect on cell migration in TNBC. 

2.2.3 FZD7 modulated cell tumorigenicity in TNBC 
It has been shown that FZD7 is involved in not only enhanced cell growth, but also 
enhanced cell migration, raising the possibility that FZD7 might be a regulator for cell 
tumorigenicity in TNBC. To verify this hypothesis, colony formation assay was performed 
on both FZD7 expressing and FZD7 suppressed MDA-MB-231 cells. It was found that more 
than twice the number of colonies was observed in GPFshRNA expressing cells as compared 
to MDA-MB-231/FZD7shRNA cells (Fig. 5). These results indicated that FZD7 is a key 
factor involved cell colonigenicity in TNBC. Increased colonigenicity in TNBC cells 
expressing FZD7 lead to accelerated tumor growth in TNBC. 
 

 
Fig. 5. FZD7 increased cell tumorigenicity in TNBC. 

2.3 FZD7 regulated cell transformation through cannonical Wnt signaling pathway 
FZD7 is known as the receptor for the Wnt signaling pathway. To investigate if FZD7 affects 
TNBC tumor cell biology through the canonical Wnt pathway, -catenin 
immunofluorescence and DAPI staining was performed to determine the localization of -
catenin thereby confirming the involvement of the Wnt/-catenin pathway. -catenin 
accumulated in the nuclei of MDA-MB-231 cells transduced with GFPshRNA (Figure 5A). 
However, in cells in which FZD7 expression was suppressed by FZD7shRNA, -catenin 
staining was attenuated in the nuclei and remained in the cytoplasm. Furthermore, 
assessment of TCF7 promoter activity by dual luciferase assay revealed that the promoter 
activity of TCF7 declined by approximately 50% in FZD7 inhibited MDA-MB-231 and BT-20 
cells (Figure 5B).  
We then assessed whether expression of target genes of the Wnt pathway (e.g., Cyclin D1 
and C-myc) changed when FZD7 was inhibited. Western blot analysis revealed decreased 
expression of Cyclin D1 and C-myc, downstream components of the Wnt pathway, in MDA-
MB-231 and BT-20 cells in which FZD7 was knocked down as compared to GFPshRNA-
expressing control cells (Figure5C). To evaluate whether overexpression of FZD7 was 
sufficient to trigger Wnt/-catenin signaling, FZD7 tagged with GFP was transiently 
expressed in MCF7 cells, which expresses low levels of FZD7. MDA-MB-231 cells served as 
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control. Approximately 70% to 80% of transfected cells were GFP-positive, indicating that 
FZD7 should have been overexpressed. However, overexpression of FZD7 did not activate 
the Wnt canonical pathway (Figure 5D), and did not appear to generate a significant cell 
proliferation benefit (Figure 5E).  
 

 
Fig. 6. FZD7 regulated cell transformation through Wnt canonical pathway in TNBC. 

In our microarray data, we noticed that two genes, FZD and PKCB1, along the noncanonical 
Wnt/Ca2+ pathway were upregulated in TNBC. In the Wnt/Ca2+ pathway, Wnt binds to 
FZD to initiate signaling that results in the stimulation of protein kinase C (PKC) and the 
release of intracellular Ca2+. Increased concentrations of Ca2+ induce dephosphorylation of 
NFAT (nuclear factor of activated T-cells), which promotes its translocation to the nucleus 
where it can activate the transcription of target genes of the Wnt/Ca2+ pathway. However, 
when FZD7 was inhibited in MDA-MB-231 and BT-20 cells, expression of PKCB1 and the 
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control. Approximately 70% to 80% of transfected cells were GFP-positive, indicating that 
FZD7 should have been overexpressed. However, overexpression of FZD7 did not activate 
the Wnt canonical pathway (Figure 5D), and did not appear to generate a significant cell 
proliferation benefit (Figure 5E).  
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phosphorylation status of NFAT did not change (Figure 7), suggesting that FZD7 does not 
have a role in Wnt/Ca2+ signaling in TNBC. Taken together, these data provide strong 
evidence that Wnt/-catenin, but not Wnt/Ca2+ signaling is active in TNBC, and that 
blocking the Wnt canonical pathway leads to tumor cells losing their tumorigenicity.  
 

 
Fig. 7. FZD7 knockdown suppressed tumor growth in vivo. 

2.4 FZD7shRNA suppresses tumor growth in vivo 
To explore whether the Wnt pathway contributes to the tumorigenesis of TNBC in vivo, 
MDA-MB-231 cells with FZD7shRNA or GFPshRNA were inoculated into NOD-SCID IL2rg 
female null mice. FZD7shRNA blocked the Wnt signal in MDA-MB-231 cells and induced 
significant (p<0.001) suppression of tumor growth in vivo. Moreover, growth arrest has 
been observed in MDA-MB-231/FZD7shRNA cell-derived tumors after 1 week of inoculation 
(Fig. 6A). Gross tissue was harvested and processed with immunohistochemistry (IHC) 
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staining of Wnt pathway gene FZD7, β-catenin, and Wnt pathway target gene Cyclin D1 
(Fig. 6B). In Fig. 5B left panel, the GFPshRNA control group tumor showed normal FZD7 
expression, β-catenin locatization in the nucleus, and Cyclin D1 expression. In tumors with 
FZD7shRNA shown in the right panel, most cells expressed β-catenin in the cytoplasm and 
did not express Cyclin D1. This result is consistent with the in vitro findings and confirms 
that FZD7shRNA induces growth retardation via the Wnt canonical signal. Furthermore, the 
tumors with FZD7 or FZD7 suppression were characterized. Hypoxia cell marker CA9, 
angiogenesis marker CD31 and cell proliferation marker Ki67 in the cells were stained (Fig. 
6B). The data revealed that Ki67 expression was significantly increased in FZD7 expressed 
tumor but not in FZD7 inhibited tumor. CA9 was weakly expressed in both FZD7 expressed 
tumor and FZD7 suppressed tumor. CD31 was not detected in either tumor. These findings 
indicate that the activation of Wnt signal in TNBC induces cell proliferation, but may not 
directly involve cell hypoxia and angiogenesis.  

3. Conclusion 
TNBC has been a particular focus of attention because it has no confirmed therapeutic 
molecular target and poor prognosis. Basal-like breast cancer is categorized as TNBC 
because almost all basal-like breast cancers have no hormone receptor expression and HER2 
overexpression (Perou et al., 2000; Sotiriou et al., 2003). Although aberrant Wnt signaling 
activation has been observed in breast cancer (Brown, 2001; Turashvili et al., 2006), the 
correlation of Wnt signaling with TNBC has rarely been investigated. However, canonical 
Wnt pathway activation in basal-like tumor has been observed (DiMeo et al., 2009; Lindvall 
et al., 2009). More recently, LRP6 overexpression was found in a subtype of breast tumor that 
is ER-negative and Her2-negative (Liu et al., 2010). This is consistent with our microarray 
results. In our study, downregulation of FZD7 to inactivate the Wnt signaling in triple 
negative breast cell line, MDA-MB-231 and BT-20 resulted in impaired cell growth and 
tumor transformation. The essential role that canonical Wnt signaling plays in TNBC makes 
it the most attractive therapeutic stratagem in TNBC (Yang et al., 2011). Targeting Wnt 
pathway genes as novel pharmacological agent for other neoplasms has been investigated 
and great effect has been observed (Yang et al., 2008). Wnt pathway receptor FZD7 and 
LRP6 are cell surface antigens. Our data together with other recent findings suggest that 
with the inhibition of either of these two genes, Wnt signaling pathway will be blocked and 
Wnt signal-mediated cell proliferation will be suppressed (Bafico et al., 2001). SiRNA or 
antibodies against these mRNAs or proteins will provide strong blocking of canonical Wnt 
signaling in TNBC cells. Small molecules that inhibit the biological functions of these two 
genes may also be powerful drugs for treatment of TNBC. Notably, any agents that increase 
the phosphorylation activity of CK1 and GSK3 or block -catenin nuclear accumulation will 
be possible therapeutic approaches for TNBC.  
Constitutive expression of Wnt signaling enhances the self-renewal of mammary progenitor 
cells, and continuous stimulation of this pathway leads to the formation of breast tumor 
(Jones and Kemp, 2008; Lindvall et al., 2007). Mouse model study indicated that breast 
cancers that arise from stem-progenitor cells undergo transformation through deregulation 
of the Wnt signal, while epithelial cell derived breast tumors are triggered by oncogenic 
activation of HER2 (Li and Rosen, 2005). We also noticed that breast cell lines expressing 
high levels of HER2 usually express low levels of FZD7 (data not shown). The association of 
Wnt signaling and HER2 in breast tumor development will be further explored.  
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blocking the Wnt canonical pathway leads to tumor cells losing their tumorigenicity.  
 

 
Fig. 7. FZD7 knockdown suppressed tumor growth in vivo. 

2.4 FZD7shRNA suppresses tumor growth in vivo 
To explore whether the Wnt pathway contributes to the tumorigenesis of TNBC in vivo, 
MDA-MB-231 cells with FZD7shRNA or GFPshRNA were inoculated into NOD-SCID IL2rg 
female null mice. FZD7shRNA blocked the Wnt signal in MDA-MB-231 cells and induced 
significant (p<0.001) suppression of tumor growth in vivo. Moreover, growth arrest has 
been observed in MDA-MB-231/FZD7shRNA cell-derived tumors after 1 week of inoculation 
(Fig. 6A). Gross tissue was harvested and processed with immunohistochemistry (IHC) 
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staining of Wnt pathway gene FZD7, β-catenin, and Wnt pathway target gene Cyclin D1 
(Fig. 6B). In Fig. 5B left panel, the GFPshRNA control group tumor showed normal FZD7 
expression, β-catenin locatization in the nucleus, and Cyclin D1 expression. In tumors with 
FZD7shRNA shown in the right panel, most cells expressed β-catenin in the cytoplasm and 
did not express Cyclin D1. This result is consistent with the in vitro findings and confirms 
that FZD7shRNA induces growth retardation via the Wnt canonical signal. Furthermore, the 
tumors with FZD7 or FZD7 suppression were characterized. Hypoxia cell marker CA9, 
angiogenesis marker CD31 and cell proliferation marker Ki67 in the cells were stained (Fig. 
6B). The data revealed that Ki67 expression was significantly increased in FZD7 expressed 
tumor but not in FZD7 inhibited tumor. CA9 was weakly expressed in both FZD7 expressed 
tumor and FZD7 suppressed tumor. CD31 was not detected in either tumor. These findings 
indicate that the activation of Wnt signal in TNBC induces cell proliferation, but may not 
directly involve cell hypoxia and angiogenesis.  

3. Conclusion 
TNBC has been a particular focus of attention because it has no confirmed therapeutic 
molecular target and poor prognosis. Basal-like breast cancer is categorized as TNBC 
because almost all basal-like breast cancers have no hormone receptor expression and HER2 
overexpression (Perou et al., 2000; Sotiriou et al., 2003). Although aberrant Wnt signaling 
activation has been observed in breast cancer (Brown, 2001; Turashvili et al., 2006), the 
correlation of Wnt signaling with TNBC has rarely been investigated. However, canonical 
Wnt pathway activation in basal-like tumor has been observed (DiMeo et al., 2009; Lindvall 
et al., 2009). More recently, LRP6 overexpression was found in a subtype of breast tumor that 
is ER-negative and Her2-negative (Liu et al., 2010). This is consistent with our microarray 
results. In our study, downregulation of FZD7 to inactivate the Wnt signaling in triple 
negative breast cell line, MDA-MB-231 and BT-20 resulted in impaired cell growth and 
tumor transformation. The essential role that canonical Wnt signaling plays in TNBC makes 
it the most attractive therapeutic stratagem in TNBC (Yang et al., 2011). Targeting Wnt 
pathway genes as novel pharmacological agent for other neoplasms has been investigated 
and great effect has been observed (Yang et al., 2008). Wnt pathway receptor FZD7 and 
LRP6 are cell surface antigens. Our data together with other recent findings suggest that 
with the inhibition of either of these two genes, Wnt signaling pathway will be blocked and 
Wnt signal-mediated cell proliferation will be suppressed (Bafico et al., 2001). SiRNA or 
antibodies against these mRNAs or proteins will provide strong blocking of canonical Wnt 
signaling in TNBC cells. Small molecules that inhibit the biological functions of these two 
genes may also be powerful drugs for treatment of TNBC. Notably, any agents that increase 
the phosphorylation activity of CK1 and GSK3 or block -catenin nuclear accumulation will 
be possible therapeutic approaches for TNBC.  
Constitutive expression of Wnt signaling enhances the self-renewal of mammary progenitor 
cells, and continuous stimulation of this pathway leads to the formation of breast tumor 
(Jones and Kemp, 2008; Lindvall et al., 2007). Mouse model study indicated that breast 
cancers that arise from stem-progenitor cells undergo transformation through deregulation 
of the Wnt signal, while epithelial cell derived breast tumors are triggered by oncogenic 
activation of HER2 (Li and Rosen, 2005). We also noticed that breast cell lines expressing 
high levels of HER2 usually express low levels of FZD7 (data not shown). The association of 
Wnt signaling and HER2 in breast tumor development will be further explored.  
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Wnt signaling pathway is a highly conserved pathway. Three signaling branches have been 
identified: canonical Wnt pathway (Wnt/-catenin pathway), non-canonical pathway 
(including planar cell polarity pathway), and Wnt/Ca2+ pathway (Komiya and Habas, 2008). 
We have observed that two genes, FDZ and PKC, along the Wnt/Ca2+ pathway were 
upregulated in TNBC. Addressing the significance of this branch in TNBC in the future 
remains important. 
 

 
Fig. 8. FZD7 as a target for TNBC. 
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1. Introduction 
The Wnt signaling pathway is a significant pathway that consists of two sub-categories: (1) 
the canonical Wnt/β-catenin signaling pathway and (2) the non-canonical Wnt signaling 
pathway. A well-programmed crosstalk exists between canonical and non-canonical Wnt 
pathways, which enable them to regulate stem cell renewal, cell proliferation, migration, and 
differentiation. Wnt signals are transduced via the interaction between cell surface receptors 
and secreted Wnt ligands and Wnt agonists, which subsequently activate downstream 
proteins that regulate cytoskeletal rearrangement, transcription, and cell cycle. Aberrant Wnt 
signaling is involved in the development of a variety of cancers, including breast cancer. 
Breast cancer is the most invasive form of cancer in women and is the second leading cause 
of death in women in industrialized nations. Three distinct biomarkers including the 
estrogen receptor (ER), progesterone receptor (PR), and the human epidermal growth factor 
receptor 2 (HER-2) are used to determine breast cancer therapy (Nguyen et al., 2010). Anti-
ER and HER2 therapies have benefitted a subset of breast cancer patients (Carter et al., 1992; 
Arteaga, 2003). However, the genetic diversity of this disease varies greatly in that the 
pathological hallmarks are distinct in each case. Recent discoveries in stem cell research 
have shown that breast cancer stem cells may be responsible for the aggressiveness of some 
breast cancers and may contribute to their resistance to chemotherapy and radiation 
treatment (Diehn et al., 2009; Li et al., 2008b). Wnt signaling is important in stem cell biology 
and can lead to tumor formation when aberrantly activated. Therefore, it is essential to 
understand the intrinsic mechanisms of the Wnt signaling pathway to elucidate candidate 
proteins within this pathway that may serve as potential targets for breast cancer therapy.  

2. The Wnt signaling pathways 
At the heart of the canonical Wnt pathway is the stabilization of cytosolic β-catenin, which 
enters the nucleus and activates Wnt target genes by binding to transcription factors of the 
T-cell factor and the lymphoid enhancing factor (TCF/LEF) family (Kohn and Moon, 2005; 
McDonald et al., 2009). Wnts are secreted glycoproteins that can bind to low-density 
lipoprotein receptor-related protein 5 (LRP5) or LRP6 and seven transmembrane receptors 
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1. Introduction 
The Wnt signaling pathway is a significant pathway that consists of two sub-categories: (1) 
the canonical Wnt/β-catenin signaling pathway and (2) the non-canonical Wnt signaling 
pathway. A well-programmed crosstalk exists between canonical and non-canonical Wnt 
pathways, which enable them to regulate stem cell renewal, cell proliferation, migration, and 
differentiation. Wnt signals are transduced via the interaction between cell surface receptors 
and secreted Wnt ligands and Wnt agonists, which subsequently activate downstream 
proteins that regulate cytoskeletal rearrangement, transcription, and cell cycle. Aberrant Wnt 
signaling is involved in the development of a variety of cancers, including breast cancer. 
Breast cancer is the most invasive form of cancer in women and is the second leading cause 
of death in women in industrialized nations. Three distinct biomarkers including the 
estrogen receptor (ER), progesterone receptor (PR), and the human epidermal growth factor 
receptor 2 (HER-2) are used to determine breast cancer therapy (Nguyen et al., 2010). Anti-
ER and HER2 therapies have benefitted a subset of breast cancer patients (Carter et al., 1992; 
Arteaga, 2003). However, the genetic diversity of this disease varies greatly in that the 
pathological hallmarks are distinct in each case. Recent discoveries in stem cell research 
have shown that breast cancer stem cells may be responsible for the aggressiveness of some 
breast cancers and may contribute to their resistance to chemotherapy and radiation 
treatment (Diehn et al., 2009; Li et al., 2008b). Wnt signaling is important in stem cell biology 
and can lead to tumor formation when aberrantly activated. Therefore, it is essential to 
understand the intrinsic mechanisms of the Wnt signaling pathway to elucidate candidate 
proteins within this pathway that may serve as potential targets for breast cancer therapy.  

2. The Wnt signaling pathways 
At the heart of the canonical Wnt pathway is the stabilization of cytosolic β-catenin, which 
enters the nucleus and activates Wnt target genes by binding to transcription factors of the 
T-cell factor and the lymphoid enhancing factor (TCF/LEF) family (Kohn and Moon, 2005; 
McDonald et al., 2009). Wnts are secreted glycoproteins that can bind to low-density 
lipoprotein receptor-related protein 5 (LRP5) or LRP6 and seven transmembrane receptors 
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of the Frizzled (Fz) family. In the absence of Wnt ligands, β-catenin is phosphorylated by a 
multi-protein complex that marks it for ubiquitination and degradation by the proteasome 
(Fig. 1A). This β-catenin degradation complex contains the adenomatous polyposis coli 
(APC) tumor suppressor, the scaffold protein Axin, the glycogen synthase kinase 3β 
(GSK3β), and the casein kinase 1 (Ck1). The action of this complex is inhibited upon binding 
of Wnt to its receptors (Fig. 1B). A variety of Wnt/β-catenin target genes have been 
identified, which include those that regulate cell proliferation, embryonic developmental 
and tumor progression (Kohn and Moon, 2005; McDonald et al., 2009). 
 

 
Fig. 1. The canonical Wnt signaling cascade, simplified. (A) In the absence of interaction 
between Wnts and receptors, β-catenin levels are efficiently regulated by a complex 
containing APC, axin, and GSK3β. This complex promotes phosphorylation of β-catenin by 
Ck1 and GSK3β. Phosphorylated β-catenin becomes multi-ubiquitinated (Ub) and 
subsequently degraded by the 26S proteasome. (B) In the presence of Wnts, phosphorylation 
and degradation of β-catenin are blocked which allows the association of β-catenin with 
TCF transcription factors. The TCF:β-catenin complexes bind to DNA and activate Wnt 
target genes together with various transcriptional repressors or activators. 

The non-canonical Wnt signaling pathway, which operates independently of downstream β-
catenin activation, consists of the Wnt/Ca2+, Wnt/Planar Cell Polarity (PCP), and Wnt/ROR2 
pathway. There are several excellent reviews that discuss the non-canonical Wnt signaling 
pathway extensively (Kohn and Moon, 2005; Siefert and Mlodzik, 2007; Wang and Nathans, 
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2007b; Schulte, 2010). The Wnt/Ca2+ and the Wnt/PCP pathways are activated via the 
interaction of Wnt5a and Wnt11 with their Fz co-receptor. This interaction elicits downstream 
increases in intracellular Ca2+ flux (Wnt/Ca2+) and Dishevelled (Dvl)-mediated downstream 
activation of Rac, Rho, and Jun N-terminal kinase (Wnt/PCP), which ultimately regulate cell 
motility and orientation. The Wnt/ROR2 pathway requires the interaction of Wnt-5a with 
ROR2, which activates downstream signaling events that regulate cell motility. Some non-
canonical Wnt signaling pathways, including the Wnt/ Ca2+ and the Wnt/ROR2 pathways, 
antagonize canonical Wnt signaling (discussed in more detail below). 

2.1 Wnt receptors frizzled protein and LRP5/6  
The frizzled (Fz) gene product, originally discovered in D. melanogaster, is required for the 
development of cuticle wing hairs (Vinson and Adler, 1987; Vinson et al., 1989). The Fz 
receptor consists of 10 mammalian isoforms that contain an N-terminal signal peptide, an 
extracellular cysteine-rich domain (CRD), a seven-pass transmembrane domain, and an 
intracellular C-terminal domain, which contains the KTxxxW motif. The CRD of the Fz 
receptor interacts with the homologous CRD of Wnt proteins (Schulte, 2010). The Fz 
receptor also interacts with R-spondin (Kazanankaya et al., 2004; Kim et al., 2005; Nam et al., 
2006; Wei et al., 2007), Norrin (Smallwood et al., 2007), and secreted frizzled-related proteins 
(Rattner et al., 1997; Kawano and Kypta, 2003; Bafico et al., 1999). The Fz receptor transduces 
Wnt signals in a solitary manner or through collaboration with other co-receptors. The Fz 
receptor forms a ternary complex with Wnt and LRP5/6 to activate the canonical Wnt 
signaling pathway, which activates β-catenin transcriptional activity (Tamai et al., 2000; 
Wehrli et al., 2000).  
Experiments performed in Drosophila (Wehrli et al., 2000), Xenopus (Tamai et al., 2000) and 
mice (Pinson et al., 2000) demonstrated that LRP5/6 (termed Arrow in Drosophila) acts as a 
co-receptor for Wnts, which interact with both Fz and LRP5/6 to activate the canonical Wnt 
signaling pathway. LRP5/6 appears to transduce the Wnt/β-catenin signal by binding and 
recruiting Axin to the cell membrane (Mao et al., 2001a; Tolwinski et al., 2003; Liu et al., 2003; 
Tamai et al., 2004). It has been demonstrated that a PPSPXS motif, which is reiterated five 
times in the LRP6 intracellular domain and is conserved between LRP5, LRP6, and their 
Drosophila homolog, Arrow, is sequentially phosphorylated by GSK3β and CK1 upon Wnt 
stimulation (Tamai et al., 2004, Brennan et al., 2004; Zeng et al., 2005; Davidson et al., 2005). 
Phosphorylation of the PPSPXS motif provides a docking site for Axin binding (Tamai et al., 
2004; Brennan et al., 2004; Zeng et al., 2005; Davidson et al., 2005).  
LRP5 and LRP6 are two members of the expanding low density lipoprotein receptor (LDLR) 
family. The mesoderm development protein (Mesd) and the receptor associated protein 
(RAP) are two specialized molecular chaperones for members of the LDLR family. Mesd is 
particularly important for the Wnt co-receptors LRP5 and LRP6, while RAP is critical for 
other members of the LDLR family such as LRP1 and LRP2 (Culi and Mann, 2003; Hsieh et 
al., 2003; Culi et al., 2004; Li et al., 2005c; Koduri et al., 2007; Li et al., 2006a). Mesd was 
discovered due to its requirement for the folding of LRP5 and LRP6 (Culi and Mann, 2003; 
Hsieh et al., 2003). In mice, the consequences of Mesd deficiency resemble what is seen in 
Wnt3-deficient mutants (Hsieh et al., 2003). Similar to other ER chaperones, Mesd also 
carries an endoplasmic reticulum (ER) retention signal (KDEL in Drosophila, REDL in 
mammals) at its carboxyl terminus and localizes to the ER (Culi and Mann, 2003). All 
members of the LDLR family have at least one six-bladed β-propeller domain, which is 
followed by an epidermal growth factor (EGF) repeat (Bu, 2009). Mesd is specifically 
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of the Frizzled (Fz) family. In the absence of Wnt ligands, β-catenin is phosphorylated by a 
multi-protein complex that marks it for ubiquitination and degradation by the proteasome 
(Fig. 1A). This β-catenin degradation complex contains the adenomatous polyposis coli 
(APC) tumor suppressor, the scaffold protein Axin, the glycogen synthase kinase 3β 
(GSK3β), and the casein kinase 1 (Ck1). The action of this complex is inhibited upon binding 
of Wnt to its receptors (Fig. 1B). A variety of Wnt/β-catenin target genes have been 
identified, which include those that regulate cell proliferation, embryonic developmental 
and tumor progression (Kohn and Moon, 2005; McDonald et al., 2009). 
 

 
Fig. 1. The canonical Wnt signaling cascade, simplified. (A) In the absence of interaction 
between Wnts and receptors, β-catenin levels are efficiently regulated by a complex 
containing APC, axin, and GSK3β. This complex promotes phosphorylation of β-catenin by 
Ck1 and GSK3β. Phosphorylated β-catenin becomes multi-ubiquitinated (Ub) and 
subsequently degraded by the 26S proteasome. (B) In the presence of Wnts, phosphorylation 
and degradation of β-catenin are blocked which allows the association of β-catenin with 
TCF transcription factors. The TCF:β-catenin complexes bind to DNA and activate Wnt 
target genes together with various transcriptional repressors or activators. 

The non-canonical Wnt signaling pathway, which operates independently of downstream β-
catenin activation, consists of the Wnt/Ca2+, Wnt/Planar Cell Polarity (PCP), and Wnt/ROR2 
pathway. There are several excellent reviews that discuss the non-canonical Wnt signaling 
pathway extensively (Kohn and Moon, 2005; Siefert and Mlodzik, 2007; Wang and Nathans, 
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2007b; Schulte, 2010). The Wnt/Ca2+ and the Wnt/PCP pathways are activated via the 
interaction of Wnt5a and Wnt11 with their Fz co-receptor. This interaction elicits downstream 
increases in intracellular Ca2+ flux (Wnt/Ca2+) and Dishevelled (Dvl)-mediated downstream 
activation of Rac, Rho, and Jun N-terminal kinase (Wnt/PCP), which ultimately regulate cell 
motility and orientation. The Wnt/ROR2 pathway requires the interaction of Wnt-5a with 
ROR2, which activates downstream signaling events that regulate cell motility. Some non-
canonical Wnt signaling pathways, including the Wnt/ Ca2+ and the Wnt/ROR2 pathways, 
antagonize canonical Wnt signaling (discussed in more detail below). 

2.1 Wnt receptors frizzled protein and LRP5/6  
The frizzled (Fz) gene product, originally discovered in D. melanogaster, is required for the 
development of cuticle wing hairs (Vinson and Adler, 1987; Vinson et al., 1989). The Fz 
receptor consists of 10 mammalian isoforms that contain an N-terminal signal peptide, an 
extracellular cysteine-rich domain (CRD), a seven-pass transmembrane domain, and an 
intracellular C-terminal domain, which contains the KTxxxW motif. The CRD of the Fz 
receptor interacts with the homologous CRD of Wnt proteins (Schulte, 2010). The Fz 
receptor also interacts with R-spondin (Kazanankaya et al., 2004; Kim et al., 2005; Nam et al., 
2006; Wei et al., 2007), Norrin (Smallwood et al., 2007), and secreted frizzled-related proteins 
(Rattner et al., 1997; Kawano and Kypta, 2003; Bafico et al., 1999). The Fz receptor transduces 
Wnt signals in a solitary manner or through collaboration with other co-receptors. The Fz 
receptor forms a ternary complex with Wnt and LRP5/6 to activate the canonical Wnt 
signaling pathway, which activates β-catenin transcriptional activity (Tamai et al., 2000; 
Wehrli et al., 2000).  
Experiments performed in Drosophila (Wehrli et al., 2000), Xenopus (Tamai et al., 2000) and 
mice (Pinson et al., 2000) demonstrated that LRP5/6 (termed Arrow in Drosophila) acts as a 
co-receptor for Wnts, which interact with both Fz and LRP5/6 to activate the canonical Wnt 
signaling pathway. LRP5/6 appears to transduce the Wnt/β-catenin signal by binding and 
recruiting Axin to the cell membrane (Mao et al., 2001a; Tolwinski et al., 2003; Liu et al., 2003; 
Tamai et al., 2004). It has been demonstrated that a PPSPXS motif, which is reiterated five 
times in the LRP6 intracellular domain and is conserved between LRP5, LRP6, and their 
Drosophila homolog, Arrow, is sequentially phosphorylated by GSK3β and CK1 upon Wnt 
stimulation (Tamai et al., 2004, Brennan et al., 2004; Zeng et al., 2005; Davidson et al., 2005). 
Phosphorylation of the PPSPXS motif provides a docking site for Axin binding (Tamai et al., 
2004; Brennan et al., 2004; Zeng et al., 2005; Davidson et al., 2005).  
LRP5 and LRP6 are two members of the expanding low density lipoprotein receptor (LDLR) 
family. The mesoderm development protein (Mesd) and the receptor associated protein 
(RAP) are two specialized molecular chaperones for members of the LDLR family. Mesd is 
particularly important for the Wnt co-receptors LRP5 and LRP6, while RAP is critical for 
other members of the LDLR family such as LRP1 and LRP2 (Culi and Mann, 2003; Hsieh et 
al., 2003; Culi et al., 2004; Li et al., 2005c; Koduri et al., 2007; Li et al., 2006a). Mesd was 
discovered due to its requirement for the folding of LRP5 and LRP6 (Culi and Mann, 2003; 
Hsieh et al., 2003). In mice, the consequences of Mesd deficiency resemble what is seen in 
Wnt3-deficient mutants (Hsieh et al., 2003). Similar to other ER chaperones, Mesd also 
carries an endoplasmic reticulum (ER) retention signal (KDEL in Drosophila, REDL in 
mammals) at its carboxyl terminus and localizes to the ER (Culi and Mann, 2003). All 
members of the LDLR family have at least one six-bladed β-propeller domain, which is 
followed by an epidermal growth factor (EGF) repeat (Bu, 2009). Mesd is specifically 
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required for the maturation of these β-propeller/EGF modules through the secretory 
pathway (Culi et al., 2004). In the absence of Mesd, LRP5 and LRP6 form aggregates in the 
ER and fail to reach the cell surface (Culi and Mann, 2003; Hsieh et al., 2003; Culi et al., 2004; 
Li et al., 2005c; Koduri et al., 2007; Li et al., 2006a). 
LRP5/6 does not contain CRD domains, but Wnt binds to their β-propeller domains, which 
are sufficient to transduce Wnt signals (Hey et al., 1998; Liu et al., 2009; Bourhis et al., 2010). 
Although controversial, the receptor tyrosine kinase-like orphan receptors, ROR1/2 and 
RYK, can autonomously transduce Wnt signals or serve as co-receptors with Fz to transduce 
Wnt signals. Similar to the Fz receptor, ROR1/2 possesses a CRD that binds to Wnt proteins, 
which stimulate receptor dimerization and subsequent activation (Liu et al., 2008; Minami et 
al., 2010). ROR2 forms a complex with Fz, Wnt, and Cthrci, a Wnt co-factor, to activate the 
Wnt/Planar Cell Polarity pathway (Yamamoto et al., 2008). Conversely, another study 
showed that ROR2 cooperates with Fz2 to mediate Wnt-3a-induced β-catenin activation (Li 
et al., 2008a). Similar to the ROR1/2 kinase, the RYK tyrosine kinase can form a complex 
with Fz and Wnt-3a to activate downstream β-catenin signaling (Lu et al., 2004) or it can 
interact with Wnt-5a independent of Fz cooperation to activate non-canonical Wnt signaling 
(Li et al., 2009). These results suggest that the Fz receptor can act autonomously or in 
cooperation with other receptors to regulate canonical and non-canonical Wnt signaling 
pathways.  

2.2 Wnt agonists 
The mammalian proto-oncogene int-1 and its D. melanogaster counterpart, wingless, were 
discovered prior to the Fz receptors (Nusse and Varmus, 1982; Cabrera et al., 1987; Rijseuijk 
et al., 1987). The nomenclature was later changed to Wnt, which is an acronym derived from 
wingless and int-1 (Nusse et al., 1991). Wnts are highly conserved secreted glycoproteins that 
regulate cell growth and homeostasis in a variety of organ systems. This family of proteins 
consists of 19 cysteine-rich members that serve as ligands for the Fz receptor (Schulte, 2010). 
Members of this family can be classified based on their ability to transform epithelial cells. 
For example, Wnt-1, Wnt-2, Wnt-3, and Wnt-3a are considered to be transforming Wnts; 
Wnt-6 and Wnt-7a are weakly transforming Wnts; Wnt-4, Wnt-5a, Wnt-5b, and Wnt-7b are 
non-transforming Wnts (Shimizu et al., 1997). Wnt proteins are palmitoylated (Takada et al., 
2006) prior to secretion from the cell via the Wntless/Evi seven-pass transmembrane protein 
(Banziger et al., 2006; Bartscherer et al., 2006). Following secretion from cells, Wnt proteins 
interact with the CRD of 10 known mammalian Fz receptors (Schulte, 2010) as well as the 
extracellular domain of the LRP5/6 receptor (Pinson et al., 2000; Tamai et al., 2000; Wehrli et 
al., 2000) to activate the canonical Wnt/β-catenin signaling pathway. Wnt proteins also 
activate non-canonical Wnt signaling via their interaction with Fz (Schulte, 2010), ROR1/2 
(Liu et al., 2008; Minami et al., 2010; Li et al., 2008a; Yamamoto et al., 2008), and RYK (Lu et 
al., 2004; Li et al., 2009). The interaction of Wnt proteins with these receptors enables them to 
regulate a variety of cellular events including differentiation, proliferation, migration, and 
tumorigenesis.  
R-spondins 

R-spondins (Rspo) are a family of secreted proteins that activate Wnt/β-catenin signaling. 
This family consists of four members (Rspo1-4) that share 40-60% homology and are 
structural similar (Kazanskaya et al., 2004). Rspo proteins contain a signal peptide at the N-
terminus, which is followed by a highly conserved CRD and a thrombospondin motif. The 
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C-terminus is of varying length between the different isoforms of Rspo proteins, but it is 
positively charged (Kim et al., 2006). Rspo proteins are expressed simultaneously with Wnt 
proteins during mouse development, suggesting that they may play an important role in 
facilitating Wnt/β-catenin signaling (Nam et al., 2006). The action of Rspo proteins on 
Wnt/β-catenin signaling requires Wnt receptors Fz and LRP5/6; however, the direct 
binding between Rspo and LRP5/6 is still controversial (Kazanankaya et al., 2004; Kim et al., 
2005; Nam et al., 2006; Wei et al., 2007; Li et al. 2010). Furthermore, unlike the Wnt ligands, 
Rspo proteins do not form a ternary complex with Fz and LRP6 (Nam et al., 2006), 
suggesting that the mechanistic action of Rspo on Wnt/β-catenin signaling activation is not 
identical to that of Wnt. One plausible mechanism is that Rspo blocks Dkk1-mediated 
antagonization of Wnt/β-catenin signaling by interfering with the interaction of Dkk1 with 
the Kremen and LRP6 receptors (Kim et al., 2008). 
 

 
Fig. 2. Secreted Wnt agonists. Wnts are the primary agonists of Wnt/β-catenin signaling by 
binding to LRP5/6 and Fz to form a complex with LRP5/6 and Fz. Both Rspos and Norrin 
may act similarly to Wnt, but Norrin specifically binds to Fz4. 

Norrin 

Norrie disease is a severe X-linked trait that causes impaired retinal development. The 
clinical features of this malady include blindness, mental retardation, deafness, 
microcephaly, and hypogonadism (Hendrickx and Leyns, 2008). Mutations in the Norrie 
disease protein (Norrin) contribute to the pathology of this disease (Berger et al., 1992; 
Chen et al., 1992). Norrin specifically interacts with the CRD of Fzd4 and the extracellular 
domain of LRP5/6 receptors, which activates Wnt/β-catenin signaling (Xu et al., 2004; 
Smallwood et al., 2007). These findings are interesting because Norrin does not share any 
structural homology with Wnts (Xu et al., 2004). These results are evident of the diverse 
and complex nature of the regulation of Wnt signaling to promote development and 
tumor progression. 

2.2.1 Wnt antagonists 
Dickkopf 

Dickkopf (Dkk; German, big head, stubborn) proteins are a family of secreted glycoproteins 
that function as regulators of Wnt signaling. Dkks consists of four isoforms in vertebrates 
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required for the maturation of these β-propeller/EGF modules through the secretory 
pathway (Culi et al., 2004). In the absence of Mesd, LRP5 and LRP6 form aggregates in the 
ER and fail to reach the cell surface (Culi and Mann, 2003; Hsieh et al., 2003; Culi et al., 2004; 
Li et al., 2005c; Koduri et al., 2007; Li et al., 2006a). 
LRP5/6 does not contain CRD domains, but Wnt binds to their β-propeller domains, which 
are sufficient to transduce Wnt signals (Hey et al., 1998; Liu et al., 2009; Bourhis et al., 2010). 
Although controversial, the receptor tyrosine kinase-like orphan receptors, ROR1/2 and 
RYK, can autonomously transduce Wnt signals or serve as co-receptors with Fz to transduce 
Wnt signals. Similar to the Fz receptor, ROR1/2 possesses a CRD that binds to Wnt proteins, 
which stimulate receptor dimerization and subsequent activation (Liu et al., 2008; Minami et 
al., 2010). ROR2 forms a complex with Fz, Wnt, and Cthrci, a Wnt co-factor, to activate the 
Wnt/Planar Cell Polarity pathway (Yamamoto et al., 2008). Conversely, another study 
showed that ROR2 cooperates with Fz2 to mediate Wnt-3a-induced β-catenin activation (Li 
et al., 2008a). Similar to the ROR1/2 kinase, the RYK tyrosine kinase can form a complex 
with Fz and Wnt-3a to activate downstream β-catenin signaling (Lu et al., 2004) or it can 
interact with Wnt-5a independent of Fz cooperation to activate non-canonical Wnt signaling 
(Li et al., 2009). These results suggest that the Fz receptor can act autonomously or in 
cooperation with other receptors to regulate canonical and non-canonical Wnt signaling 
pathways.  

2.2 Wnt agonists 
The mammalian proto-oncogene int-1 and its D. melanogaster counterpart, wingless, were 
discovered prior to the Fz receptors (Nusse and Varmus, 1982; Cabrera et al., 1987; Rijseuijk 
et al., 1987). The nomenclature was later changed to Wnt, which is an acronym derived from 
wingless and int-1 (Nusse et al., 1991). Wnts are highly conserved secreted glycoproteins that 
regulate cell growth and homeostasis in a variety of organ systems. This family of proteins 
consists of 19 cysteine-rich members that serve as ligands for the Fz receptor (Schulte, 2010). 
Members of this family can be classified based on their ability to transform epithelial cells. 
For example, Wnt-1, Wnt-2, Wnt-3, and Wnt-3a are considered to be transforming Wnts; 
Wnt-6 and Wnt-7a are weakly transforming Wnts; Wnt-4, Wnt-5a, Wnt-5b, and Wnt-7b are 
non-transforming Wnts (Shimizu et al., 1997). Wnt proteins are palmitoylated (Takada et al., 
2006) prior to secretion from the cell via the Wntless/Evi seven-pass transmembrane protein 
(Banziger et al., 2006; Bartscherer et al., 2006). Following secretion from cells, Wnt proteins 
interact with the CRD of 10 known mammalian Fz receptors (Schulte, 2010) as well as the 
extracellular domain of the LRP5/6 receptor (Pinson et al., 2000; Tamai et al., 2000; Wehrli et 
al., 2000) to activate the canonical Wnt/β-catenin signaling pathway. Wnt proteins also 
activate non-canonical Wnt signaling via their interaction with Fz (Schulte, 2010), ROR1/2 
(Liu et al., 2008; Minami et al., 2010; Li et al., 2008a; Yamamoto et al., 2008), and RYK (Lu et 
al., 2004; Li et al., 2009). The interaction of Wnt proteins with these receptors enables them to 
regulate a variety of cellular events including differentiation, proliferation, migration, and 
tumorigenesis.  
R-spondins 

R-spondins (Rspo) are a family of secreted proteins that activate Wnt/β-catenin signaling. 
This family consists of four members (Rspo1-4) that share 40-60% homology and are 
structural similar (Kazanskaya et al., 2004). Rspo proteins contain a signal peptide at the N-
terminus, which is followed by a highly conserved CRD and a thrombospondin motif. The 
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C-terminus is of varying length between the different isoforms of Rspo proteins, but it is 
positively charged (Kim et al., 2006). Rspo proteins are expressed simultaneously with Wnt 
proteins during mouse development, suggesting that they may play an important role in 
facilitating Wnt/β-catenin signaling (Nam et al., 2006). The action of Rspo proteins on 
Wnt/β-catenin signaling requires Wnt receptors Fz and LRP5/6; however, the direct 
binding between Rspo and LRP5/6 is still controversial (Kazanankaya et al., 2004; Kim et al., 
2005; Nam et al., 2006; Wei et al., 2007; Li et al. 2010). Furthermore, unlike the Wnt ligands, 
Rspo proteins do not form a ternary complex with Fz and LRP6 (Nam et al., 2006), 
suggesting that the mechanistic action of Rspo on Wnt/β-catenin signaling activation is not 
identical to that of Wnt. One plausible mechanism is that Rspo blocks Dkk1-mediated 
antagonization of Wnt/β-catenin signaling by interfering with the interaction of Dkk1 with 
the Kremen and LRP6 receptors (Kim et al., 2008). 
 

 
Fig. 2. Secreted Wnt agonists. Wnts are the primary agonists of Wnt/β-catenin signaling by 
binding to LRP5/6 and Fz to form a complex with LRP5/6 and Fz. Both Rspos and Norrin 
may act similarly to Wnt, but Norrin specifically binds to Fz4. 

Norrin 

Norrie disease is a severe X-linked trait that causes impaired retinal development. The 
clinical features of this malady include blindness, mental retardation, deafness, 
microcephaly, and hypogonadism (Hendrickx and Leyns, 2008). Mutations in the Norrie 
disease protein (Norrin) contribute to the pathology of this disease (Berger et al., 1992; 
Chen et al., 1992). Norrin specifically interacts with the CRD of Fzd4 and the extracellular 
domain of LRP5/6 receptors, which activates Wnt/β-catenin signaling (Xu et al., 2004; 
Smallwood et al., 2007). These findings are interesting because Norrin does not share any 
structural homology with Wnts (Xu et al., 2004). These results are evident of the diverse 
and complex nature of the regulation of Wnt signaling to promote development and 
tumor progression. 

2.2.1 Wnt antagonists 
Dickkopf 

Dickkopf (Dkk; German, big head, stubborn) proteins are a family of secreted glycoproteins 
that function as regulators of Wnt signaling. Dkks consists of four isoforms in vertebrates 
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(Dkk1-4). Dkk1, 2, and 4 contain a Dkk_N domain (also known as CRD1) near the N-
terminus and a colipase fold (also known as CRD2) near the C-terminus. Dkk3 also contains 
a Dkk_N domain, but the N-terminal soggy domain and the C-terminal colipase fold flank 
the Dkk_N domain (Niehrs, 2006). The colipase fold is necessary for Dkk1, Dkk2, and Dkk4 
to inhibit Wnt signaling (Brott and Sokol, 2002; Li et al., 2002; Mao and Niehrs, 2003). The 
structural divergence of Dkk3 from the other three Dkk family members is a contributing 
factor to its functional divergence (Glinka et al., 1998; Krupnik et al., 1999; Mao et al., 2001b). 
Dkk1 functions solely as an inhibitor of canonical Wnt signaling (Glinka et al., 1998). Dkk1 
antagonizes Wnt/β-catenin signaling by binding directly to the YWTD type β-propeller 
domain of LRP6 and prevents Fz-LRP6 complex formation in response to Wnt. Furthermore, 
Dkk1 interacts with another transmembrane protein, Kremen. The LRP6-Dkk1-Kremen 
complex is internalized, thus removing LRP6 from the cell surface (Bafico et al., 2001; Mao et 
al., 2001b; Semenov et al., 2001; Davidson et al., 2002; Mao et al., 2002; Mao and Niehrs, 
2003). Dkk2 can activate Wnt/β-catenin signaling by interacting with Fz (Wu et al., 2000) or 
LRP6 (Brott and Sokol, 2002). Conversely, depending on the cell type, Dkk2 can inhibit Wnt-
Fz-mediated β-catenin activation in the absence of LRP5/6 (Wu et al., 2000; Li et al., 2002; 
Mao and Niehrs, 2003; Caricasole et al., 2003). Furthermore, Dkk2 can inhibit LRP6 
mediated Wnt/β-catenin signaling in the presence of the Kremen2 receptor by inducing the 
internalization of LRP6 (Mao and Niehrs, 2003). The dichotomy between Dkk1 and Dkk2 
regulation of canonical Wnt signaling is due to the structure and function of the two CRDs 
of Dkk1 and Dkk2. The colipase fold of Dkk1 and Dkk2 can activate LRP6-mediated β-
catenin activation, and the Dkk_N domain inhibits the action of the colipase fold of Dkk1, 
but is neutral on Dkk2 (Li et al., 2002; Brott and Sokol, 2002). Therefore, the structural 
divergence of the Dkk family of proteins enables them to regulate Wnt/β-catenin signaling 
differentially.  
Schlerostin  

Schlerosteosis is an autosomal recessive disorder that causes severe skeletal outgrowth in 
the skull and mandible. Mutations in the schlersotin (SOST) gene, which is located on 
chromosome 17q11.2, contribute to the pathology of this disease (Balemans et al., 2001; 
Brunkow et al., 2001). The SOST gene encodes a 24 kDa secreted glycoprotein that contains a 
cysteine knot-like domain (Balemans et al., 2001; Brunkow et al., 2001). SOST binds to 
LRP5/6 and inhibits the interaction of Wnts with LRP5/6, thus inhibiting Wnt/β-catenin 
signaling (Li et al., 2005b; Ott et al., 2005; Semenov et al., 2005; Semenov and He, 2006). 
Furthermore, SOST fails to interact with LRP5 carrying the G170V mutation, which is 
observed in patients with high bone density (Ellies et al., 2006; Semenov and He, 2006).  
Secreted frizzled-related proteins 

The secreted frizzled related proteins (sFRPs) are soluble secreted proteins (sFRP1-5) that 
interact with Wnt and Fz proteins, which prevent the binding of Wnts to the Fz receptors. 
The sFRPs are structurally related to the Wnt-binding domain of the Fz receptor in that their 
N-terminal domain, which contains the CRD, shares 30-50% sequence homology with that 
of the Fz receptors (Rattner et al., 1997; Kawano and Kypta, 2003). sFRPs antagonize Wnt 
signaling by interacting with Wnt ligands via the CRD (Lin `et al., 1997). Furthermore, Uren 
et al. (2000) showed that mutations in the CRD of sFRP1 abrogate its interaction with 
Drosophila Wg. The same group also showed that the C-terminal domain of sFRP1 interacts 
with Wnt proteins and that low and high levels of sFRP1 potentiates and inhibits Wg 
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signaling, respectively (Uren et al., 2000). sFRP1 can dimerize or interact with the Fz 
receptor to form a non-functional complex (Bafico et al., 1999), suggesting that the 
mechanistic actions of sFRP-induced inhibition of Wnt signaling are broad. 
 

 
Fig. 3. Secreted Wnt antagonists. By binding to LRP5 or LRP6, Dkk and Sclerostin disrupt 
Wnt-induced Fz-Wnt-LRP complex and inhibit Wnt/β-catenin signaling. Furthermore, 
Dkk interacts with another transmembrane protein, Kremen. The LRP-Dkk-Kremen 
complex is internalized, thus removing LRP5/6 from the cell surface. WIF1 and sFRPs 
function as inhibitors of Wnt/β-catenin signaling by directly binding to Wnt or both Wnt 
and Fz.  

Wnt inhibitory factor-1 

Wnt inhibitory factor-1 (WIF1), another secreted protein that binds to Wnt ligands, is highly 
conserved in vertebrates, and it was originally discovered as an expressed tag from the 
human retina (Hsieh et al., 1999). WIF1 consists of an N-terminal signal sequence, a unique 
WIF domain, and five EGF-like repeats (Hsieh et al., 1999). WIF1 is structurally related to 
the extracellular domain of RYK (Patthy, 2000; Liepinsh et al., 2006). WIF1 can directly bind 
Wnt proteins to inhibit Wnt/β-catenin signaling (Hsieh et al., 1999). Furthermore, WIF1 can 
inhibit Wnt-3a-mediated β-catenin/TCF/LEF transcriptional activity (Surmann-Schmitt et 
al., 2009) and regulate its own expression through a negative feedback mechanism (Licchesi 
et al., 2010).  

3. Dysregulation of Wnt signaling in breast cancer 
Although genetic mutations of APC or β-catenin are rarely observed in certain cancers (e.g. 
breast cancer), there is compelling evidence that implicates aberrant Wnt/β-catenin 
signaling in breast cancer development. For example, only 6% of breast tumors contain 
mutations in the APC gene (Jonsson et al., 2000), which is mutated or deleted in 80% of 
colon tumors (Kinzler and Vogelstein, 1996). No mutations occur in the amino terminal of β-
catenin, which contains the CK1 and GSK3β phosphorylation sites (Jonsson et al., 2000). 
However, elevated β-catenin expression in breast cancer tissue correlates with a decreased 
survival rate of breast cancer patients (Jonsson et al., 2000; Dolled-Filhart et al., 2006; Lopez-
Knowles et al., 2010; Zardawi et al., 2009; Khramtsov et al., 2010). Cyclin D1 levels are also 
elevated in 50% of patients with breast cancer (Gillet et al., 1994; Bartkova et al., 1994). 
Indeed, the cyclin D1 promoter region contains a TCF4-binding site, which is regulated by 
β-catenin (Tetsu and McCormick, 1999; Shtutman et al., 1999). Elevated β-catenin expression 
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(Dkk1-4). Dkk1, 2, and 4 contain a Dkk_N domain (also known as CRD1) near the N-
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al., 2001b; Semenov et al., 2001; Davidson et al., 2002; Mao et al., 2002; Mao and Niehrs, 
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Mao and Niehrs, 2003; Caricasole et al., 2003). Furthermore, Dkk2 can inhibit LRP6 
mediated Wnt/β-catenin signaling in the presence of the Kremen2 receptor by inducing the 
internalization of LRP6 (Mao and Niehrs, 2003). The dichotomy between Dkk1 and Dkk2 
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of Dkk1 and Dkk2. The colipase fold of Dkk1 and Dkk2 can activate LRP6-mediated β-
catenin activation, and the Dkk_N domain inhibits the action of the colipase fold of Dkk1, 
but is neutral on Dkk2 (Li et al., 2002; Brott and Sokol, 2002). Therefore, the structural 
divergence of the Dkk family of proteins enables them to regulate Wnt/β-catenin signaling 
differentially.  
Schlerostin  

Schlerosteosis is an autosomal recessive disorder that causes severe skeletal outgrowth in 
the skull and mandible. Mutations in the schlersotin (SOST) gene, which is located on 
chromosome 17q11.2, contribute to the pathology of this disease (Balemans et al., 2001; 
Brunkow et al., 2001). The SOST gene encodes a 24 kDa secreted glycoprotein that contains a 
cysteine knot-like domain (Balemans et al., 2001; Brunkow et al., 2001). SOST binds to 
LRP5/6 and inhibits the interaction of Wnts with LRP5/6, thus inhibiting Wnt/β-catenin 
signaling (Li et al., 2005b; Ott et al., 2005; Semenov et al., 2005; Semenov and He, 2006). 
Furthermore, SOST fails to interact with LRP5 carrying the G170V mutation, which is 
observed in patients with high bone density (Ellies et al., 2006; Semenov and He, 2006).  
Secreted frizzled-related proteins 

The secreted frizzled related proteins (sFRPs) are soluble secreted proteins (sFRP1-5) that 
interact with Wnt and Fz proteins, which prevent the binding of Wnts to the Fz receptors. 
The sFRPs are structurally related to the Wnt-binding domain of the Fz receptor in that their 
N-terminal domain, which contains the CRD, shares 30-50% sequence homology with that 
of the Fz receptors (Rattner et al., 1997; Kawano and Kypta, 2003). sFRPs antagonize Wnt 
signaling by interacting with Wnt ligands via the CRD (Lin `et al., 1997). Furthermore, Uren 
et al. (2000) showed that mutations in the CRD of sFRP1 abrogate its interaction with 
Drosophila Wg. The same group also showed that the C-terminal domain of sFRP1 interacts 
with Wnt proteins and that low and high levels of sFRP1 potentiates and inhibits Wg 
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signaling, respectively (Uren et al., 2000). sFRP1 can dimerize or interact with the Fz 
receptor to form a non-functional complex (Bafico et al., 1999), suggesting that the 
mechanistic actions of sFRP-induced inhibition of Wnt signaling are broad. 
 

 
Fig. 3. Secreted Wnt antagonists. By binding to LRP5 or LRP6, Dkk and Sclerostin disrupt 
Wnt-induced Fz-Wnt-LRP complex and inhibit Wnt/β-catenin signaling. Furthermore, 
Dkk interacts with another transmembrane protein, Kremen. The LRP-Dkk-Kremen 
complex is internalized, thus removing LRP5/6 from the cell surface. WIF1 and sFRPs 
function as inhibitors of Wnt/β-catenin signaling by directly binding to Wnt or both Wnt 
and Fz.  

Wnt inhibitory factor-1 

Wnt inhibitory factor-1 (WIF1), another secreted protein that binds to Wnt ligands, is highly 
conserved in vertebrates, and it was originally discovered as an expressed tag from the 
human retina (Hsieh et al., 1999). WIF1 consists of an N-terminal signal sequence, a unique 
WIF domain, and five EGF-like repeats (Hsieh et al., 1999). WIF1 is structurally related to 
the extracellular domain of RYK (Patthy, 2000; Liepinsh et al., 2006). WIF1 can directly bind 
Wnt proteins to inhibit Wnt/β-catenin signaling (Hsieh et al., 1999). Furthermore, WIF1 can 
inhibit Wnt-3a-mediated β-catenin/TCF/LEF transcriptional activity (Surmann-Schmitt et 
al., 2009) and regulate its own expression through a negative feedback mechanism (Licchesi 
et al., 2010).  

3. Dysregulation of Wnt signaling in breast cancer 
Although genetic mutations of APC or β-catenin are rarely observed in certain cancers (e.g. 
breast cancer), there is compelling evidence that implicates aberrant Wnt/β-catenin 
signaling in breast cancer development. For example, only 6% of breast tumors contain 
mutations in the APC gene (Jonsson et al., 2000), which is mutated or deleted in 80% of 
colon tumors (Kinzler and Vogelstein, 1996). No mutations occur in the amino terminal of β-
catenin, which contains the CK1 and GSK3β phosphorylation sites (Jonsson et al., 2000). 
However, elevated β-catenin expression in breast cancer tissue correlates with a decreased 
survival rate of breast cancer patients (Jonsson et al., 2000; Dolled-Filhart et al., 2006; Lopez-
Knowles et al., 2010; Zardawi et al., 2009; Khramtsov et al., 2010). Cyclin D1 levels are also 
elevated in 50% of patients with breast cancer (Gillet et al., 1994; Bartkova et al., 1994). 
Indeed, the cyclin D1 promoter region contains a TCF4-binding site, which is regulated by 
β-catenin (Tetsu and McCormick, 1999; Shtutman et al., 1999). Elevated β-catenin expression 
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(not due to CTNNB1 activating mutations) and activation is also associated with triple-
negative breast cancer and poor clinical prognosis (Geyer et al., 2011). Since elevated 
expression of β-catenin and subsequent aberrant activation of Wnt/β-catenin signaling in 
breast cancer development is not due to genetic mutations in APC and β-catenin, 
dysregulation of this pathway likely occurs at the cell surface or at the level of epigenetic 
regulation. 

3.1 Wnt agonists in mammary gland development and breast cancer 
There is compelling evidence that Wnt ligands are involved in the activation of the 
canonical Wnt signaling pathway during breast cancer development. Wnt1 and Wnt2, the 
founding members of the Wnt gene family (Nusse and Varmus, 1982; Peters et al., 1983), 
are tumorigenic. Furthermore, fusion of the Wnt1 allele with the MMTV long terminal 
repeat and subsequent generation of MMTV-Wnt1 transgenic mice causes mammary 
gland hyperplasia and increases adenocarcinomas in mice (Tsukamoto et al., 1988). The 
transforming capability of Wnt genes in mammary epithelial cells is also increased 
following the insertion of the MMTV (Blasband et al., 1992; Wong et al., 1994). 
Additionally, the upregulation and transforming capability of several Wnt genes occur in 
human primary tumors (Dale et al., 1996; Lejeune et al., 1995; Bui et al., 1997). Recently, 
Oloumi et al. (2010) reported that the rate of mammary tumor growth is significantly 
increased in Wnt1 and integrin-linked kinase double transgenic mice. Moreover, crosstalk 
between the Wnt1 and integrin-liked kinase pathways upregulate FOXA1 and estrogen 
receptor transcription factors, which accelerate breast cancer development (Oloumi et al., 
2010). These results implicate Wnt1 in breast cancer development and suggest that Wnt1 
may serve as a potential therapeutic target to combat certain forms of breast cancer. 
Indeed, RNA inhibition of Wnt1 mRNA expression or inhibition of Wnt1 with an anti-
Wnt1 antibody induces apoptosis in a variety of cancer cell lines (e.g. breast cancer) that 
overexpress Wnt1 (He et al., 2004). Other Wnt proteins, including Wnt10b and Wnt11, are 
also implicated in breast cancer tumorigenesis. A previous study showed that Wnt10b 
overexpression induced by the MMTV promoter facilitates mammary gland development 
and tumor formation in male and female mice (Lane and Leder, 1997). A recent study also 
showed that the estrogen-related receptor-α and β-catenin synergistically induce the 
expression of Wnt11, which facilitates breast cancer migration (Dwyer et al., 2010). This 
study is compelling because it suggests that combinational therapy could utilize synthetic 
drugs to target the estrogen-related receptor-α/β-catenin complex and antibodies to target 
Wnt11 in order to treat estrogen-dependent breast cancer.     
Increasing evidence suggests that non-canonical Wnt signaling also plays a role in 
mammary gland and breast cancer development. Roarty and Serra (2007) showed that Wnt-
5a is necessary for normal ductal extension and branching. According to previous studies, 
Wnt-5a activates the Wnt/Ca2+ signaling pathway, which antagonizes canonical Wnt 
signaling by inhibiting the downstream transcriptional activity of β-catenin (Ishitani et al., 
2003; Topol et al., 2003; Nemeth et al., 2007). However, a previous study also showed that 
Wnt-5a can inhibit or activate β-catenin transcriptional activity (Mikels and Nusse, 2006). 
This dichotomy is likely due to the availability of cell surface receptors in different cell 
types. Although controversial, most studies suggest that Wnt-5a likely acts as a tumor 
suppressor. In one study, Wnt-5a mRNA levels are upregulated 10- and 4-fold in benign and 
invasive tumors, respectively, compared to that in normal breast tissue (Lejeune et al., 1995). 
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It is possible that Wnt-5a may facilitate breast cancer tumorigenesis in a subset of breast 
cancers given that Wnt-5a can also activate canonical Wnt signaling and that its mRNA 
levels are increased in some breast tumors.  However, several studies have shown that Wnt-
5a levels are low in breast cancer tumors and that low Wnt-5a expression may serve as a 
prognostic indicator of shorter survival rates in some breast cancer patients (Jonsson et al., 
2002; Dejmek et al., 2005; Leris et al., 2005). Furthermore, loss of Wnt-5a in normal mouse 
mammary glands increases canonical Wnt signaling and stimulates mammary 
tumorigenesis (Roarty et al., 2009). These results suggest that Wnt-5a is generally anti-
tumorigenic and can be supported by previous studies, which showed that Wnt-5a enhances 
β-catenin/E-cadherin complex formation via a Ca2+-dependent mechanism in human breast 
epithelial cells (Medrek et al., 2009) and that low Wnt-5a expression enhances migration of 
ductal breast epithelial cells (Jonsson and Andersson, 2001).  
Although there is no direct evidence that implicates Norrin in breast cancer tumorigenesis, 
there is some evidence that suggests that some members of the R-spondin family of proteins 
may be involved in the pathogenesis of breast cancer and other forms of cancer. For 
example, MMTV increases R-spo2 expression in mouse mammary tumors following its 
insertion into the Int7 locus (Lowther et al., 2005), therefore, implicating hRspo2 in 
mammary tumorigenesis. 

3.2 Wnt receptors in mammary gland development and breast cancer 
The Wnt co-receptor, LRP5, plays an important role in mammary gland development and 
in breast cancer. Loss of LRP5 delays mammary gland development and mouse mammary 
tumor virus (MMTV)-Wnt1-induced tumor formation in mice (Lindvall et al., 2006). 
Furthermore, a truncated form of LRP5 (LRP5∆), which is expressed in breast tumors and 
breast cancer cell lines, could be implicated in mammary gland tumorigenesis (Bjorklund et 
al., 2009). LRP6 also plays a pivotal role in mammary gland development and breast 
cancer. Mammary gland development and MMTV-Wnt1-induced mammary tumorigenesis 
are delayed in LRP6+/- mice (Lindvall et al., 2009). LRP6 expression is also upregulated in 
basal-like human breast cancer samples (Lindvall et al., 2009). MMTV constructs are also 
utilized to assess the role of Wnt receptors in mammary development and breast cancer. In 
fact, MMTV-LRP6 transgenic mice develop hyperplasia in their mammary glands due to 
LRP6-mediated Wnt/β-catenin signaling (Zhang et al., 2010). LRP6 expression is also 
upregulated in a variety of human breast cancer cell lines, including the basal-like cell line, 
MDA-MB-231 (Liu et al., 2010). Transcriptional knockdown of LRP6 mRNA in MDA-MB-
231 cells significantly decreases Wnt signaling, cell proliferation, and tumor growth in 
SCID mouse models. Furthermore, in vivo administration of an LRP6 antagonist, Mesd, 
markedly suppressed growth of MMTV-Wnt1 tumors without causing undesirable side 
effects (Liu et al., 2010). These results suggest that LRP5 and LRP6 are involved in breast 
cancer development and that these receptors can serve as therapeutic targets for the 
treatment of breast cancer.  
The other Wnt co-receptor, Fz, is also involved in the development of breast cancer. 
Previously, Saitoh et al. (2002) showed that Fz10 and Wnt2 mRNAs are synchronously 
upregulated by β-estradiol treatment in human breast cancer MCF-7 cells, suggesting that 
increased Fz10 and Wnt2 expression might stimulate breast cancer production. A 
subsequent study discovered that Fz1 and Fz2 levels are upregulated in advanced 
infiltrating ductal breast carcinoma (Milovanovic et al., 2004). Furthermore, Benhaj et al. 
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(not due to CTNNB1 activating mutations) and activation is also associated with triple-
negative breast cancer and poor clinical prognosis (Geyer et al., 2011). Since elevated 
expression of β-catenin and subsequent aberrant activation of Wnt/β-catenin signaling in 
breast cancer development is not due to genetic mutations in APC and β-catenin, 
dysregulation of this pathway likely occurs at the cell surface or at the level of epigenetic 
regulation. 

3.1 Wnt agonists in mammary gland development and breast cancer 
There is compelling evidence that Wnt ligands are involved in the activation of the 
canonical Wnt signaling pathway during breast cancer development. Wnt1 and Wnt2, the 
founding members of the Wnt gene family (Nusse and Varmus, 1982; Peters et al., 1983), 
are tumorigenic. Furthermore, fusion of the Wnt1 allele with the MMTV long terminal 
repeat and subsequent generation of MMTV-Wnt1 transgenic mice causes mammary 
gland hyperplasia and increases adenocarcinomas in mice (Tsukamoto et al., 1988). The 
transforming capability of Wnt genes in mammary epithelial cells is also increased 
following the insertion of the MMTV (Blasband et al., 1992; Wong et al., 1994). 
Additionally, the upregulation and transforming capability of several Wnt genes occur in 
human primary tumors (Dale et al., 1996; Lejeune et al., 1995; Bui et al., 1997). Recently, 
Oloumi et al. (2010) reported that the rate of mammary tumor growth is significantly 
increased in Wnt1 and integrin-linked kinase double transgenic mice. Moreover, crosstalk 
between the Wnt1 and integrin-liked kinase pathways upregulate FOXA1 and estrogen 
receptor transcription factors, which accelerate breast cancer development (Oloumi et al., 
2010). These results implicate Wnt1 in breast cancer development and suggest that Wnt1 
may serve as a potential therapeutic target to combat certain forms of breast cancer. 
Indeed, RNA inhibition of Wnt1 mRNA expression or inhibition of Wnt1 with an anti-
Wnt1 antibody induces apoptosis in a variety of cancer cell lines (e.g. breast cancer) that 
overexpress Wnt1 (He et al., 2004). Other Wnt proteins, including Wnt10b and Wnt11, are 
also implicated in breast cancer tumorigenesis. A previous study showed that Wnt10b 
overexpression induced by the MMTV promoter facilitates mammary gland development 
and tumor formation in male and female mice (Lane and Leder, 1997). A recent study also 
showed that the estrogen-related receptor-α and β-catenin synergistically induce the 
expression of Wnt11, which facilitates breast cancer migration (Dwyer et al., 2010). This 
study is compelling because it suggests that combinational therapy could utilize synthetic 
drugs to target the estrogen-related receptor-α/β-catenin complex and antibodies to target 
Wnt11 in order to treat estrogen-dependent breast cancer.     
Increasing evidence suggests that non-canonical Wnt signaling also plays a role in 
mammary gland and breast cancer development. Roarty and Serra (2007) showed that Wnt-
5a is necessary for normal ductal extension and branching. According to previous studies, 
Wnt-5a activates the Wnt/Ca2+ signaling pathway, which antagonizes canonical Wnt 
signaling by inhibiting the downstream transcriptional activity of β-catenin (Ishitani et al., 
2003; Topol et al., 2003; Nemeth et al., 2007). However, a previous study also showed that 
Wnt-5a can inhibit or activate β-catenin transcriptional activity (Mikels and Nusse, 2006). 
This dichotomy is likely due to the availability of cell surface receptors in different cell 
types. Although controversial, most studies suggest that Wnt-5a likely acts as a tumor 
suppressor. In one study, Wnt-5a mRNA levels are upregulated 10- and 4-fold in benign and 
invasive tumors, respectively, compared to that in normal breast tissue (Lejeune et al., 1995). 
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It is possible that Wnt-5a may facilitate breast cancer tumorigenesis in a subset of breast 
cancers given that Wnt-5a can also activate canonical Wnt signaling and that its mRNA 
levels are increased in some breast tumors.  However, several studies have shown that Wnt-
5a levels are low in breast cancer tumors and that low Wnt-5a expression may serve as a 
prognostic indicator of shorter survival rates in some breast cancer patients (Jonsson et al., 
2002; Dejmek et al., 2005; Leris et al., 2005). Furthermore, loss of Wnt-5a in normal mouse 
mammary glands increases canonical Wnt signaling and stimulates mammary 
tumorigenesis (Roarty et al., 2009). These results suggest that Wnt-5a is generally anti-
tumorigenic and can be supported by previous studies, which showed that Wnt-5a enhances 
β-catenin/E-cadherin complex formation via a Ca2+-dependent mechanism in human breast 
epithelial cells (Medrek et al., 2009) and that low Wnt-5a expression enhances migration of 
ductal breast epithelial cells (Jonsson and Andersson, 2001).  
Although there is no direct evidence that implicates Norrin in breast cancer tumorigenesis, 
there is some evidence that suggests that some members of the R-spondin family of proteins 
may be involved in the pathogenesis of breast cancer and other forms of cancer. For 
example, MMTV increases R-spo2 expression in mouse mammary tumors following its 
insertion into the Int7 locus (Lowther et al., 2005), therefore, implicating hRspo2 in 
mammary tumorigenesis. 

3.2 Wnt receptors in mammary gland development and breast cancer 
The Wnt co-receptor, LRP5, plays an important role in mammary gland development and 
in breast cancer. Loss of LRP5 delays mammary gland development and mouse mammary 
tumor virus (MMTV)-Wnt1-induced tumor formation in mice (Lindvall et al., 2006). 
Furthermore, a truncated form of LRP5 (LRP5∆), which is expressed in breast tumors and 
breast cancer cell lines, could be implicated in mammary gland tumorigenesis (Bjorklund et 
al., 2009). LRP6 also plays a pivotal role in mammary gland development and breast 
cancer. Mammary gland development and MMTV-Wnt1-induced mammary tumorigenesis 
are delayed in LRP6+/- mice (Lindvall et al., 2009). LRP6 expression is also upregulated in 
basal-like human breast cancer samples (Lindvall et al., 2009). MMTV constructs are also 
utilized to assess the role of Wnt receptors in mammary development and breast cancer. In 
fact, MMTV-LRP6 transgenic mice develop hyperplasia in their mammary glands due to 
LRP6-mediated Wnt/β-catenin signaling (Zhang et al., 2010). LRP6 expression is also 
upregulated in a variety of human breast cancer cell lines, including the basal-like cell line, 
MDA-MB-231 (Liu et al., 2010). Transcriptional knockdown of LRP6 mRNA in MDA-MB-
231 cells significantly decreases Wnt signaling, cell proliferation, and tumor growth in 
SCID mouse models. Furthermore, in vivo administration of an LRP6 antagonist, Mesd, 
markedly suppressed growth of MMTV-Wnt1 tumors without causing undesirable side 
effects (Liu et al., 2010). These results suggest that LRP5 and LRP6 are involved in breast 
cancer development and that these receptors can serve as therapeutic targets for the 
treatment of breast cancer.  
The other Wnt co-receptor, Fz, is also involved in the development of breast cancer. 
Previously, Saitoh et al. (2002) showed that Fz10 and Wnt2 mRNAs are synchronously 
upregulated by β-estradiol treatment in human breast cancer MCF-7 cells, suggesting that 
increased Fz10 and Wnt2 expression might stimulate breast cancer production. A 
subsequent study discovered that Fz1 and Fz2 levels are upregulated in advanced 
infiltrating ductal breast carcinoma (Milovanovic et al., 2004). Furthermore, Benhaj et al. 
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(2006) showed that most of the Fz receptors, except Fz9 and Fz10, are expressed in human 
mammary epithelial cells and most breast cancer cell lines. A recent study discovered that 
thiazolidinediones, which possess antitumor effects in breast cancer cells, abrogate Wnt/β-
catenin signaling by negatively regulating the expression of the Wnt co-receptors, Fz1 and 
LRP6, in human breast cancer MDA-MB-231 and T47D cells (Wang et al., 2009). Another 
study showed that the anti-helminthic drug, niclosamide, targets the Fz1 receptor by 
inducing its internalization through endocytosis, which subsequently inhibits Wnt/β-
catenin signaling (Chen et al., 2009). Overall, these results suggest that the Fz receptor may 
also serve as a potential target for breast cancer therapy. 

3.3 Inactivation of Wnt antagonists in breast cancer 
Mounting evidence suggests that the frequent occurrence of epigenetic silencing of tumor 
suppressor genes augments the development and progression of cancer (Ting et al., 2006). 
Epigenetic silencing of genes occurs via hypermethylation of CpG dinucleotides in 
promoter regions of genes or histone modifications (Veeck and Esteller, 2010). For 
example, sFRP1 mRNA is absent in invasive breast carcinomas (Suzuki et al., 2008; 
Ugolini et al., 1999, 2001). This is likely due to the hypermethylation of the promoter 
region of sFRP1 in breast carcinomas (Lo et al., 2006; Veeck et al., 2006). The promoter 
regions of sFRP2 and sFRP5 are also hypermethylated at a higher frequency than sFRP1 or 
Dkk1 in several breast cancer cell lines (Suzuki et al., 2008). Furthermore, transcriptional 
knockdown of sFRP1 robustly increases Wnt signaling in breast cancer cells (Suzuki et al., 
2008). A recent study showed that stable overexpression of sFRP1 in human breast cancer 
MDA-MB-231 cells blocks canonical Wnt signaling with ensuing decreases in cell 
proliferation and suppression of tumor growth and metastasis in xenograft mouse models 
(Matsuda et al., 2009). These results suggest that sFRP1 and sFRP5 expression is essential 
to suppress tumor growth and metastasis. Indeed, sFRP1 hypermethylation in breast 
cancer tissue is associated with decreased patient survival (Veeck et al., 2006; Veeck et al., 
2008). Promoter hypermethylation of sFRP2 also occurs frequently in breast cancer, but it 
is not associated with patient clinical outcomes (Veeck et al., 2008). Interestingly, sFRP2 is 
highly expressed in canine mammary tumors and tumor cell lines (Lee et al., 2003, 2004) 
and its levels correlate with those of β-catenin; however, there is no correlation between 
the levels of sFRP2 or β-catenin with that of cyclin D1. These results suggest, in part, that 
sFRP2 may serve as a diagnostic marker for breast cancer in humans and dogs, although 
the mechanistic action of increased sFRP2 expression in canine mammary tumors remains 
to be elucidated. Another Wnt antagonist, WIF1, is also reduced in 60% of breast 
carcinomas (Wissmann et al., 2003). A subsequent study supports the previous finding 
showing that WIF1 downregulation via hypermethylation of its promoter occurs 
frequently in breast cancer (Ai et al., 2006). Overall, these studies suggest that epigenetic 
silencing of Wnt antagonists may be a cause for aberrant Wnt/β-catenin signaling, which 
ultimately results in the development and progression of breast cancer. 

3.4 Dkk1 in breast cancer osteolytic bone metastasis 
Bone is an active tissue maintained by a balance of cellular activities. The osteoblasts are 
responsible for bone formation. Osteoblasts synthesize and secrete most proteins of the bone 
extracellular matrix (ECM) and express proteins that are necessary and sufficient to induce 
mineralization of the ECM. The osteoclasts are multinucleated cells responsible for bone 
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resorption. Importantly, the differentiation of osteoclasts is regulated by osteoblasts 
(Karsenty et al., 2002). Receptor activator of NF-kappaB ligand (RANKL) and macrophage-
colony-stimulating factor (M-CSF), both of which are expressed by osteoblastic cells, 
promote osteoclast differentiation through interaction with their cognate signaling receptors 
(RANK and c-fms, respectively) (Lacey et al., 1998; Yasuda et al., 1998). This process is 
regulated by a variety of factors that are produced by osteoblasts, stromal cells, fibroblasts, 
and lymphocytes. Critically, the secreted decoy receptor of RANKL, osteoprotegerin (OPG), 
binds to and inhibits the activity of RANKL. OPG inhibits osteoclast formation both in vitro 
and in vivo (Simonet et al., 1997). The requirement for RANKL, RANK and OPG in the 
control of osteoclast formation is well established (Suda et al., 1999).  
In recent years, Wnt/β-catenin signaling has been shown to play a substantial role in the 
control of bone development and remodeling (for review, see Krishnan et al., 2006). 
Analyses of patients with the LRP5/6 gene mutations and LRP5/6 knockout mice revealed 
that the Wnt coreceptors LRP5 and LRP6 play a pivotal role in bone metabolism (Boyden et 
al., 2002; Gong et al., 2001; Little et al., 2002; Van Wesenbeeck et al., 2003; Ai et al., 2005; Kato 
et al., 2002; Fujino et al., 2003; Kelly et al., 2004; van Meurs et al., 2006; Holmen et al., 2004; 
Kokubu et al., 2004). Loss-of-function mutations of human LRP5 are associated with the 
recessive disorder osteoporosis-pseudoglioma syndrome, whereas gain-of-function 
mutations of human LRP5 (e.g., G171V) reduce binding affinity of LRP5 for DKK1 and cause 
high bone mass (HBM) diseases (Boyden et al., 2002; Gong et al., 2001; Little et al., 2002; Van 
Wesenbeeck et al., 2003; Ai et al., 2005). Direct roles of Wnt/β-catenin signaling in the 
regulation of bone formation and bone mass are further supported by animal model studies 
by altered expression of Wnt/β-catenin signaling inhibitors (Bodine et al., 2004; Li et al., 
2006b; Morvan et al., 2006; Wang et al., 2007a; Yu et al., 2005). Wnt proteins have also been 
shown to be important for osteoblastogenesis and bone formation (Zhang et al., 2004; Li et 
al., 2005a; Bennett et al., 2005). Furthermore, modulation of Wnt/β-catenin signaling in 
mesenchymal progenitors and osteoblasts reveals that this pathway controls osteoblast 
differentiation and is critical for bone homeostasis during postnatal life (Day et al., 2005; 
Glass et al., 2005; Hill et al., 2005; Holmen et al., 2005; Hu et al., 2005). Using a multipotent 
mesenchymal cell line, OPG expression was found to be upregulated by Wnt/β-catenin 
signaling in an in vitro screen for Wnt-regulated genes (Jackson et al., 2005). Moreover, 
cellular and molecular studies demonstrated that OPG is a direct target gene of the β-
catenin-TCF complex in osteoblasts (Glass et al., 2005). 
Bone metastasis is a frequent complication of cancer. Several tumors show a particular 
predilection for metastasis to bone, including breast, prostate, and lung cancer and multiple 
myeloma (Yoneda et al., 1998; Mundy, 2002; Roodman, 2004; Kozlow and Guise, 2005). In the 
case of breast cancer, up to 70% of patients with advanced disease develop osteolytic bone 
metastases, which are a common cause of morbidity and sometimes mortality (Yoneda, 1998). 
Tumor cells, osteoblasts, osteoclasts, and bone matrix are the four components of a vicious 
cycle necessary for the initiation and development of bone metastases. Cancer cells are 
known to produce a variety of stimulators of bone resorption, such as parathyroid hormone 
related protein (PTHrP) and transforming growth factor (TGF-). The secretion of some but 
not all of these factors by cancer cells regulates RANKL and OPG expression in osteoblasts. 
RANKL stimulates osteoclastic bone resorption by binding to its receptor RANK on 
osteoclast precursors, while OPG is the secreted decoy receptor of RANKL, and binds to and 
inhibits the activity of RANKL (Yoneda et al., 1998; Mundy, 2002; Roodman, 2004; Kozlow 
and Guise, 2005). 
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(2006) showed that most of the Fz receptors, except Fz9 and Fz10, are expressed in human 
mammary epithelial cells and most breast cancer cell lines. A recent study discovered that 
thiazolidinediones, which possess antitumor effects in breast cancer cells, abrogate Wnt/β-
catenin signaling by negatively regulating the expression of the Wnt co-receptors, Fz1 and 
LRP6, in human breast cancer MDA-MB-231 and T47D cells (Wang et al., 2009). Another 
study showed that the anti-helminthic drug, niclosamide, targets the Fz1 receptor by 
inducing its internalization through endocytosis, which subsequently inhibits Wnt/β-
catenin signaling (Chen et al., 2009). Overall, these results suggest that the Fz receptor may 
also serve as a potential target for breast cancer therapy. 
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suppressor genes augments the development and progression of cancer (Ting et al., 2006). 
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promoter regions of genes or histone modifications (Veeck and Esteller, 2010). For 
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regions of sFRP2 and sFRP5 are also hypermethylated at a higher frequency than sFRP1 or 
Dkk1 in several breast cancer cell lines (Suzuki et al., 2008). Furthermore, transcriptional 
knockdown of sFRP1 robustly increases Wnt signaling in breast cancer cells (Suzuki et al., 
2008). A recent study showed that stable overexpression of sFRP1 in human breast cancer 
MDA-MB-231 cells blocks canonical Wnt signaling with ensuing decreases in cell 
proliferation and suppression of tumor growth and metastasis in xenograft mouse models 
(Matsuda et al., 2009). These results suggest that sFRP1 and sFRP5 expression is essential 
to suppress tumor growth and metastasis. Indeed, sFRP1 hypermethylation in breast 
cancer tissue is associated with decreased patient survival (Veeck et al., 2006; Veeck et al., 
2008). Promoter hypermethylation of sFRP2 also occurs frequently in breast cancer, but it 
is not associated with patient clinical outcomes (Veeck et al., 2008). Interestingly, sFRP2 is 
highly expressed in canine mammary tumors and tumor cell lines (Lee et al., 2003, 2004) 
and its levels correlate with those of β-catenin; however, there is no correlation between 
the levels of sFRP2 or β-catenin with that of cyclin D1. These results suggest, in part, that 
sFRP2 may serve as a diagnostic marker for breast cancer in humans and dogs, although 
the mechanistic action of increased sFRP2 expression in canine mammary tumors remains 
to be elucidated. Another Wnt antagonist, WIF1, is also reduced in 60% of breast 
carcinomas (Wissmann et al., 2003). A subsequent study supports the previous finding 
showing that WIF1 downregulation via hypermethylation of its promoter occurs 
frequently in breast cancer (Ai et al., 2006). Overall, these studies suggest that epigenetic 
silencing of Wnt antagonists may be a cause for aberrant Wnt/β-catenin signaling, which 
ultimately results in the development and progression of breast cancer. 

3.4 Dkk1 in breast cancer osteolytic bone metastasis 
Bone is an active tissue maintained by a balance of cellular activities. The osteoblasts are 
responsible for bone formation. Osteoblasts synthesize and secrete most proteins of the bone 
extracellular matrix (ECM) and express proteins that are necessary and sufficient to induce 
mineralization of the ECM. The osteoclasts are multinucleated cells responsible for bone 
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resorption. Importantly, the differentiation of osteoclasts is regulated by osteoblasts 
(Karsenty et al., 2002). Receptor activator of NF-kappaB ligand (RANKL) and macrophage-
colony-stimulating factor (M-CSF), both of which are expressed by osteoblastic cells, 
promote osteoclast differentiation through interaction with their cognate signaling receptors 
(RANK and c-fms, respectively) (Lacey et al., 1998; Yasuda et al., 1998). This process is 
regulated by a variety of factors that are produced by osteoblasts, stromal cells, fibroblasts, 
and lymphocytes. Critically, the secreted decoy receptor of RANKL, osteoprotegerin (OPG), 
binds to and inhibits the activity of RANKL. OPG inhibits osteoclast formation both in vitro 
and in vivo (Simonet et al., 1997). The requirement for RANKL, RANK and OPG in the 
control of osteoclast formation is well established (Suda et al., 1999).  
In recent years, Wnt/β-catenin signaling has been shown to play a substantial role in the 
control of bone development and remodeling (for review, see Krishnan et al., 2006). 
Analyses of patients with the LRP5/6 gene mutations and LRP5/6 knockout mice revealed 
that the Wnt coreceptors LRP5 and LRP6 play a pivotal role in bone metabolism (Boyden et 
al., 2002; Gong et al., 2001; Little et al., 2002; Van Wesenbeeck et al., 2003; Ai et al., 2005; Kato 
et al., 2002; Fujino et al., 2003; Kelly et al., 2004; van Meurs et al., 2006; Holmen et al., 2004; 
Kokubu et al., 2004). Loss-of-function mutations of human LRP5 are associated with the 
recessive disorder osteoporosis-pseudoglioma syndrome, whereas gain-of-function 
mutations of human LRP5 (e.g., G171V) reduce binding affinity of LRP5 for DKK1 and cause 
high bone mass (HBM) diseases (Boyden et al., 2002; Gong et al., 2001; Little et al., 2002; Van 
Wesenbeeck et al., 2003; Ai et al., 2005). Direct roles of Wnt/β-catenin signaling in the 
regulation of bone formation and bone mass are further supported by animal model studies 
by altered expression of Wnt/β-catenin signaling inhibitors (Bodine et al., 2004; Li et al., 
2006b; Morvan et al., 2006; Wang et al., 2007a; Yu et al., 2005). Wnt proteins have also been 
shown to be important for osteoblastogenesis and bone formation (Zhang et al., 2004; Li et 
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Fig. 4. Model depicting the roles of breast cancer cell-produced DKK1 on osteoclast 
formation. DKK1 is a Wnt/β-catenin signaling target gene in breast cancer cells. Breast 
cancer cells with overactivated Wnt/β-catenin signaling produce DKK1. DKK1 secreted by 
tumor cells blocks Wnt/β-catenin signaling in osteoblasts in a paracrine fashion, resulting in 
increases RANKL and decreases OPG activity. By decreasing the ratio of OPG to RANKL, 
DKK1 promotes osteoclastogenesis. 

As described above, DKK1 is a specific antagonist of the Wnt/-catenin signaling pathway. 
Interestingly, studies also suggested that DKK1 is a direct downstream target of Wnt/-
catenin signaling (Niida et al., 2004; Gonzalez-Sancho et al., 2005; Chamorro et al., 2005). 
Activation of Wnt/-catenin signaling by Wnt1 or ectopic expression of active -catenin, 
TCF4 or LRP6 mutants induces transcription of the human Dkk1 gene in several cell line 
models in vitro. Multiple -catenin/TCF4 binding sites in the Dkk1 gene promoter region 
contribute to this activation (Niida et al., 2004; Gonzalez-Sancho et al., 2005; Chamorro et al., 
2005). Furthermore, as mentioned above, aberrant Wnt/β-catenin signaling is involved in 
breast cancer development and progression. Indeed, Dkk1 is highly expressed in several 
breast cancer cell lines, including the MDA-MB-231 (osteolytic) and MCF-7 (osteolytic and 
osteoblastic) cell lines (Forget et al., 2007; Pinzone et al., 2009; Bu et al., 2008). Additionally, 
serum Dkk1 levels were elevated in patients with metastasized breast cancer in the bone 
compared to patients who were in complete remission (Voorzanger-Rousselot et al., 2007). 
Dkk1-mediated bone metastasis in breast cancer patients is likely to occur as a result of 
Dkk1 acting as a molecular switch, which decreases osteoblastogenesis and increases 
osteolysis (Fig. 4). The mechanistic actions of Dkk1-mediated bone metastasis in breast 
cancer patients is likely due to the ability of Dkk1 to abrogate Wnt/β-catenin signaling in 
osteoblasts, which causes a significant decrease in OPG and increase in RANKL levels, thus 
shifting the balance in the OPG:RANKL ratio (Bu et al., 2008). Increases in RANKL promote 
osteoclastogenesis and thus, metastasis of breast cancer mesenchymal stem cells into the 
bone (Pinzone et al., 2009). 

3.5 Wnt/β-catenin signaling in breast cancer EMT 
Cellular diversity is essential for the development and sustenance of eukaryotic 
organisms. Epithelial and mesenchymal cells represent two phenotypic distinctions of 
early organisms. Epithelial cells possess tight junctions, gap junctions, E-cadherins, and 
epithelial integrins, which foster intercellular communication and fusion with other cells 
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and the extracellular matrix. They also maintain the integrity and regulate the internal 
environment of an organism (Micalizzi et al., 2010). Mesenchymal cells, which produce 
the extracellular matrix that supports epithelial cells, are motile compared to their 
epithelial counterpart (Hay, 2005). Mammalian development is a dynamic process that 
involves the interconversion between epithelial and mesenchymal cells known as 
Epithelial-Mesenchymal Transition (EMT) and Mesenchymal-Epithelial Transition (MET) 
(Micalizzi et al., 2010). The EMT plays a pivotal role in wound healing, fibrosis, and 
cancer metastasis (Lopez-Novoa and Nieto, 2009). The EMT consists of three types, which 
include development (type I), fibrosis and wound healing (type II), and cancer (type III) 
(Kalluri and Weinberg, 2009). Oncogenic EMT is characterized by the loss of the classical 
epithelial apico-basal polarity, destruction of tight junctions and adherens junctions, and 
the downregulation of cytokeratins followed by the upregulation of vimentin, a Type III 
intermediate filament that is expressed in mesenchymal cells (Steinert and Roop, 1988; 
Ikenouchi et al., 2003; Kokkinos et al., 2007).  
Normal epithelial cells are transformed into more invasive mesenchymal cells due to the 
disintegration of E-cadherin. E-cadherin is a transmembrane glycoprotein that mediates 
cell-cell contact between epithelial cells. The cytoplasmic domain of E-cadherin interacts 
with α-, β, and γ-catenin. Under normal cellular conditions, β-catenin forms a complex 
with E-cadherin to maintain epithelial cell adhesion (Gottardi et al., 2001). However, 
during epithelial transformation, β-catenin dissociates from the E-cadherin complex and 
translocates to the nucleus where it synergizes with TCF/LEF1 to induce the expression of 
downstream target genes (Behrens et al., 1996). The upregulation of β-catenin 
transcriptional activity induces the expression of vimentin in breast cancer cells, which is 
a key mediator in EMT (Gilles et al., 2003). The snail and slug zinc-finger transcription 
factors, which are E-cadherin repressors, are associated with EMT and upregulation of 
these proteins in breast cancer correlates with poor prognosis of breast cancer patients 
(Blanco et al., 2002; Moody et al., 2005; Martin et al., 2005). Indeed, aberrant Wnt/β-
catenin signaling increases Snail activity (Yook et al., 2006). Other proteins that contribute 
to the invasive properties of epithelial cells including matrix metalloproteinase-7, CD44, 
uPAAR, slug, and the γ2 chain of laminin-5 are also downstream target genes of β-catenin 
(Brabletz et al., 1999; Wielenga et al., 1999; Mann et al., 1999; Hlubek et al., 2001).  Overall, 
dysfunction of the Wnt/β-catenin signaling pathway is intricately involved in regulating 
the EMT of breast cancer.  

3.6 Wnt/β-catenin signaling in breast cancer stem cells 
Stem cells are cells that have the capacity to propagate or differentiate into distinct cell types 
that form mature tissue (Seaberg and Kooy, 2003). Stem cells may lay dormant and 
accumulate mutations over a long period of time, which ultimately results in the formation 
of tumors due to aberrant activation of signaling pathways that regulate stem cell continuity 
and differentiation (Sell, 2004). Previously, stem cells were isolated from human breast 
cancer tissue, suggesting that cancer stem cells (CSCs) may be involved in the development 
of breast cancer (Al-Hajj et al., 2003). Breast CSCs are characterized by the expression of cell 
surface markers including stem cell antigen-1 (Welm et al., 2002), CD44+/CD24-, aldehyde 
dehydrogenase-1 (ALDH1), ESA, PROCR, CD133, and CXCR4 (Nguyen et al., 2010). 
Another indicator of breast CSCs is their ability to efflux Hoechst 33342 dye (Alvi et al., 
2003; Hirschmann-Jax et al., 2004; Ho et al., 2007). ALDH is a detoxifying enzyme, which 
oxidizes intracellular aldehydes (Duester, 2000; Magni et al., 1996; Sophos and Vasiliou, 
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Epithelial-Mesenchymal Transition (EMT) and Mesenchymal-Epithelial Transition (MET) 
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epithelial apico-basal polarity, destruction of tight junctions and adherens junctions, and 
the downregulation of cytokeratins followed by the upregulation of vimentin, a Type III 
intermediate filament that is expressed in mesenchymal cells (Steinert and Roop, 1988; 
Ikenouchi et al., 2003; Kokkinos et al., 2007).  
Normal epithelial cells are transformed into more invasive mesenchymal cells due to the 
disintegration of E-cadherin. E-cadherin is a transmembrane glycoprotein that mediates 
cell-cell contact between epithelial cells. The cytoplasmic domain of E-cadherin interacts 
with α-, β, and γ-catenin. Under normal cellular conditions, β-catenin forms a complex 
with E-cadherin to maintain epithelial cell adhesion (Gottardi et al., 2001). However, 
during epithelial transformation, β-catenin dissociates from the E-cadherin complex and 
translocates to the nucleus where it synergizes with TCF/LEF1 to induce the expression of 
downstream target genes (Behrens et al., 1996). The upregulation of β-catenin 
transcriptional activity induces the expression of vimentin in breast cancer cells, which is 
a key mediator in EMT (Gilles et al., 2003). The snail and slug zinc-finger transcription 
factors, which are E-cadherin repressors, are associated with EMT and upregulation of 
these proteins in breast cancer correlates with poor prognosis of breast cancer patients 
(Blanco et al., 2002; Moody et al., 2005; Martin et al., 2005). Indeed, aberrant Wnt/β-
catenin signaling increases Snail activity (Yook et al., 2006). Other proteins that contribute 
to the invasive properties of epithelial cells including matrix metalloproteinase-7, CD44, 
uPAAR, slug, and the γ2 chain of laminin-5 are also downstream target genes of β-catenin 
(Brabletz et al., 1999; Wielenga et al., 1999; Mann et al., 1999; Hlubek et al., 2001).  Overall, 
dysfunction of the Wnt/β-catenin signaling pathway is intricately involved in regulating 
the EMT of breast cancer.  

3.6 Wnt/β-catenin signaling in breast cancer stem cells 
Stem cells are cells that have the capacity to propagate or differentiate into distinct cell types 
that form mature tissue (Seaberg and Kooy, 2003). Stem cells may lay dormant and 
accumulate mutations over a long period of time, which ultimately results in the formation 
of tumors due to aberrant activation of signaling pathways that regulate stem cell continuity 
and differentiation (Sell, 2004). Previously, stem cells were isolated from human breast 
cancer tissue, suggesting that cancer stem cells (CSCs) may be involved in the development 
of breast cancer (Al-Hajj et al., 2003). Breast CSCs are characterized by the expression of cell 
surface markers including stem cell antigen-1 (Welm et al., 2002), CD44+/CD24-, aldehyde 
dehydrogenase-1 (ALDH1), ESA, PROCR, CD133, and CXCR4 (Nguyen et al., 2010). 
Another indicator of breast CSCs is their ability to efflux Hoechst 33342 dye (Alvi et al., 
2003; Hirschmann-Jax et al., 2004; Ho et al., 2007). ALDH is a detoxifying enzyme, which 
oxidizes intracellular aldehydes (Duester, 2000; Magni et al., 1996; Sophos and Vasiliou, 
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2003; Yoshida et al., 1998). CD44+/CD24- breast CSCs, which express pro-invasive genes, 
usually display poor prognosis (Sheridan et al., 2006). A recent study showed that metastatic 
breast cancer in xenograft mouse models display high ALDH1 activity, which may serve as 
a predictor of poor patient survival (Charafe-Jauffret et al., 2010). Furthermore, breast CSCs 
positive for ALDH1 but not CD44+/CD24- are resistant to chemotherapy (Tanei et al., 2009), 
suggesting that ALDH1 expression may be essential for breast CSC propagation and 
contribute to drug resistance in some breast cancer types. Indeed, ALDH1-positive tumors 
are more likely to be ER-, PR-, and HER2+ and exhibit poor prognosis (Morimoto et al., 
2009). However, the involvement of ALDH1 in breast CSC development is still 
controversial. One study showed that there is no correlation between ALDH1 expression 
and ER and PR status and poor patient survival (Restkova et al., 2010). Furthermore, 
Restkova et al. (2010) showed that ALDH1 is highly expressed in the stroma of breast cancer 
tumors and is associated with increased survival.  
The Wnt/β-catenin signaling pathway plays an important role in stem cell survival by 
maintaining their continuity and undifferentiated state (Ling et al., 2009). Aberrant Wnt/β-
catenin signaling, which may be induced by mutations in the stem cell genome, contributes 
to the development and progression of breast CSCs. For example, previous studies show 
that β-catenin positively regulates the expression of CD44 and CD24 (Wielenga et al., 1999, 
2000; Shulewitz et al., 2006). Furthermore, increased cytoplasmic and nuclear localization of 
β-catenin in basal-like breast cancer overlaps with CD44+/CD24- staining, which suggest 
that CSC populations exist in basal-like/triple negative breast tumors (Khramtsov et al., 
2010). The canonical Wnt signaling co-receptor, LRP6  is overexpressed in triple-negative 
breast cancer (Liu et al., 2010) and facilitates the metastasis of triple-negative breast tumors 
(DiMeo et al., 2009). Expression of Wnt1 and stabilized β-catenin (∆N89β-catenin) under the 
MMTV promoter induces Wnt/β-catenin signaling in distinct progenitor compartments in 
mouse mammary tumors (Teissedre et al. 2009). Wnt/β-catenin signaling also mediates the 
radiation resistance of mouse mammary progenitor cells (Chen et al., 2007; Woodward et al., 
2007). These results suggest that aberrant Wnt/β-catenin converts normal mammary stem 
cells into CSCs by altering their self-renewal and differentiation capabilities.  

4. Conclusion 
Aberrant activation of the Wnt/β-catenin signaling pathway can lead to tumor formation. 
While genetic mutations of certain intracellular components of the Wnt/β-catenin pathway, 
such as APC and CTNNB1, are significant contributing factors for colorectal cancers, they are 
typically not the predominate mechanism associated with breast cancer. Instead, it is clear 
that dysregulation of cell surface Wnt/β-catenin signaling components leads to aberrant 
activation of this pathway in breast cancer. Studies in the past years have demonstrated that 
Wnt/β-catenin signaling play a critical role in breast development and progression. 
Therefore, disruption of Wnt/β-catenin signaling at the cell surface represents a great 
opportunity to develop novel drugs for breast cancer prevention and therapy (Ettenberg et 
al., 2010; Gong et al., 2010; Liu et al., 2010).  
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1. Introduction 
A number of molecular markers have recently been identified that may have prognostic 
value in breast cancer, and among the most notable of these are the estrogen receptor (ER) 
and the progesterone receptor (PR). ER/PR-positive breast cancer patients (60–80%) are 
hormone-responsive and therefore have a significantly better prognosis compared with 
ER/PR-negative patients (Clark and McGuire, 1983; Early Breast Cancer Trialists' 
Collaborative Group, 2005; Thorpe, 1988). However, approximately 50% of patients with 
advanced disease do not respond to endocrine therapy (Normanno et al., 2005). 
Another well-known prognostic marker is epidermal growth factor receptor-2 (ErbB2; also 
known as HER2), which is a member of the epidermal growth factor receptor (EGFR) 
family. In approximately 30% of human breast cancers, ErbB2 is present at levels 
significantly above those found in normal cells (Hynes and Stern, 1994; Stern, 2000; 
Yarden, 2001). Recent studies have indicated that ErbB2 plays important roles in 
malignant transformation and tumorigenesis (Hudziak et al., 1987; Slamon et al., 1987, 
1989). Therefore, breast cancer tumors that involve large amounts of ErbB2 protein are 
correlated with poor clinical outcomes (Menard et al., 2001). Herceptin (also known as 
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1. Introduction 
A number of molecular markers have recently been identified that may have prognostic 
value in breast cancer, and among the most notable of these are the estrogen receptor (ER) 
and the progesterone receptor (PR). ER/PR-positive breast cancer patients (60–80%) are 
hormone-responsive and therefore have a significantly better prognosis compared with 
ER/PR-negative patients (Clark and McGuire, 1983; Early Breast Cancer Trialists' 
Collaborative Group, 2005; Thorpe, 1988). However, approximately 50% of patients with 
advanced disease do not respond to endocrine therapy (Normanno et al., 2005). 
Another well-known prognostic marker is epidermal growth factor receptor-2 (ErbB2; also 
known as HER2), which is a member of the epidermal growth factor receptor (EGFR) 
family. In approximately 30% of human breast cancers, ErbB2 is present at levels 
significantly above those found in normal cells (Hynes and Stern, 1994; Stern, 2000; 
Yarden, 2001). Recent studies have indicated that ErbB2 plays important roles in 
malignant transformation and tumorigenesis (Hudziak et al., 1987; Slamon et al., 1987, 
1989). Therefore, breast cancer tumors that involve large amounts of ErbB2 protein are 
correlated with poor clinical outcomes (Menard et al., 2001). Herceptin (also known as 
Trastuzumab), a humanized monoclonal antibody against the extracellular domain of 
ErbB2, is used to treat patients expressing high levels of ErbB2. Although Herceptin 
significantly decreases the rates of breast cancer recurrence and mortality (Piccart-Gebhart 
et al., 2005; Slamon et al., 2001; Ward et al., 2009), almost 50% of patients with the ErbB2-
amplified tumors do not respond to this treatment and develop resistance to the drug 
(Slamon et al., 2006). 
Conversely, tumors with neither hormone receptor expression nor ErbB2 amplification 
are classified as triple-negative (TN) tumors (Sorlie et al., 2003). TN tumors are an 
aggressive subtype of breast cancer that account for approximately 15% of breast cancer 
cases. The TN tumor shows a higher histologic grade, and a worse prognosis compared 
with that of hormone receptor-positive or ErbB2-positive tumors (Dent et al., 2007; 
Liedtke et al., 2008). Therapeutically, despite being highly chemosensitive, their 
progression-free time is generally short (Dent et al., 2007; Liedtke et al., 2008), and TN 
tumors develop resistance to endocrine therapy and Herceptin, illustrating the urgent 
need for novel therapeutic strategies. Recently, new potential therapeutic targets for this 
type of breast cancer have been discovered, including poly-(ADP-ribose)-polymerase 1 
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(Bryant et al., 2005; Evers et al., 2008; Tutt et al., 2009), vascular endothelial growth factor 
receptor (Mendel et al., 2003), EGFR (Corkery et al., 2009; Pal and Mortimer, 2009), SRC 
tyrosine kinase (Conlin and Seidman, 2008; Finn, R.S., 2007), mammalian target of 
rapamycin (Saal et al., 2005), heat shock protein 90 (Caldas-Lopes et al., 2009), breast 
tumor kinase (BRK) and signal transducing adaptor protein-2 (STAP-2) (Mitchel et al., 
2000; Ikeda et al., 2009, 2010, 2011). 
STAP-2 is a recently identified adaptor protein, which contains pleckstrin homology (PH) 
and Src homology 2 (SH2)-like domains, as well as a signal transducer and activator of 
transcription 3 (STAT3)-binding motif in its C-terminal region (Minoguchi et al., 2003). 
Importantly, human STAP-2 was originally identified as BKS and is a substrate for BRK, a 
non-receptor protein tyrosine kinase (PTK) known alternatively as protein tyrosine kinase 
6 (PTK6) (Mitchell et al., 2000). BRK is highly expressed in human breast cancer cells 
(Barker et al., 1997). Recently, STAP-2, STAT3, and STAT5A/B have been identified as 
BRK substrates. However, the molecular mechanism by which the STAP-2-BRK-STAT3/5 
axis participates in the tumorigenesis in breast cancer remains poorly characterized. In 
this review, we focus on the STAP-2-BRK-STAT3/5 axis as a potential therapeutic target 
and/or prognostic marker and demonstrate a functional link between STAP-2 and 
BRK/STAT3/5-mediated transcriptional activation and cell growth in human breast 
cancer cells. 

2. STAP-2 
2.1 Structure and expression 
Human STAP-2 is the first identified substrate for the BRK non-receptor tyrosine kinase 
(Mitchell et al., 2000). We also cloned murine STAP-2 as a c-fms interacting protein 
(Minoguchi et al., 2003). PTKs play an important role in regulating cell growth, 
differentiation, and transformation. Activated receptor tyrosine kinases trans-
phosphorylate several tyrosines in their cytoplasmic domains, providing recognition sites 
for various adaptor and effector proteins in multiple signal transduction pathways. 
Adaptor proteins often function as inter- or intra-molecular bridges and thereby play an 
important role in the assembly of larger protein complexes or in the stabilization of 
certain conformational states. They also utilize their functional domains, such as SH2 and 
SH3 domains, to mediate interactions that link various proteins involved in signal 
transduction. 
STAP-1 was cloned as a c-kit-interacting protein and bears high sequence and structural 
similarity to its sister protein, STAP-2 (Masuhara et al., 2000) (Fig. 1A). Both STAP-1 and 
STAP-2 contain an N-terminal PH domain and a region weakly related to an SH2 domain 
(overall 33% amino acid identity). The N-terminal PH domains of the STAP proteins share 
36% amino acid identity and 58% similarity. In the absence of stimulation, over-expressed 
STAP-2 protein localizes throughout the cytoplasm and nucleus in A431 epidermoid 
carcinoma cells, but translocates to the plasma membrane following stimulation of EGFR. 
A mutant STAP-2 lacking the N-terminal PH domain (ΔPH) fails to localize at the plasma 
membrane, demonstrating that the PH domain of STAP-2 is necessary and sufficient for 
plasma membrane recruitment by EGFR stimulation. 
The central region of STAP-2 is distantly related to the SH2 domain. This region of STAP-2 
shares 40% sequence identity with that of STAP-1 and 29% sequence identity with the SH2 
domain of human phospholipase C-2. However, STAP-2 has a C-terminal proline-rich  
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Fig. 1. Schematic diagrams of the domain structures of the STAP-1 (A), STAP-2 (A, B), 
STAT3 (C), BRK and the STAP-2 PH-BRK fusion protein (D). 

region and a STAT3-binding motif, YXXQ, both of which are absent from STAP-1. Cytokine 
receptors commonly utilize a YXXQ motif in their cytoplasmic regions to recruit and 
activate STAT3 (Hirano et al., 2000). STAP-2 is expressed in a variety of tissues and cells 
such as lymphocytes, macrophages and hepatocytes (Minoguchi et al., 2003), and its 
abundant expression pattern (Fig. 2A) suggests that STAP-2 influences a variety of signaling 
or transcriptional molecules. STAP-1, however, shows a more restricted expression pattern, 
being located predominantly in hematopoietic cells (Masuhara et al., 2000). Notably, STAP-2 
is constitutively expressed in macrophages, and the 5’ region of the STAP-2 genomic 
sequence contains several potential binding sites for c-Rel, AP-1, p65/NF-B and STATs. In 
the murine myeloid leukemia cell line, M1, STAP-2 mRNA expression is strongly induced 
by LIF in parallel with its differentiation into macrophages. These expression patterns of 
STAP-2 support a paradigm whereby STAP-2 in macrophages mediates signals for acute-
phase responses after infection. Indeed, LPS- or IL-6-stimulated induction of acute phase 
protein genes was significantly decreased in STAP-2-deficient hepatocytes (Minoguchi et al., 
2003). 
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and/or prognostic marker and demonstrate a functional link between STAP-2 and 
BRK/STAT3/5-mediated transcriptional activation and cell growth in human breast 
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2.1 Structure and expression 
Human STAP-2 is the first identified substrate for the BRK non-receptor tyrosine kinase 
(Mitchell et al., 2000). We also cloned murine STAP-2 as a c-fms interacting protein 
(Minoguchi et al., 2003). PTKs play an important role in regulating cell growth, 
differentiation, and transformation. Activated receptor tyrosine kinases trans-
phosphorylate several tyrosines in their cytoplasmic domains, providing recognition sites 
for various adaptor and effector proteins in multiple signal transduction pathways. 
Adaptor proteins often function as inter- or intra-molecular bridges and thereby play an 
important role in the assembly of larger protein complexes or in the stabilization of 
certain conformational states. They also utilize their functional domains, such as SH2 and 
SH3 domains, to mediate interactions that link various proteins involved in signal 
transduction. 
STAP-1 was cloned as a c-kit-interacting protein and bears high sequence and structural 
similarity to its sister protein, STAP-2 (Masuhara et al., 2000) (Fig. 1A). Both STAP-1 and 
STAP-2 contain an N-terminal PH domain and a region weakly related to an SH2 domain 
(overall 33% amino acid identity). The N-terminal PH domains of the STAP proteins share 
36% amino acid identity and 58% similarity. In the absence of stimulation, over-expressed 
STAP-2 protein localizes throughout the cytoplasm and nucleus in A431 epidermoid 
carcinoma cells, but translocates to the plasma membrane following stimulation of EGFR. 
A mutant STAP-2 lacking the N-terminal PH domain (ΔPH) fails to localize at the plasma 
membrane, demonstrating that the PH domain of STAP-2 is necessary and sufficient for 
plasma membrane recruitment by EGFR stimulation. 
The central region of STAP-2 is distantly related to the SH2 domain. This region of STAP-2 
shares 40% sequence identity with that of STAP-1 and 29% sequence identity with the SH2 
domain of human phospholipase C-2. However, STAP-2 has a C-terminal proline-rich  
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STAT3 (C), BRK and the STAP-2 PH-BRK fusion protein (D). 

region and a STAT3-binding motif, YXXQ, both of which are absent from STAP-1. Cytokine 
receptors commonly utilize a YXXQ motif in their cytoplasmic regions to recruit and 
activate STAT3 (Hirano et al., 2000). STAP-2 is expressed in a variety of tissues and cells 
such as lymphocytes, macrophages and hepatocytes (Minoguchi et al., 2003), and its 
abundant expression pattern (Fig. 2A) suggests that STAP-2 influences a variety of signaling 
or transcriptional molecules. STAP-1, however, shows a more restricted expression pattern, 
being located predominantly in hematopoietic cells (Masuhara et al., 2000). Notably, STAP-2 
is constitutively expressed in macrophages, and the 5’ region of the STAP-2 genomic 
sequence contains several potential binding sites for c-Rel, AP-1, p65/NF-B and STATs. In 
the murine myeloid leukemia cell line, M1, STAP-2 mRNA expression is strongly induced 
by LIF in parallel with its differentiation into macrophages. These expression patterns of 
STAP-2 support a paradigm whereby STAP-2 in macrophages mediates signals for acute-
phase responses after infection. Indeed, LPS- or IL-6-stimulated induction of acute phase 
protein genes was significantly decreased in STAP-2-deficient hepatocytes (Minoguchi et al., 
2003). 
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Fig. 2. Expression profile of STAP-2 and BRK. Expression of STAP-2 and BRK in a variety of 
human cell lines (A, B). Total RNA samples isolated from these cells were also subjected to 
quantitative real-time PCR analysis using STAP-2 and BRK primers. Data represent the 
levels of these mRNA normalized to that of an ACTIN internal control and are expressed 
relative to the value of 293T samples. Shown is a representative experiment, which was 
repeated at least three times with similar results. 

2.2 Interacting proteins 
Recently, many STAP-2 binding partners have been identified. As summarized in Table 1, 
STAP-2 interacts with, and modulates the function of, several signaling molecules including 
STAT3/5- (Minoguchi et al., 2003; Sekine et al., 2005), FcRI- (Yamamoto et al., 2003), M-
CSFR/c-FMS- (Ikeda et al., 2007) and Toll-like receptor-mediated signals (Sekine et al., 
2006). STAP-2 interacts with STAT3 through the C-terminal YXXQ motif and enhances 
STAT3 transcriptional activity. STAP-2 also interacts with STAT5 through its PH and SH2-
like domains. It is noteworthy that thymocytes and peripheral T cells from STAP-2-deficient 
mice show enhanced IL-2- or TCR-dependent cell growth (Sekine et al., 2005). STAP-2 
positively regulates LPS/TLR4-mediated signals in macrophages. STAP-2, particularly its 
SH2-like domain, binds to both MyD88 and IKK-/, but not to TRAF6 or IRAK1, and 
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forms a functional complex composed of MyD88-STAP-2-IKK-/. These interactions 
augment MyD88- and/or IKK/-dependent signals, leading to enhancement of NF-B 
activity (Sekine et al., 2006). 
 

Sekine et al., 2009Not determinedRac1

Sekine et al., 2009SH2-like, C-terminalVav1

Sekine et al., 2007PH, SH2-likeCbl

Sekine et al., 2007SH2-likeFAK

Ikeda et al., 2008PH, SH2-likeTRAF3

Ikeda et al., 2008Not determinedTRAF1

Ikeda et al., 2008PH, SH2-likeLMP1

Sekine et al., 2006SH2-likeIKK/

Sekine et al., 2006SH2-likeMyD88

Yamamoto et al., 2003SH2-like, C-terminalPLC1/2

Ikeda et al., 2007PH, (SH2-like)c-Fms

Sekine et al., 2005PH, SH2-likeSTAT5A/B

Ikeda et al., 2010; Minoguchi et al., 2003YXXQ motif, (SH2-like)STAT3

Ikeda et al., 2009, 2010, 2011; Mitchel et al., 2000 PH, (SH2-like)BRK

ReferencesDomain or regionInteracting protein
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Ikeda et al., 2008PH, SH2-likeTRAF3

Ikeda et al., 2008Not determinedTRAF1
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Sekine et al., 2006SH2-likeIKK/

Sekine et al., 2006SH2-likeMyD88

Yamamoto et al., 2003SH2-like, C-terminalPLC1/2

Ikeda et al., 2007PH, (SH2-like)c-Fms

Sekine et al., 2005PH, SH2-likeSTAT5A/B

Ikeda et al., 2010; Minoguchi et al., 2003YXXQ motif, (SH2-like)STAT3

Ikeda et al., 2009, 2010, 2011; Mitchel et al., 2000 PH, (SH2-like)BRK

ReferencesDomain or regionInteracting protein

 
Table 1. STAP-2 interacting proteins. 

M-CSFR/c-FMS directly interacts with the PH domain of STAP-2 independently following 
M-CSF-stimulation (Ikeda et al., 2007). STAP-2 regulates M-CSF-induced tyrosine 
phosphorylation of M-CSFR/c-FMS as well as the activation of Akt and extracellular signal 
regulated kinase. In addition, over-expression of STAP-2 results in the impairment of 
migration in response to M-CSF and of the wound-healing process in macrophages. This 
demonstrates that STAP-2 directly binds to M-CSFR/c-FMS and interferes with PI3K 
signaling, leading to macrophage motility. In T cells, STAP-2 enhances Cbl-dependent 
degradation of FAK and downregulates integrin/FAK-mediated cell adhesion to fibronectin 
(Sekine et al., 2007). Furthermore, STAP-2 constitutively interacts with, and enhances the 
tyrosine phosphorylation of, a GDP/GTP exchange factor, Vav1, and also binds to a small 
GTPase, Rac1 (Sekine et al., 2009). These interactions control chemokine-induced chemotaxis 
of T cells. 
STAP-2 also interacts with Epstein-Barr virus (EBV)-derived latent membrane protein 1 
(LMP1) and negatively regulates LMP1-induced NF-B activation (Ikeda et al., 2008). EBV is 
linked to the development of multiple malignancies, including post-transplant lymphoma, 
Hodgkin disease, and nasopharyngeal carcinoma (Thorley-Lawson, 2001). EBV-LMP1 is 
expressed in many EBV-associated tumor cells and is responsible for most of their altered 
cellular growth properties (Brinkmann and Schulz, 2006). STAP-2 associates with LMP1 
through the PH and SH-2-like domains, and this interaction occurs physiologically in EBV-
positive human B cells. STAP-2 regulates LMP1-mediated NF-B signaling through direct or 
indirect interactions with TRAF3 and TRADD. Importantly, STAP-2 mRNA is induced by 
expression of LMP1 in human B cells, and transient expression of STAP-2 in EBV-positive 
human B cells decreases cell growth. These data suggest that STAP-2 responds to EBV 
infection and acts as an endogenous negative regulator of EBV-LMP1-mediated signaling 
through TRAF3 and TRADD. 
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Fig. 2. Expression profile of STAP-2 and BRK. Expression of STAP-2 and BRK in a variety of 
human cell lines (A, B). Total RNA samples isolated from these cells were also subjected to 
quantitative real-time PCR analysis using STAP-2 and BRK primers. Data represent the 
levels of these mRNA normalized to that of an ACTIN internal control and are expressed 
relative to the value of 293T samples. Shown is a representative experiment, which was 
repeated at least three times with similar results. 

2.2 Interacting proteins 
Recently, many STAP-2 binding partners have been identified. As summarized in Table 1, 
STAP-2 interacts with, and modulates the function of, several signaling molecules including 
STAT3/5- (Minoguchi et al., 2003; Sekine et al., 2005), FcRI- (Yamamoto et al., 2003), M-
CSFR/c-FMS- (Ikeda et al., 2007) and Toll-like receptor-mediated signals (Sekine et al., 
2006). STAP-2 interacts with STAT3 through the C-terminal YXXQ motif and enhances 
STAT3 transcriptional activity. STAP-2 also interacts with STAT5 through its PH and SH2-
like domains. It is noteworthy that thymocytes and peripheral T cells from STAP-2-deficient 
mice show enhanced IL-2- or TCR-dependent cell growth (Sekine et al., 2005). STAP-2 
positively regulates LPS/TLR4-mediated signals in macrophages. STAP-2, particularly its 
SH2-like domain, binds to both MyD88 and IKK-/, but not to TRAF6 or IRAK1, and 
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forms a functional complex composed of MyD88-STAP-2-IKK-/. These interactions 
augment MyD88- and/or IKK/-dependent signals, leading to enhancement of NF-B 
activity (Sekine et al., 2006). 
 

Sekine et al., 2009Not determinedRac1

Sekine et al., 2009SH2-like, C-terminalVav1

Sekine et al., 2007PH, SH2-likeCbl

Sekine et al., 2007SH2-likeFAK

Ikeda et al., 2008PH, SH2-likeTRAF3

Ikeda et al., 2008Not determinedTRAF1

Ikeda et al., 2008PH, SH2-likeLMP1

Sekine et al., 2006SH2-likeIKK/

Sekine et al., 2006SH2-likeMyD88

Yamamoto et al., 2003SH2-like, C-terminalPLC1/2

Ikeda et al., 2007PH, (SH2-like)c-Fms

Sekine et al., 2005PH, SH2-likeSTAT5A/B

Ikeda et al., 2010; Minoguchi et al., 2003YXXQ motif, (SH2-like)STAT3

Ikeda et al., 2009, 2010, 2011; Mitchel et al., 2000 PH, (SH2-like)BRK

ReferencesDomain or regionInteracting protein
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Table 1. STAP-2 interacting proteins. 

M-CSFR/c-FMS directly interacts with the PH domain of STAP-2 independently following 
M-CSF-stimulation (Ikeda et al., 2007). STAP-2 regulates M-CSF-induced tyrosine 
phosphorylation of M-CSFR/c-FMS as well as the activation of Akt and extracellular signal 
regulated kinase. In addition, over-expression of STAP-2 results in the impairment of 
migration in response to M-CSF and of the wound-healing process in macrophages. This 
demonstrates that STAP-2 directly binds to M-CSFR/c-FMS and interferes with PI3K 
signaling, leading to macrophage motility. In T cells, STAP-2 enhances Cbl-dependent 
degradation of FAK and downregulates integrin/FAK-mediated cell adhesion to fibronectin 
(Sekine et al., 2007). Furthermore, STAP-2 constitutively interacts with, and enhances the 
tyrosine phosphorylation of, a GDP/GTP exchange factor, Vav1, and also binds to a small 
GTPase, Rac1 (Sekine et al., 2009). These interactions control chemokine-induced chemotaxis 
of T cells. 
STAP-2 also interacts with Epstein-Barr virus (EBV)-derived latent membrane protein 1 
(LMP1) and negatively regulates LMP1-induced NF-B activation (Ikeda et al., 2008). EBV is 
linked to the development of multiple malignancies, including post-transplant lymphoma, 
Hodgkin disease, and nasopharyngeal carcinoma (Thorley-Lawson, 2001). EBV-LMP1 is 
expressed in many EBV-associated tumor cells and is responsible for most of their altered 
cellular growth properties (Brinkmann and Schulz, 2006). STAP-2 associates with LMP1 
through the PH and SH-2-like domains, and this interaction occurs physiologically in EBV-
positive human B cells. STAP-2 regulates LMP1-mediated NF-B signaling through direct or 
indirect interactions with TRAF3 and TRADD. Importantly, STAP-2 mRNA is induced by 
expression of LMP1 in human B cells, and transient expression of STAP-2 in EBV-positive 
human B cells decreases cell growth. These data suggest that STAP-2 responds to EBV 
infection and acts as an endogenous negative regulator of EBV-LMP1-mediated signaling 
through TRAF3 and TRADD. 
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3. BRK 
3.1 Structure and expression 
BRK was originally isolated from a metastatic breast carcinoma (Mitchell et al., 1994). An 
identical protein was independently cloned as a highly-expressed protein tyrosine kinase, 
PTK6, from human melanocytes (Lee et al., 1993). In addition, Ptk6 (previously termed 
Sik), a cDNA for the mouse ortholog that has 80% amino acid identity to BRK/PTK6, was 
also cloned from mouse intestinal crypt cells (Siyanova et al., 1994). BRK displays 
approximately 56% homology to the kinase domain of c-Src and a similar domain 
arrangement (Serfas and Tyner, 2003). BRK is a 451 amino acid protein that contains an 
SH3 domain, an SH2 domain and a tyrosine kinase catalytic domain, but lacks an N-
terminal myristoylation site for membrane targeting (Serfas and Tyner, 2003). BRK is 
expressed in many malignancies, such as colon and prostate tumors and metastatic 
melanomas (Derry et al., 2003; Easty et al., 1997; Llor et al., 1999; Schmandt et al., 2006). 
BRK expression is also detected in a large proportion of human mammary gland tumors, 
but is not expressed in normal mammary gland (Barker et al., 1997). In normal tissues, 
BRK expression is developmentally regulated and restricted to differentiating epithelial 
cells in a range of tissues including small intestine and colon (Vasioukhin et al., 1995; 
Haegebarth et al., 2005, 2006) (Fig. 2B). 

3.2 Substrates, interacting proteins and activation 
Several BRK-interacting proteins or substrates have been identified (Table 2). BRK 
substrates include RNA-binding proteins (Sam68 (Coyle et al., 2003; Derry et al., 2000; 
Lukong et al., 2005), SLM-1/2 (Haegebarth et al., 2004), and the polypyrimidine tract-
binding protein-associated splicing factor (PSF) (Lukong et al., 2009)), transcription 
factors (STAT3 (Liu et al., 2006) and STAT5A/B (Weaver and Silva, 2007)), adaptor 
molecules (STAP-2) (Mitchell et al., 2000), and a variety of signaling molecules (paxillin 
(Chen et al., 2004), p190RhoGAP (Shen et al., 2008), kinesin-associated protein 3A 
(KAP3A) (Lukong and Richard, 2008), Akt (Zhang et al., 2005), -catenin (Palka-Hamblin 
et al., 2010), and ARAP1 (Arf-GAP, Rho-GAP, ankyrin repeat and PH domain-containing 
protein 1; also known as centaurin δ-2) (Kang et al., 2010)). Although BRK expression is 
known to induce tyrosine phosphorylation in some of these, similar actions in others have 
yet to be confirmed. 
Sam68 is the most extensively studied BRK substrate. BRK expression suppressed cell 
proliferation through EGFR-mediated phosphorylation of Sam68 in a human breast cancer 
cell line (Coyle et al., 2003; Derry et al., 2000; Lukong et al., 2005). Similarly, BRK 
phosphorylates the Sam68-like mammalian proteins, SLM-1 and SLM-2, and negatively 
regulates their RNA-binding functions (Haegebarth et al., 2004). Downstream of EGFR, PSF 
is a BRK substrate, and this tyrosine phosphorylation of PSF induces cytoplasmic 
relocalization, impairment of its binding to polypyrimidine RNA, and cell cycle arrest 
(Lukong et al., 2009). Furthermore, BRK expression promotes cell migration and tumor 
invasion by phosphorylating the focal adhesion protein, paxillin, followed by activation of 
the small GTPase, Rac1, via the function of CrkII (Chen et al., 2004). BRK also 
phosphorylates p190RhoGAP-A (regulating the small GTPases, RhoA and Ras, and 
promoting breast malignancy) (Shen et al., 2008); a kinesin-2 subunit, KAP3A (promoting 
cell migration) (Lukong and Richard, 2008); and Akt (regulating basal Akt activity in normal 
cells) (Zhang et al., 2005). 
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Qiu and Miller, 2002Y13, Y61, Y66, Y114, 
Y342, Y351Regulation of kinase activityBRK

Kang et al., 2010Y231Regulation of EGFR internalization ARAP1/centaurin-2

Palka-Hamblin et al., 2010Y64, Y142, Y331, Y333Cell growthbeta-catenin

Zhang et al., 2005Not determinedIntestinal epithelial cell differentiationAkt

Lukong and Richard, 2008C-terminusMigrationKAP3A

Shen et al., 2008Y1109Migrationp190RhoGAP

Chen et al., 2004Y31, Y118MigrationPaxillin

Ikeda et al., 2009; Mitchel et al., 2000 Y250Cell growthSTAP-2/BKS

Weaver and Silva, 2007Y694/Y699Cell cycleSTAT5A/B

Liu et al., 2006Y705Cell cycleSTAT3

Lukong et al., 2009C-terminusCell cyclePSF

Haegebarth et al., 2004Not determinedNot validatedSLM-1/SLM-2

Coyle et al., 2003; Derry et al., 2000; Lukong et al., 2005Y345, Y434, Y440Cell cycleSAM68

ReferencesPhosphorylation siteFunctionSubstrate
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ReferencesPhosphorylation siteFunctionSubstrate

 
Table 2. BRK substrates. 

Mice deficient in the BRK murine ortholog, Sik, show increased cell proliferation, decreased 
apoptosis, and increased levels of activated Akt in the small intestine (Haegebarth et al., 2006), 
suggesting a role for BRK in differentiation of epithelial cells of the small intestine. This is 
further implied by the evidence that BRK directly phosphorylates and inhibits -catenin, 
interrupting T-cell factor-mediated transcription in the intestine, and indicating that BRK may 
be a negative regulator of the Wnt-signaling pathway (Palka-Hamblin et al., 2010). 
BRK may contribute to tumorigenesis by modulating EGF/EGFR signaling. It 
phosphorylates ARAP1, which results sequentially in inhibition of EGFR internalization, 
increased duration of EGF/EGFR signaling, and increased oncogenic capacity (Kang et al., 
2010). Importantly, over-expression of BRK sensitizes human mammary epithelial cells to 
EGF and/or heregulin stimuli, and increases anchorage-independent growth (Kamalati et 
al., 1996, 2000), while down-regulation of BRK also influences EGF- and heregulin-induced 
cell proliferation. These observations suggest that BRK is involved in signaling induced by 
members of the EGFR family (Ostrander et al., 2007). Notably, BRK interacts with additional 
ErbB family members (ErbB2, ErbB3, and ErbB4) as well as EGFR (ErbB1) (Kamalati et al., 
1996; Aubele et al., 2007; Xiang et al., 2008). BRK is co-amplified with ErbB2 to promote 
proliferation and confer resistance to lapatinib, an ErbB2 kinase inhibitor in breast cancer 
(Xiang et al., 2008), suggesting that BRK is a potential target in ErbB2-positive breast cancer. 
As mentioned above, BRK kinase activity is promoted by ligands for the ErbB receptor, such 
as EGF and heregulin. However, it is also activated by the expression of ErbB2 even in the 
absence of ligands, and by other stimuli such as IGF-1 (Qiu et al., 2005), calcium and 
ionomycin (Vasioukhin and Tyner, 1997; Wang et al., 2005), fetal bovine serum (Zhang et al., 
2005), and osteopontin (Chakraborty et al., 2008). BRK activation occurs under the 
conditions already described, but also during keratinocyte differentiation, together with 
upregulation of expression (Wang et al., 2005). 
The mechanism of regulation of BRK kinase activity is similar to SRC family kinases, with 
some notable differences. Structural studies reveal that BRK is autophosphorylated at Tyr-
13, 61, 66, 114, 351 and 342 (Qiu and Miller, 2002). Tyr-342 (Y342 in BRK and Y416 in SRC) 
resides within the kinase activation loop, and phosphorylation of this residue increases 
kinase activity of wild-type (WT) BRK. However, mutation of Tyr-342 to alanine (Y342A) 
blocks activation of BRK (Qiu and Miller, 2002). In addition, mutation of the C-terminal 
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3.1 Structure and expression 
BRK was originally isolated from a metastatic breast carcinoma (Mitchell et al., 1994). An 
identical protein was independently cloned as a highly-expressed protein tyrosine kinase, 
PTK6, from human melanocytes (Lee et al., 1993). In addition, Ptk6 (previously termed 
Sik), a cDNA for the mouse ortholog that has 80% amino acid identity to BRK/PTK6, was 
also cloned from mouse intestinal crypt cells (Siyanova et al., 1994). BRK displays 
approximately 56% homology to the kinase domain of c-Src and a similar domain 
arrangement (Serfas and Tyner, 2003). BRK is a 451 amino acid protein that contains an 
SH3 domain, an SH2 domain and a tyrosine kinase catalytic domain, but lacks an N-
terminal myristoylation site for membrane targeting (Serfas and Tyner, 2003). BRK is 
expressed in many malignancies, such as colon and prostate tumors and metastatic 
melanomas (Derry et al., 2003; Easty et al., 1997; Llor et al., 1999; Schmandt et al., 2006). 
BRK expression is also detected in a large proportion of human mammary gland tumors, 
but is not expressed in normal mammary gland (Barker et al., 1997). In normal tissues, 
BRK expression is developmentally regulated and restricted to differentiating epithelial 
cells in a range of tissues including small intestine and colon (Vasioukhin et al., 1995; 
Haegebarth et al., 2005, 2006) (Fig. 2B). 

3.2 Substrates, interacting proteins and activation 
Several BRK-interacting proteins or substrates have been identified (Table 2). BRK 
substrates include RNA-binding proteins (Sam68 (Coyle et al., 2003; Derry et al., 2000; 
Lukong et al., 2005), SLM-1/2 (Haegebarth et al., 2004), and the polypyrimidine tract-
binding protein-associated splicing factor (PSF) (Lukong et al., 2009)), transcription 
factors (STAT3 (Liu et al., 2006) and STAT5A/B (Weaver and Silva, 2007)), adaptor 
molecules (STAP-2) (Mitchell et al., 2000), and a variety of signaling molecules (paxillin 
(Chen et al., 2004), p190RhoGAP (Shen et al., 2008), kinesin-associated protein 3A 
(KAP3A) (Lukong and Richard, 2008), Akt (Zhang et al., 2005), -catenin (Palka-Hamblin 
et al., 2010), and ARAP1 (Arf-GAP, Rho-GAP, ankyrin repeat and PH domain-containing 
protein 1; also known as centaurin δ-2) (Kang et al., 2010)). Although BRK expression is 
known to induce tyrosine phosphorylation in some of these, similar actions in others have 
yet to be confirmed. 
Sam68 is the most extensively studied BRK substrate. BRK expression suppressed cell 
proliferation through EGFR-mediated phosphorylation of Sam68 in a human breast cancer 
cell line (Coyle et al., 2003; Derry et al., 2000; Lukong et al., 2005). Similarly, BRK 
phosphorylates the Sam68-like mammalian proteins, SLM-1 and SLM-2, and negatively 
regulates their RNA-binding functions (Haegebarth et al., 2004). Downstream of EGFR, PSF 
is a BRK substrate, and this tyrosine phosphorylation of PSF induces cytoplasmic 
relocalization, impairment of its binding to polypyrimidine RNA, and cell cycle arrest 
(Lukong et al., 2009). Furthermore, BRK expression promotes cell migration and tumor 
invasion by phosphorylating the focal adhesion protein, paxillin, followed by activation of 
the small GTPase, Rac1, via the function of CrkII (Chen et al., 2004). BRK also 
phosphorylates p190RhoGAP-A (regulating the small GTPases, RhoA and Ras, and 
promoting breast malignancy) (Shen et al., 2008); a kinesin-2 subunit, KAP3A (promoting 
cell migration) (Lukong and Richard, 2008); and Akt (regulating basal Akt activity in normal 
cells) (Zhang et al., 2005). 
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Table 2. BRK substrates. 

Mice deficient in the BRK murine ortholog, Sik, show increased cell proliferation, decreased 
apoptosis, and increased levels of activated Akt in the small intestine (Haegebarth et al., 2006), 
suggesting a role for BRK in differentiation of epithelial cells of the small intestine. This is 
further implied by the evidence that BRK directly phosphorylates and inhibits -catenin, 
interrupting T-cell factor-mediated transcription in the intestine, and indicating that BRK may 
be a negative regulator of the Wnt-signaling pathway (Palka-Hamblin et al., 2010). 
BRK may contribute to tumorigenesis by modulating EGF/EGFR signaling. It 
phosphorylates ARAP1, which results sequentially in inhibition of EGFR internalization, 
increased duration of EGF/EGFR signaling, and increased oncogenic capacity (Kang et al., 
2010). Importantly, over-expression of BRK sensitizes human mammary epithelial cells to 
EGF and/or heregulin stimuli, and increases anchorage-independent growth (Kamalati et 
al., 1996, 2000), while down-regulation of BRK also influences EGF- and heregulin-induced 
cell proliferation. These observations suggest that BRK is involved in signaling induced by 
members of the EGFR family (Ostrander et al., 2007). Notably, BRK interacts with additional 
ErbB family members (ErbB2, ErbB3, and ErbB4) as well as EGFR (ErbB1) (Kamalati et al., 
1996; Aubele et al., 2007; Xiang et al., 2008). BRK is co-amplified with ErbB2 to promote 
proliferation and confer resistance to lapatinib, an ErbB2 kinase inhibitor in breast cancer 
(Xiang et al., 2008), suggesting that BRK is a potential target in ErbB2-positive breast cancer. 
As mentioned above, BRK kinase activity is promoted by ligands for the ErbB receptor, such 
as EGF and heregulin. However, it is also activated by the expression of ErbB2 even in the 
absence of ligands, and by other stimuli such as IGF-1 (Qiu et al., 2005), calcium and 
ionomycin (Vasioukhin and Tyner, 1997; Wang et al., 2005), fetal bovine serum (Zhang et al., 
2005), and osteopontin (Chakraborty et al., 2008). BRK activation occurs under the 
conditions already described, but also during keratinocyte differentiation, together with 
upregulation of expression (Wang et al., 2005). 
The mechanism of regulation of BRK kinase activity is similar to SRC family kinases, with 
some notable differences. Structural studies reveal that BRK is autophosphorylated at Tyr-
13, 61, 66, 114, 351 and 342 (Qiu and Miller, 2002). Tyr-342 (Y342 in BRK and Y416 in SRC) 
resides within the kinase activation loop, and phosphorylation of this residue increases 
kinase activity of wild-type (WT) BRK. However, mutation of Tyr-342 to alanine (Y342A) 
blocks activation of BRK (Qiu and Miller, 2002). In addition, mutation of the C-terminal 
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residue Tyr-447 (Y447 in BRK and Y527 in SRC) to Phe (Y447F) results in a constitutively 
active kinase (Kamalati et al., 1996). Trp-184 (W184 in BRK and W260 in SRC) lies within the 
SH2-kinase linker region and, in contrast to SRC family enzymes, has been shown to interact 
intramolecularly with residues in the BRK kinase domain. The conserved Trp184 to Ala 
(W184A) mutation completely inhibits kinase activity (Kim and Lee, 2005), as does the 
substitution of Lys-219 (K219 in BRK and K295 in SRC) with Met (K219M), which destroys 
the putative ATP binding site of BRK (Kamalati et al., 1996). 
Unlike SRC family kinases, BRK lacks myristoylation signals for membrane targeting, 
allowing it some freedom in its subcellular localization and broadening its range of 
substrates and interacting proteins. Several studies demonstrate that the function of BRK 
varies between cell types and may be dependent on expression levels, kinase activity, 
interaction with substrates or other binding proteins and, significantly, on intracellular 
localization. Indeed, oncogenic functions of BRK are enhanced by targeting it to the plasma 
membrane but are abolished if it is modified to remain in the nucleus (Ie Kim and Lee, 
2009). BRK expression is detected in both the cytoplasm and nucleus in the normal intestine, 
skin and oral epithelium, and in breast and colon tumors (Brauer and Tyner, 2010). In 
normal differentiated prostate epithelium and in well-differentiated prostate tumors, it is 
detected in the nucleus, but is absent from the nuclei of poorly-differentiated tumors, which 
may implicate it in differentiation of the prostate  (Derry et al., 2003). At the present time, it 
is not clear how intracellular localization of BRK is regulated. Therefore, further studies are 
required to confirm the significance of BRK subcellular localization. Indeed, BRK does not 
contain any nuclear localization or export signal, suggesting that interaction with substrates 
such as STAP-2 or other interacting proteins may be important in regulating its distribution. 

4. Signal transducer and activator of transcription (STAT) 3/5 
The signal transducer and activator of transcription (STAT) family is known to mediate cell 
proliferation, differentiation and survival in immune responses, hematopoiesis, 
neurogenesis and many other biological processes (Darnell et al., 1994; Ihle, 1996; O'Shea, 
1997). Seven different STAT genes have currently been identified in mammals. The encoded 
proteins vary in length between 750–850 amino acid residues and share 20–50% amino acid 
sequence identity. As shown in Fig. 1, notable features of STAT proteins are the STAT 
family DNA binding domain, an SH2 domain and a major tyrosine phosphorylation site at 
Y705 (STAT3). In general, STAT proteins bind as dimers to DNA target sites with a nine-
base-pair (bp) consensus sequence, TTCCGGGAA, and binding constants in the nanomolar 
range. In unstimulated cells, STATs are present as monomers in the cytoplasm. STATs are 
activated by phosphorylation at tyrosine residues, which leads to the formation of dimers 
via reciprocal interactions between the SH2 domain of one monomer and the 
phosphorylated tyrosine of the other. Dimers then translocate to the nucleus where they 
recognize specific DNA-binding sites and induce target gene transcription. Tyrosine 
phosphorylation of STATs (Y705 in STAT3, and Y694/Y699 in STAT5A/B, respectively) is 
normally a transient and tightly regulated process. However, in tumor cells, constitutive 
activation of STATs is linked to persistent activity of tyrosine kinases, including Janus 
kinases, Src, EGFR, Bcr-Abl, and many others. These kinases might be activated by cytokines 
or by structural alterations. For instance, EGFR over-expression and activation may underlie 
STAT activation in breast, lung and head and neck cancer (Zhang et al., 2004). Constitutive 
activation or dysregulated expression of STATs is detected in primary tumors and cancer 
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cell lines, including leukemia, multiple myeloma, lymphomas, melanoma and cancers of the 
breast, skin, lung, ovaries, pancreas, prostate, kidney, thyroid, and head and neck 
(Desrivieres et al., 2006). Persistent signaling of specific STATs, particularly STAT3 and 
STAT5, has been demonstrated to directly contribute to oncogenesis by stimulating cell 
proliferation and preventing apoptosis (Bowman et al., 2000). 

5. Interactions of STAP-2 with BRK and STAT3/5 
5.1 BRK, STAP-2 and STAT3/5 
STAP-2 is the first BRK interacting protein identified and shown to be phosphorylated. 
STAT3 and STAT5, which play crucial roles in cell proliferation and differentiation, are also 
believed to be activated by BRK (Liu et al., 2006; Weaver and Silva, 2007). Our previous 
studies demonstrate that STAP-2 interacts with and influences several signaling molecules, 
including STAT3 and STAT5. Furthermore, both STATs play fundamental roles in the 
normal growth and development of the mammary gland (Hennighausen et al., 1997), and 
are often over-expressed or constitutively-activated in breast cancer tumors (Bowman et al., 
2000). It is therefore of key importance to clarify the interactions between BRK, STAP-2, and 
STAT3/5. 

5.2 STAT3/5 activation by BRK and STAP-2 
We attempted to elucidate the roles of STAP-2 in BRK-mediated transcriptional activation of 
STAT3/5 in breast cancer cells. Transient transfection experiments using expression of 
luciferase (Luc) reporter genes driven by STAT3 (STAT3-Luc) and STAT5 (STAT5-Luc) 
showed that STAP-2 enhances BRK-mediated activation of STAT3 and STAT5. We showed 
that co-expression of STAP-2 and BRK increases BRK-mediated STAT3/5 activation 
compared with BRK expression alone, and small-interfering RNA or short-hairpin RNA-
mediated reduction of endogenous STAP-2 expression strongly decreases BRK-mediated 
STAT3/5 activation in T47D human breast cancer cells. To further clarify the molecular 
mechanisms underlying BRK/STAP-2-mediated STAT3/5 activation in breast cancer cells, 
we tested the effect of STAP-2 on BRK-mediated phosphorylation of STAT3/5, which is an 
important step for transcriptional activation. Phosphorylation of STAT3/5 is markedly 
enhanced in MCF7 human breast cancer cells overexpressing STAP-2. In addition, 
constitutive phosphorylation of STAT3/5 in control T47D cells is markedly reduced in 
STAP-2 knockdown cell clones. These results indicate that STAP-2 plays important roles in 
BRK-mediated tyrosine phosphorylation of STAT3/5 in breast cancer cells. 

5.3 Molecular interactions among STAP-2, STAT3, STAT5 and BRK 
We previously reported that STAP-2 binds to several functional molecules. For example, the 
SH2 domain of STAP-2 interacts with MyD88 and IKKs (Sekine et al., 2006), and the PH and 
SH2 domains of STAP-2 mediate its association with STAT5 (Sekine et al., 2005), LMP1 and 
TRAF3 (Ikeda et al., 2008). To assess the functional relationships among BRK, STAP-2 and 
STAT3/5, we determined the domains of STAP-2 responsible for BRK-mediated STAT3/5 
activation. The BRK-mediated STAT3/5-Luc activity is significantly and dose-dependently 
enhanced by expression of STAP-2 WT and, to a slightly lesser degree, by expression of the 
mutant STAP-2 SH2 and STAP-2 C genes, which lack the SH2 domain and the C-terminal 
domain, respectively. Importantly, however, STAP-2PH (lacking the PH domain) does not 
elevate STAT3/5-Luc activity mediated by BRK. Similarly, enhanced phosphorylation of 
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residue Tyr-447 (Y447 in BRK and Y527 in SRC) to Phe (Y447F) results in a constitutively 
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(W184A) mutation completely inhibits kinase activity (Kim and Lee, 2005), as does the 
substitution of Lys-219 (K219 in BRK and K295 in SRC) with Met (K219M), which destroys 
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4. Signal transducer and activator of transcription (STAT) 3/5 
The signal transducer and activator of transcription (STAT) family is known to mediate cell 
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domain, respectively. Importantly, however, STAP-2PH (lacking the PH domain) does not 
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STAT3/5 by BRK is observed in the presence of a construct encoding just the STAP-2 PH 
domain (STAP-2 PH). These findings indicate that the PH domain of STAP-2 plays an 
essential role in the BRK-mediated STAT3/5 activation. However, BRK-mediated STAT3/5 
phosphorylation is incomplete in the presence of the STAP-2 PH domain compared to that 
induced by STAP-2 WT, indicating that other domains of STAP-2 may be required for full 
BRK-mediated STAT3/5 phosphorylation. 

5.4 BRK kinase activity and intracellular localization 
Aside from differences in phosphorylation profiles, further differences between STAP-2 WT 
and STAP-2 PH were confirmed with confocal microscopy experiments. STAP-2 WT is 
distributed throughout the cytoplasm and nucleus, but STAP-2 PH is located mainly in the 
cytoplasm. Interestingly, BRK distribution is largely consistent with that of STAP-2, being 
localized in the nucleus only in the presence of STAP-2 WT, and localizing entirely in the 
cytoplasm when the PH domain of STAP-2 is disrupted (i.e. in the presence of STAP-2 PH).  
From this, we can conclude that STAP-2, via its PH domain, affects BRK distribution, 
probably because of its effects on the activation state of BRK. To clarify the effect of the 
STAP-2 PH domain on BRK activation, we used a STAP-2 PH-BRK fusion protein (PH-
BRK), in which BRK is fused to the N terminus of STAP-2 PH. PH-BRK shows robust kinase 
activity compared with BRK WT and induces marked activation and tyrosine 
phosphorylation of STAT3 in breast cancer cells. Moreover, PH-BRK is mainly localized in 
the nucleus, although BRK is localized throughout the cytoplasm and nucleus. Therefore, 
the STAP-2 PH domain controls the kinase activity and localization of BRK and thus 
regulates BRK-mediated STAT3 activation. Similarly, PH-BRK also activates STAT5 (data 
not shown). 

5.5 Cell growth 
STAP-2 knockdown T47D clones grow more slowly than control T47D cells. Reducing the 
expression of BRK, STAT3, STAT5b, or STAP-2 expression in T47D cells using siRNA causes 
a significant decrease in cell growth, indicating that these proteins play important roles in 
T47D cell growth. It is noteworthy that growth is decreased to similar extents in these four 
T47D cell types. This may suggest that BRK-induced cell growth in T47D cells is largely 
dependent on STAT3/5 and STAP-2. Notably, the expression of several genes in the 
STAT3/5-mediated signaling pathway, including SOCS3, C/EBP, cyclin D1, and c-Myc, is 
also reduced by STAP-2 knockdown in T47D cells. Taken together, BRKSTAT3/5-mediated 
proliferation is a major mechanism for breast cancer cell growth, and STAP-2 plays essential 
roles in this process. 

6. Conclusion 
Activation of STAT3/5 by BRK is a critical event during the process of BRK-mediated 
tumorigenesis in breast cancer cells. Our manipulation of STAP-2 expression revealed 
essential roles of STAP-2 in this process through complex interactions between BRK, STAP-2 
and STAT3/5. In particular, experiments using deletion mutants indicated that the PH 
domain of STAP-2 is involved in multiple processes including binding between BRK and 
STAP-2, activation and phosphorylation of STAT3/5, and activation of BRK. These findings 
suggest a model for how STAP-2 cooperates with BRK to enhance breast cancer growth. Our 
proposed mechanisms are now illustrated in Fig. 3. Taken together, STAP-2 plays crucial  
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Fig. 3. Schematic showing the proposed function of STAP-2 in BRK-mediated STAT 
signaling. STAT activation occurs as shown via growth factor receptor signaling (EGFR), or 
nonreceptor tyrosine kinase signaling (BRK). BRK is not required when STATs bind directly 
to EGFR for activation (upper left), but BRK enhances activation of STATs phosphorylated 
by EGFR-activated BRK (upper right). In this pathway, STAP-2 can form complex with BRK 
and STAT, leading to activation of both BRK and STAT. Once activated, STATs dimerize 
and translocate to the nucleus where they activate the transcription of genes involved in 
proliferation, survival, and differentiation. 
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roles in both the BRK/STAT3 and BRK/STAT5 axes, which are major events for BRK-
induced breast cancers. Our findings regarding BRK/STAP-2 interactions will therefore be 
helpful in developing breast cancer treatments. Furthermore, the synergistic effects of BRK 
and STAP-2 on STAT3/5 activation suggest that evaluating the expression of BRK together 
with STAP-2 may provide more useful prognostic scores for the outcomes of breast 
carcinomas than by measuring BRK expression alone. 
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1. Introduction 
Metastases are the most devastating aspect of cancer since most deaths from cancer are 
related to them. The ability of tumors to invade the neighboring extracellular matrix, which 
is primarily accompanied by augmented matrix metalloproteinases (MMPs) production and 
cell migration, is critical for metastases.  
After surgical removal of primary breast tumors, malignant cells may still remain and 
radiotherapy is an efficient modality to reduce the risk of local recurrence. However, 
proliferative, invasive, and metastatic capacities can be increased in the surviving tumor 
cells of irradiated breast and other neoplasias (Baluna et al, 2006; Tsukamoto et al, 2007; 
Tsutsumi et al, 2009). To improve the efficacy of radiotherapy, this phenomenon must be 
further studied to elaborate therapeutic modalities to prevent radiation enhancement of 
cancer cell invasion. 
Histamine is an endogenous biogenic amine extensively distributed throughout the 
organism which exerts multiple functions in physiologic and pathophysiological processes 
by stimulation of four G-protein coupled receptors (H1, H2, H3 and H4 histamine receptors) 
with different tissue expression patterns and functions. It is well known that diverse 
tumoral tissues and cell lines express the different histamine receptors through which 
histamine brings about its effects on cell proliferation, differentiation, survival and death. A 
great deal of evidence shows a relevant role of histamine in tumor progression, however 
controversial results are published depending on the cell type and the histamine receptor 
subtype that is activated (Blaya et al, 2010; Francis et al, 2009; Parsons & Ganellin, 2006; 
Soule et al, 2010). It has also been determined that numerous tumour tissues and cell lines 
express L-histidine decarboxylase, the histamine-synthesizing enzyme, and contain high 
levels of endogenous histamine which released to the extracellular media may exert its 
effects via a paracrine or autocrine regulation (Falus et al, 2001; Pós et al, 2004; Rivera et al, 
2000). Additionally some effects on tumor growth may be mediated by histamine regulation 
of angiogenesis and immunity (Lázár-Molnár et al, 2002; Tomita et al, 2003).  
Our research team has demonstrated the expression of histamine membrane receptors and 
their association to different signalling pathways in breast cancer biopsies and a large 
number of transformed cell lines, being our works the first ones to report the presence of H3 
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1. Introduction 
Metastases are the most devastating aspect of cancer since most deaths from cancer are 
related to them. The ability of tumors to invade the neighboring extracellular matrix, which 
is primarily accompanied by augmented matrix metalloproteinases (MMPs) production and 
cell migration, is critical for metastases.  
After surgical removal of primary breast tumors, malignant cells may still remain and 
radiotherapy is an efficient modality to reduce the risk of local recurrence. However, 
proliferative, invasive, and metastatic capacities can be increased in the surviving tumor 
cells of irradiated breast and other neoplasias (Baluna et al, 2006; Tsukamoto et al, 2007; 
Tsutsumi et al, 2009). To improve the efficacy of radiotherapy, this phenomenon must be 
further studied to elaborate therapeutic modalities to prevent radiation enhancement of 
cancer cell invasion. 
Histamine is an endogenous biogenic amine extensively distributed throughout the 
organism which exerts multiple functions in physiologic and pathophysiological processes 
by stimulation of four G-protein coupled receptors (H1, H2, H3 and H4 histamine receptors) 
with different tissue expression patterns and functions. It is well known that diverse 
tumoral tissues and cell lines express the different histamine receptors through which 
histamine brings about its effects on cell proliferation, differentiation, survival and death. A 
great deal of evidence shows a relevant role of histamine in tumor progression, however 
controversial results are published depending on the cell type and the histamine receptor 
subtype that is activated (Blaya et al, 2010; Francis et al, 2009; Parsons & Ganellin, 2006; 
Soule et al, 2010). It has also been determined that numerous tumour tissues and cell lines 
express L-histidine decarboxylase, the histamine-synthesizing enzyme, and contain high 
levels of endogenous histamine which released to the extracellular media may exert its 
effects via a paracrine or autocrine regulation (Falus et al, 2001; Pós et al, 2004; Rivera et al, 
2000). Additionally some effects on tumor growth may be mediated by histamine regulation 
of angiogenesis and immunity (Lázár-Molnár et al, 2002; Tomita et al, 2003).  
Our research team has demonstrated the expression of histamine membrane receptors and 
their association to different signalling pathways in breast cancer biopsies and a large 
number of transformed cell lines, being our works the first ones to report the presence of H3 
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and H4 receptors linked to cell proliferation in breast and pancreatic cancer cell lines. We 
determined that histamine can modulate not only cell proliferation but differentiation, 
apoptosis and secretion of different growth factors (Cricco et al, 2006, 2008; Medina et al, 
2006, 2008, 2009; Rivera et al, 2000, 2004). We have demonstrated that the highly invasive 
and metastatic breast cancer cell line MDA-MB 231 expresses the four known types of 
histamine receptors through which histamine differentially regulates cell proliferation in a 
dose dependent way. At concentrations over 10 µM a significant decrease in clonogenic 
growth was observed, while at concentrations lower than 0.5 µM proliferation was 
increased. The negative effect on proliferation was associated with the induction of arrest in 
G2/M phase of cell cycle, differentiation and a significant augmentation of apoptotic death 
(Medina et al, 2006). 
Histamine and antihistamines have a modulatory effect on epithelial and endothelial cell 
adhesion and on the expression of different MMPs (Asano et al, 2004; Ciprandi et al, 2003; 
Gschwandtner et al, 2008). It has also been described a stimulatory action on migration of 
fibroblasts, haematopoyetic and immune cells, mainly via H4 receptors (Gschwandtner et al, 
2010; Kohyama et al, 2010). However most of these reports refer to normal cells, existing less 
information regarding to tumor cells. Recently we have demonstrated the ability of HA to 
modulate MMPs, tissue inhibitors of matrix metalloproteinases (TIMPs) and cell adhesion in 
the breast cancer cell lines HBL-100 and MDA-MB 231 (Genre et al, 2009). We have also 
determined the upregulation of MMP2 and cell migration in the pancreatic carcinoma cell 
line PANC-1 by histamine (Cricco et al, 2006). 
Reactive oxygen species (ROS) such as superoxide anion and hydrogen peroxide (H2O2) are 
continuously produced as by-products of aerobic metabolism primarily in the mitochondria 
and other cellular sources. In addition, external agents like ultraviolet radiation and ionizing 
radiation also increase intracellular ROS levels. Under physiologic conditions cells are 
protected against oxidative stress by an interacting network of antioxidant enzymes like 
superoxide dismutases, catalase and glutathion peroxidase. Though ROS may induce 
cellular damage when there is an imbalance between their generation and scavenging, 
numerous studies support the role of ROS as essential participants in cell signaling 
depending on their concentration, timing and location (Thannickal and Fanburg, 2000).  
The aim of the present study was to investigate the role of HA and HA receptors activation 
in early cellular events involved in metastatic capacity, such as expression and activity of 
matrix metalloproteinases MMP2 and MMP9, cell migration and invasion in MDA-MB 231 
cells. Since ionizing radiation may affect metastatic competence depending upon cell type 
and irradiation characteristics, and given that histamine increases MDA-MB 231 cells 
intrinsic sensibility to ionizing radiation by downregulating catalase activity and enhancing 
H2O2 intracellular levels at the same doses that inhibit cell proliferation (Medina et al, 2006), 
the possible interaction between histamine treatment and irradiation was also evaluated. 
The identification of drugs that can both regulate tumor cell survival and metastatic ability 
will help to delineate more effective strategies for therapeutic intervention in malignant 
diseases. 

2. Effects of histamine and histamine receptor agonists upon matrix 
metalloproteinases MMP2 and MMP9  
MMP2 and MMP9, also called gelatinase A and gelatinase B respectively, belong to a large 
family of zinc-dependent endopeptidases formed by more than 20 members which 
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participate in the proteolysis of basement membrane and extracellular matrix proteins, 
collagen and fibronectin. MMPs are involved in normal tissue remodeling events like 
wound healing, bone resorption and mammary involution. Their anomalous expression is 
associated to various pathological processes including inflammation and cancer (Freije et al, 
2003). MMPs are secreted in a latent zymogen form (proenzyme). The inactive enzyme 
conformation is maintained due to thiol interactions between cysteine residues in the 
prodomain and the zinc atom present in the catalytic site of all MMPs. In vitro, MMPs 
activation can occur when the prodomain is cleaved by other proteases or when the zinc-
cysteine bound is interrupted (Van Wart & Birkedal-Hansen, 1990). 
Regulation of MMPs occurs on three levels: alteration of gene expression, activation of latent 
zymogens and inhibition by TIMPs. This regulation is tightly controlled in normal states 
while it is altered during tumor cell progression, being a critical step for cancer invasion and 
metastases (Chakraborti et al, 2003). Initially, it was believed that the major role of MMPs in 
metastases was to facilitate the breakdown of physical barriers. At present, it is widely 
accepted that MMPs may have a more complex role making important contributions at 
other steps in the metastatic process (Chabottaux & Noel, 2007). In vitro and in vivo studies 
demonstrate an entire correlation between MMP2, MMP9 and TIMPs expression and 
metastasis (Baum et al, 2007; Chambers & Matrisian, 1997; Duffy et al, 2008; John & 
Tuszynski, 2001; Wroblewski et al, 2002). Accordingly, MMP2 and MMP9 have been 
associated with breast cancer development and tumor progression (Köhrmann et al, 2009). 
An elevated activity of gelatinases in plasma and sera of patients with breast cancer 
confirms the role of these enzymes in the development of such tumors though clinical 
correlation with parameters like tumor grade and stage, size and lymph node involvement 
is still fragmentary (Decokc et al 2005; La Rocca et al, 2004; Stankovic et al, 2010). 
In a previous work we determined a dissimilar role of histamine in the modulation of 
gelatinolytic activities and cell adhesion in mammary cell lines with different tumorigenic 
capacity (Genre et al, 2009), To further investigate histamine action and also histamine 
receptors implicated in breast cancer invasiveness we conducted in vitro experiments 
employing different doses of histamine and histamine receptor agonists and antagonists 
(listed in Table 1) in MDA-MB 231 cell line (ATCC HTB-26). Cells were cultured in RPMI 
supplemented with 10% fetal bovine serum, L-glutamine (0.3 g/L) and gentamicin (0.04 
g/L) under standard conditions of 5% CO2 and temperature of 37°C.  
 

Ligand Characteristic References 
2-(3-trifluoromethylphenil)histamine 
dimaleate (Sigma Aldrich) 

H1 histamine 
receptor 
agonist 

Leschke et al (1995). Synthesis and histamine H1 
receptor agonist activity of a series of 2-
phenylhistamines, 2-heteroarylhistamines, and 
analogues. J Med Chem, Vol. 38, No8, (April 1995), 
pp. 1287-1294, ISSN 0022-2623 

Amthamine dihydrobromide (Tocris) H2 histamine 
receptor 
agonist 

Eriks el al (1992). Histamine H2 -receptor agonists 
-synthesis, in vitro pharmacology, and qualitative 
structure activity relationships of substituted 4-(2-
Aminoethyl)thiazoles and 5-(2-
Aminoethyl)thiazoles. J Med Chem, Vol. 35, No17, 
(August 1992), pp. 3239-3246, ISSN:0022-2623 

Table 1. Histamine receptor agonists and antagonists employed in this study. (Continued) 
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(Medina et al, 2006). 
Histamine and antihistamines have a modulatory effect on epithelial and endothelial cell 
adhesion and on the expression of different MMPs (Asano et al, 2004; Ciprandi et al, 2003; 
Gschwandtner et al, 2008). It has also been described a stimulatory action on migration of 
fibroblasts, haematopoyetic and immune cells, mainly via H4 receptors (Gschwandtner et al, 
2010; Kohyama et al, 2010). However most of these reports refer to normal cells, existing less 
information regarding to tumor cells. Recently we have demonstrated the ability of HA to 
modulate MMPs, tissue inhibitors of matrix metalloproteinases (TIMPs) and cell adhesion in 
the breast cancer cell lines HBL-100 and MDA-MB 231 (Genre et al, 2009). We have also 
determined the upregulation of MMP2 and cell migration in the pancreatic carcinoma cell 
line PANC-1 by histamine (Cricco et al, 2006). 
Reactive oxygen species (ROS) such as superoxide anion and hydrogen peroxide (H2O2) are 
continuously produced as by-products of aerobic metabolism primarily in the mitochondria 
and other cellular sources. In addition, external agents like ultraviolet radiation and ionizing 
radiation also increase intracellular ROS levels. Under physiologic conditions cells are 
protected against oxidative stress by an interacting network of antioxidant enzymes like 
superoxide dismutases, catalase and glutathion peroxidase. Though ROS may induce 
cellular damage when there is an imbalance between their generation and scavenging, 
numerous studies support the role of ROS as essential participants in cell signaling 
depending on their concentration, timing and location (Thannickal and Fanburg, 2000).  
The aim of the present study was to investigate the role of HA and HA receptors activation 
in early cellular events involved in metastatic capacity, such as expression and activity of 
matrix metalloproteinases MMP2 and MMP9, cell migration and invasion in MDA-MB 231 
cells. Since ionizing radiation may affect metastatic competence depending upon cell type 
and irradiation characteristics, and given that histamine increases MDA-MB 231 cells 
intrinsic sensibility to ionizing radiation by downregulating catalase activity and enhancing 
H2O2 intracellular levels at the same doses that inhibit cell proliferation (Medina et al, 2006), 
the possible interaction between histamine treatment and irradiation was also evaluated. 
The identification of drugs that can both regulate tumor cell survival and metastatic ability 
will help to delineate more effective strategies for therapeutic intervention in malignant 
diseases. 

2. Effects of histamine and histamine receptor agonists upon matrix 
metalloproteinases MMP2 and MMP9  
MMP2 and MMP9, also called gelatinase A and gelatinase B respectively, belong to a large 
family of zinc-dependent endopeptidases formed by more than 20 members which 

 
Histamine and Breast Cancer: A New Role for a Well Known Amine 

 

613 

participate in the proteolysis of basement membrane and extracellular matrix proteins, 
collagen and fibronectin. MMPs are involved in normal tissue remodeling events like 
wound healing, bone resorption and mammary involution. Their anomalous expression is 
associated to various pathological processes including inflammation and cancer (Freije et al, 
2003). MMPs are secreted in a latent zymogen form (proenzyme). The inactive enzyme 
conformation is maintained due to thiol interactions between cysteine residues in the 
prodomain and the zinc atom present in the catalytic site of all MMPs. In vitro, MMPs 
activation can occur when the prodomain is cleaved by other proteases or when the zinc-
cysteine bound is interrupted (Van Wart & Birkedal-Hansen, 1990). 
Regulation of MMPs occurs on three levels: alteration of gene expression, activation of latent 
zymogens and inhibition by TIMPs. This regulation is tightly controlled in normal states 
while it is altered during tumor cell progression, being a critical step for cancer invasion and 
metastases (Chakraborti et al, 2003). Initially, it was believed that the major role of MMPs in 
metastases was to facilitate the breakdown of physical barriers. At present, it is widely 
accepted that MMPs may have a more complex role making important contributions at 
other steps in the metastatic process (Chabottaux & Noel, 2007). In vitro and in vivo studies 
demonstrate an entire correlation between MMP2, MMP9 and TIMPs expression and 
metastasis (Baum et al, 2007; Chambers & Matrisian, 1997; Duffy et al, 2008; John & 
Tuszynski, 2001; Wroblewski et al, 2002). Accordingly, MMP2 and MMP9 have been 
associated with breast cancer development and tumor progression (Köhrmann et al, 2009). 
An elevated activity of gelatinases in plasma and sera of patients with breast cancer 
confirms the role of these enzymes in the development of such tumors though clinical 
correlation with parameters like tumor grade and stage, size and lymph node involvement 
is still fragmentary (Decokc et al 2005; La Rocca et al, 2004; Stankovic et al, 2010). 
In a previous work we determined a dissimilar role of histamine in the modulation of 
gelatinolytic activities and cell adhesion in mammary cell lines with different tumorigenic 
capacity (Genre et al, 2009), To further investigate histamine action and also histamine 
receptors implicated in breast cancer invasiveness we conducted in vitro experiments 
employing different doses of histamine and histamine receptor agonists and antagonists 
(listed in Table 1) in MDA-MB 231 cell line (ATCC HTB-26). Cells were cultured in RPMI 
supplemented with 10% fetal bovine serum, L-glutamine (0.3 g/L) and gentamicin (0.04 
g/L) under standard conditions of 5% CO2 and temperature of 37°C.  
 

Ligand Characteristic References 
2-(3-trifluoromethylphenil)histamine 
dimaleate (Sigma Aldrich) 

H1 histamine 
receptor 
agonist 

Leschke et al (1995). Synthesis and histamine H1 
receptor agonist activity of a series of 2-
phenylhistamines, 2-heteroarylhistamines, and 
analogues. J Med Chem, Vol. 38, No8, (April 1995), 
pp. 1287-1294, ISSN 0022-2623 

Amthamine dihydrobromide (Tocris) H2 histamine 
receptor 
agonist 

Eriks el al (1992). Histamine H2 -receptor agonists 
-synthesis, in vitro pharmacology, and qualitative 
structure activity relationships of substituted 4-(2-
Aminoethyl)thiazoles and 5-(2-
Aminoethyl)thiazoles. J Med Chem, Vol. 35, No17, 
(August 1992), pp. 3239-3246, ISSN:0022-2623 

Table 1. Histamine receptor agonists and antagonists employed in this study. (Continued) 
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Ligand Characteristic References 
R(alpha) 
methylhistamine 
dihydrobromide (Tocris)

H3 histamine 
receptor agonist 

Leurs el al (1995). The medicinal chemistry and 
therapeutic potential of ligands for the histamine H3 
receptor. Prog Drug Res, Vol. 45, pp.107-165, ISSN 0071-
786X 

VUF 8430 
dihydrobromide (Tocris)

H4 histamine 
receptor agonist 

Lim et al (2006). Discovery of S-(2-guanidylethyl)-
isothiourea (VUF 8430) as a potent nonimidazole 
histamine H4 receptor agonist. J Med Chem, Vol.49, 
No.23, (November 2006), pp. 6650-6651, ISSN 0022-2623  

Clobenpropit 
dihydrobromide (Tocris)

H4 histamine 
receptor agonist 
and H3 histamine 
receptor antagonist

Liu et al (2001). Cloning and pharmacological 
characterization of a fourth histamine receptor (H4) 
expressed in bone marrow. Mol Pharmacol, Vol.59, No3, 
(March 2001), pp 420-426, ISSN 0026-895X 

Ranitidine 
hydrochloride (Sigma 
Aldrich) 

H2 histamine 
receptor antagonist

Brittain & Daly (1981) A review of the animal 
pharmacology of ranitidine -a new, selective histamine 
H2-antagonist. Scand J Gastroenterol, Suppl, Vol.69, (June 
1981), pp. 1-9, ISSN 0085-5928  

JNJ7777120 (Johnson & 
Johnson) 

H4 histamine 
receptor antagonist

Jablanowski et al (2003). The first potent and selective 
non-imidazole human histamine H4 receptor 
antagonists. J Med Chem, Vol. 6, No19, (September 2003), 
pp. 3957-3960. Sep 11;46(19):3957-60, ISSN 0022-2623 

Table 1. Histamine receptor agonists and antagonists employed in this study. 

2.1 Evaluation of matrix metalloproteinases activity 
MMP2 and MMP9 gelatinolytic activity was evaluated by zymography, a powerful 
electrophoretic technique for identifying proteolytic activity of enzymes separated in 
polyacrylamide gels under nonreducing conditions. Cells were cultured in serum-free RPMI 
medium for 24h in absence or presence of treatments. Conditioned media mixed with non-
reducing buffer were electrophoresed in 7% SDS-polyacrylamide gel containing 1% of 
gelatin. Gels were then rinsed, incubated (48h at 37ºC) and subsequently stained (0.1% 
Coomasie Brilliant Blue). Activity of lytic bands was determined by densitometry (Image J 
1.42q, NIH, US).  
There was a biphasic effect when cells were cultured with histamine concentrations varying 
from 0.1 µM to 20 µM. A significant increase in the activity of MMP2 and MMP9 pro and 
active forms was observed with 0.5 µM histamine (low dose) while a dramatic reduction in 
the activity of MMP2 and MMP9 (pro and active forms) occurred with histamine over 10 µM 
(high doses) as shown in Figure 1. 
Testing H1, H2, H3 and H4 histamine receptor agonists we could observe that activities of 
both MMPs were differentially modulated. 10 µM H2 agonist amthamine evoked the 
reduction in lytic bands induced by high doses of histamine while 10 µM H4 agonists VUF 
8430 and clobenpropit produced a significant rise of MMP2 and MMP9 activities as low 
doses of histamine did (Figure 2). The increase and decrease in gelatinolytic activities 
produced by histamine were blocked by the specific H4 antagonist JNJ7777120 (10 µM) and 
H2 antagonist ranitidine (10 µM) respectively (data not shown). In addition, no significant 
changes in both activities were determined employing H1 and H3 histamine agonists so that 
they were no longer tested in current assays. 
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Fig. 1. Effect of histamine on MMP2 and MMP9 gelatinolytic activity. Activity was evaluated 
by zymography after 24h of treatment with different concentrations of histamine in serum 
free RPMI medium. The figure shows a representative gel.  
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Fig. 2. Effect of histamine and histamine receptor agonists on MMPs gelatinolytic activity. A: 
MMP2 zymography. B: MMP9 zymography. Activity of lytic bands for each treatment was 
determined by densitometry and normalized to control values. Bars show the means ± SEM 
of three experiments run in triplicates. *p<0.05 and **p<0.01 vs control. One way Anova, 
Dunnet post test.  

2.2 Determination of MMP2 and MMP9 mRNA steady state levels 
MMP2 and MMP9 mRNA steady state levels were evaluated in cell cultures after 24h 
treatments using RT-PCR. Total RNA was extracted with Trizol®. Retrotranscription was 
carried out with MMLV enzyme.  DNA was amplifyed by PCR and products were run in 
2% agarose gels containing ethidium bromide. Semiquantification using GAPDH as 
housekeeping gene was performed with the Image J 1.42q (NIH, US) software. 
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methylhistamine 
dihydrobromide (Tocris)

H3 histamine 
receptor agonist 

Leurs el al (1995). The medicinal chemistry and 
therapeutic potential of ligands for the histamine H3 
receptor. Prog Drug Res, Vol. 45, pp.107-165, ISSN 0071-
786X 

VUF 8430 
dihydrobromide (Tocris)

H4 histamine 
receptor agonist 

Lim et al (2006). Discovery of S-(2-guanidylethyl)-
isothiourea (VUF 8430) as a potent nonimidazole 
histamine H4 receptor agonist. J Med Chem, Vol.49, 
No.23, (November 2006), pp. 6650-6651, ISSN 0022-2623  

Clobenpropit 
dihydrobromide (Tocris)

H4 histamine 
receptor agonist 
and H3 histamine 
receptor antagonist

Liu et al (2001). Cloning and pharmacological 
characterization of a fourth histamine receptor (H4) 
expressed in bone marrow. Mol Pharmacol, Vol.59, No3, 
(March 2001), pp 420-426, ISSN 0026-895X 

Ranitidine 
hydrochloride (Sigma 
Aldrich) 

H2 histamine 
receptor antagonist

Brittain & Daly (1981) A review of the animal 
pharmacology of ranitidine -a new, selective histamine 
H2-antagonist. Scand J Gastroenterol, Suppl, Vol.69, (June 
1981), pp. 1-9, ISSN 0085-5928  

JNJ7777120 (Johnson & 
Johnson) 

H4 histamine 
receptor antagonist

Jablanowski et al (2003). The first potent and selective 
non-imidazole human histamine H4 receptor 
antagonists. J Med Chem, Vol. 6, No19, (September 2003), 
pp. 3957-3960. Sep 11;46(19):3957-60, ISSN 0022-2623 

Table 1. Histamine receptor agonists and antagonists employed in this study. 

2.1 Evaluation of matrix metalloproteinases activity 
MMP2 and MMP9 gelatinolytic activity was evaluated by zymography, a powerful 
electrophoretic technique for identifying proteolytic activity of enzymes separated in 
polyacrylamide gels under nonreducing conditions. Cells were cultured in serum-free RPMI 
medium for 24h in absence or presence of treatments. Conditioned media mixed with non-
reducing buffer were electrophoresed in 7% SDS-polyacrylamide gel containing 1% of 
gelatin. Gels were then rinsed, incubated (48h at 37ºC) and subsequently stained (0.1% 
Coomasie Brilliant Blue). Activity of lytic bands was determined by densitometry (Image J 
1.42q, NIH, US).  
There was a biphasic effect when cells were cultured with histamine concentrations varying 
from 0.1 µM to 20 µM. A significant increase in the activity of MMP2 and MMP9 pro and 
active forms was observed with 0.5 µM histamine (low dose) while a dramatic reduction in 
the activity of MMP2 and MMP9 (pro and active forms) occurred with histamine over 10 µM 
(high doses) as shown in Figure 1. 
Testing H1, H2, H3 and H4 histamine receptor agonists we could observe that activities of 
both MMPs were differentially modulated. 10 µM H2 agonist amthamine evoked the 
reduction in lytic bands induced by high doses of histamine while 10 µM H4 agonists VUF 
8430 and clobenpropit produced a significant rise of MMP2 and MMP9 activities as low 
doses of histamine did (Figure 2). The increase and decrease in gelatinolytic activities 
produced by histamine were blocked by the specific H4 antagonist JNJ7777120 (10 µM) and 
H2 antagonist ranitidine (10 µM) respectively (data not shown). In addition, no significant 
changes in both activities were determined employing H1 and H3 histamine agonists so that 
they were no longer tested in current assays. 
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Fig. 1. Effect of histamine on MMP2 and MMP9 gelatinolytic activity. Activity was evaluated 
by zymography after 24h of treatment with different concentrations of histamine in serum 
free RPMI medium. The figure shows a representative gel.  
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Fig. 2. Effect of histamine and histamine receptor agonists on MMPs gelatinolytic activity. A: 
MMP2 zymography. B: MMP9 zymography. Activity of lytic bands for each treatment was 
determined by densitometry and normalized to control values. Bars show the means ± SEM 
of three experiments run in triplicates. *p<0.05 and **p<0.01 vs control. One way Anova, 
Dunnet post test.  

2.2 Determination of MMP2 and MMP9 mRNA steady state levels 
MMP2 and MMP9 mRNA steady state levels were evaluated in cell cultures after 24h 
treatments using RT-PCR. Total RNA was extracted with Trizol®. Retrotranscription was 
carried out with MMLV enzyme.  DNA was amplifyed by PCR and products were run in 
2% agarose gels containing ethidium bromide. Semiquantification using GAPDH as 
housekeeping gene was performed with the Image J 1.42q (NIH, US) software. 
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 Primer sequence  5´-3´ 
 

PCR product size (bp) 

MMP2 s ACC CAT TTA CAC CTA CAC CAA G 
a GTA TAC CGC ATC AAT CTT TTC CG 306 

MMP9 s CCC ATT TCG ACG ATG AC 
a GGC ACT GAG GAA GAA TGA TCT AAG 639 

GAPDH  s GCA GGG GGG AGC  CAA AAG GG 
a TGC CAG CCC CAG CGT CAA AG 566 

Table 2. Sequence of primers used in PCR reactions. 

A significant reduction of mRNA steady states levels of both MMPs was observed when 
MDA-MB 231 cells were treated with histamine concentrations over 10 µM in agreement to 
our previous report (Genre et al, 2009), being this effect reproduced by 10 µM amthamine. 
On the other hand, there was an important increase in mRNA expression when these cells 
received 0.5 µM HA (low dose of HA) or H4 agonist VUF 8430 (Figure 3). Similar results 
were obtained employing the H4 agonist clobenpropit. 
 

 
 

 
 

Fig. 3. mRNA expression of MMPs in MDA-MB231 cells. MMP2 and MMP9 mRNA steady 
state levels were determined by RT-PCR after 24h treatment with histamine and histamine 
receptor agonists. Figure shows representative gels for PCR products. The numbers above 
represent for each treatment the relative expression to controls of MMPs normalized to 
GAPDH. 

2.3 Immunodetection of MMP2 and MMP9 
Protein expression determination was performed by immunocytochemistry. MDA-MB 231 
cells were grown on coverglasses and after 24h treatment cells were fixed, permeabilized 
and endogenous peroxidase was inhibited. Cells were incubated for 18h at 4°C with anti-
MMP9 Ab (1/50, Calbiochem) or anti-MMP2 Ab (1/50, Cell Signalling) and for 2h with 
horse radish peroxidase conjugated anti-rabbit IgG (1/100, Sigma-Aldrich). This was 
followed by diaminobencidine and hematoxylin staining and observation by optical 
microscope. 
Immunocytochemical staining supported the results of RT-PCR. A higher cytoplasmatic 
expression of MMP9 was seen when cells were treated with 0.5 µM histamine or H4 
agonists. In turn a lower expression of MMP9 was detected in the presence of 10 µM 
histamine or H2 agonist (Figure 4). Similar results were obtained for MMP2 (data not 
shown). 
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A B C

FED  
Fig. 4. Action of histamine and histamine receptor agonists on MMP2 and MMP9 protein 
expression in MDA-MB 231 cells. Expression was evaluated by immunocytochemistry. A: 
control, B: 0.5 μM HA, C: H4 agonist VUF 8340, D: negative control, E: 10 μM HA, F: H2 
agonist. Photographs correspond to MMP9 expression. 400x magnification. Similar results 
were obtained for MMP2 expression. 

Our research indicates that the mRNA and protein expression patterns of MMP2 and MMP9 
were dose-dependently modified by HA through H2 and H4 receptors in MDA-MB 231 
cells. Additionally, changes in gelatinolytic activity of MMP2 and MMP9 were registered in 
parallel to these results suggesting that an increment in protein expression may account for 
the increase in gelatinolytic activity.  
These data constitute the first report about histamine-induced MMPs enhancement through 
H4 receptors in breast tumor cells. Most of in vitro reports upon histamine and MMPs 
modulation are related to inflammatory and allergic processes via H1 and H2 receptors and 
more recently via H4 receptors. Asano and coworkers showed that fexofenadine 
hydrochloride, a selective H1 receptor antagonist, may inhibit mRNA and protein 
expression of MMP2 and MMP9 in nasal fibroblasts and thereby possibly reduce the 
severity of allergic rhinitis, characterized by remodeling of the nasal wall and eosinophil 
and mast cell infiltration (Asano et al, 2004). It has been reported the histamine-induced 
production of MMP2 through H1 and H2 receptors in microvascular endothelial cells is 
associated to angiogenic processes (Doyle & Haas, 2009). An increase in mRNA level, 
protein expression and gelatinolytic activity of MMP9 is observed in human keratinocytes 
via H1 receptors stimulation in skin remodelling and fibrosis (Gschwandtner et al, 2008). 
Moreover, the in vitro production of other MMPs as MMP3, MMP8 and MMP13 is 
stimulated by histamine in human articular chondrocytes and rheumatoid synovial 
fibroblasts (Tetlow & Woolley, 2002; 2004). Modulation of mRNA for MMP1 by histamine 
has also been described in human corneal epithelial cells (Sharif et al, 1998). Regarding 
tumor cells, we have reported that histamine is able to reduce cell adhesion and to enhance 
the gelatinolytic activity of MMP2 in the pancreatic cancer cell line PANC-1 (Cricco et al, 
2006). Furthermore, tranilast an antiallergic compound used clinically to control atopic and 
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PCR product size (bp) 
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a GGC ACT GAG GAA GAA TGA TCT AAG 639 

GAPDH  s GCA GGG GGG AGC  CAA AAG GG 
a TGC CAG CCC CAG CGT CAA AG 566 

Table 2. Sequence of primers used in PCR reactions. 

A significant reduction of mRNA steady states levels of both MMPs was observed when 
MDA-MB 231 cells were treated with histamine concentrations over 10 µM in agreement to 
our previous report (Genre et al, 2009), being this effect reproduced by 10 µM amthamine. 
On the other hand, there was an important increase in mRNA expression when these cells 
received 0.5 µM HA (low dose of HA) or H4 agonist VUF 8430 (Figure 3). Similar results 
were obtained employing the H4 agonist clobenpropit. 
 

 
 

 
 

Fig. 3. mRNA expression of MMPs in MDA-MB231 cells. MMP2 and MMP9 mRNA steady 
state levels were determined by RT-PCR after 24h treatment with histamine and histamine 
receptor agonists. Figure shows representative gels for PCR products. The numbers above 
represent for each treatment the relative expression to controls of MMPs normalized to 
GAPDH. 

2.3 Immunodetection of MMP2 and MMP9 
Protein expression determination was performed by immunocytochemistry. MDA-MB 231 
cells were grown on coverglasses and after 24h treatment cells were fixed, permeabilized 
and endogenous peroxidase was inhibited. Cells were incubated for 18h at 4°C with anti-
MMP9 Ab (1/50, Calbiochem) or anti-MMP2 Ab (1/50, Cell Signalling) and for 2h with 
horse radish peroxidase conjugated anti-rabbit IgG (1/100, Sigma-Aldrich). This was 
followed by diaminobencidine and hematoxylin staining and observation by optical 
microscope. 
Immunocytochemical staining supported the results of RT-PCR. A higher cytoplasmatic 
expression of MMP9 was seen when cells were treated with 0.5 µM histamine or H4 
agonists. In turn a lower expression of MMP9 was detected in the presence of 10 µM 
histamine or H2 agonist (Figure 4). Similar results were obtained for MMP2 (data not 
shown). 
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expression in MDA-MB 231 cells. Expression was evaluated by immunocytochemistry. A: 
control, B: 0.5 μM HA, C: H4 agonist VUF 8340, D: negative control, E: 10 μM HA, F: H2 
agonist. Photographs correspond to MMP9 expression. 400x magnification. Similar results 
were obtained for MMP2 expression. 

Our research indicates that the mRNA and protein expression patterns of MMP2 and MMP9 
were dose-dependently modified by HA through H2 and H4 receptors in MDA-MB 231 
cells. Additionally, changes in gelatinolytic activity of MMP2 and MMP9 were registered in 
parallel to these results suggesting that an increment in protein expression may account for 
the increase in gelatinolytic activity.  
These data constitute the first report about histamine-induced MMPs enhancement through 
H4 receptors in breast tumor cells. Most of in vitro reports upon histamine and MMPs 
modulation are related to inflammatory and allergic processes via H1 and H2 receptors and 
more recently via H4 receptors. Asano and coworkers showed that fexofenadine 
hydrochloride, a selective H1 receptor antagonist, may inhibit mRNA and protein 
expression of MMP2 and MMP9 in nasal fibroblasts and thereby possibly reduce the 
severity of allergic rhinitis, characterized by remodeling of the nasal wall and eosinophil 
and mast cell infiltration (Asano et al, 2004). It has been reported the histamine-induced 
production of MMP2 through H1 and H2 receptors in microvascular endothelial cells is 
associated to angiogenic processes (Doyle & Haas, 2009). An increase in mRNA level, 
protein expression and gelatinolytic activity of MMP9 is observed in human keratinocytes 
via H1 receptors stimulation in skin remodelling and fibrosis (Gschwandtner et al, 2008). 
Moreover, the in vitro production of other MMPs as MMP3, MMP8 and MMP13 is 
stimulated by histamine in human articular chondrocytes and rheumatoid synovial 
fibroblasts (Tetlow & Woolley, 2002; 2004). Modulation of mRNA for MMP1 by histamine 
has also been described in human corneal epithelial cells (Sharif et al, 1998). Regarding 
tumor cells, we have reported that histamine is able to reduce cell adhesion and to enhance 
the gelatinolytic activity of MMP2 in the pancreatic cancer cell line PANC-1 (Cricco et al, 
2006). Furthermore, tranilast an antiallergic compound used clinically to control atopic and 
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fibrotic disorders exerts its action by reducing the expression and activity of MMP2 in 
human malignant glioma cells (Platten et al, 2001).  

3. Histamine and histamine agonists modulate MDA-MB 231 cells migration 
and invasion 
In view of current results on MMP2 and MMP9 expression and activity we explored the 
migratory capacity of MDA-MB 231 mammary cells. Directed migration is an essential 
component of cell invasion during tumor progression and metastasis. The migratory 
response of MDA-MB 231 cells to histamine and histamine agonists was investigated using a 
24-well transwell unit with polyethylene terephthalate (PET) membranes having a pore size 
of 8.0 µm (BD Falcon, Basel, Switzerland). For invasion assay the upper part of the transwell 
was coated with Matrigel, a synthetic basement membrane (BD Biosciences, Bedford, MA). 
A fixed number of cells (1.104/chamber) was plated on the transwell. The medium in 
compartments of the lower chambers contained 2% FBS plus treatments. Inserts were 
incubated for 6 h at 37ºC. Non migrating cells on the upper surface of membranes were 
gently scrubbed with a cotton swab. Cells migrated or invading the lower surface of the 
membrane were fixed with methanol, and stained with hematoxilin. Ten random fields were 
counted under a light microscope at 50x magnification. 
Histamine exerted a dual action on the migratory behavior of cells. It is improved by doses 
of histamine lower than 1 µM and reduced by concentrations over 10 µM (Figure 5). The 
stimulatory response disclosed by histamine was evoked by the H4 agonists and prevented 
by the specific H4 antagonist. On the other hand, histamine-induced inhibitory effect on cell 
motility was mimicked by the H2 agonist while relapsed by ranitidine. H1 agonist and H3 
agonist did not modify cell migration; consequently they were not longer tested.  
In addition similar results were displayed by histamine and histamine agonists when 
invasiveness was evaluated, as depicted in Figure 6. These results are in full concordance 
with those obtained for MMPs, reinforcing the idea that histamine may have a key role as 
mediator of MDA-MB 231 cells invasive ability. 
A body of evidence shows a chemotactic response of inflammatory and immune cells to 
histamine. Because of its preferential expression in immunocompetent cells, the H4 receptor 
is closely related with the regulatory functions of histamine during the immune response. It 
has been published that histamine mediates chemotaxis via the H4 receptor in mast cells, in 
human monocyte-derived dendritic cells and in eosinophils, related to immune and 
inflammatory disorders (Baumer et al, 2008; Gutzmer et al, 2005; Hofstra et al, 2003; Ling et 
al, 2004; Thurmond et al, 2004). Barnad et al (2007) proved that exposure to histamine cause 
eosinophils to migrate from the bloodstream to the inflammatory focus into tissues, 
inducing actin polymerization through the H4 receptor. Histamine also activates signaling 
pathways typical of chemotaxis inducing migratory responses in T lymphocytes, via the H4 
receptor (Truta-Feles K et al, 2010). Besides this chemotactic action in immune cells it has 
also been reported that histamine promotes invasiveness specifically through activation of 
H1 receptor in human cytotrophoblasts required to initiate blastocyst implantation (Liu et 
al, 2004). 
Regarding tumor cells it has been reported that histamine acts as a chemoattractant for 
human carcinoma and melanoma cells via H1 receptor stimulation (Blaya et al, 2010; Tilly et 
al, 1990). Accordingly, the antiallergic compound tranilast inhibits cell migration and 
invasion in human malignant glioma cells blocking H1 receptors (Platten et al, 2001). A 
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divergent response (stimulatory or inhibitory) on the migration rate of SW756 cervical 
carcinoma cells has been disclosed by histamine acting on H1 receptor or H4 receptor, 
respectively (Rudolph et al, 2008). However, as far as we know, our work is the first report 
about histamine-modulated migration and invasion through H4 and H2 receptors in breast 
tumor cells.  
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        B              C 
Fig. 5. Histamine induced migration of MDA-MB 231 cells. Migration was evaluated by 
using transwell units with 8 µm pore size PET membranes. A: Photographs are 
representative of random fields observed at 50x magnification. B-C: Bars show the means ± 
SEM of three experiments run in duplicates. Results are expressed for each treatment as the 
number of cells on the lower side of membranes normalized to control values. B: 
Concentration-response curve of histamine. C: Effect of histamine receptor agonists and 
antagonists on cell migration. *p<0.05 and **p<0.01 vs control. One way ANOVA, Dunnet 
post test. 

4. H202 involvement in histamine actions 
Many cell surface receptors produce transient levels of ROS (specifically H2O2) when are 
activated by peptide growth factors, cytokines and ligands of G protein-coupled receptors  
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fibrotic disorders exerts its action by reducing the expression and activity of MMP2 in 
human malignant glioma cells (Platten et al, 2001).  

3. Histamine and histamine agonists modulate MDA-MB 231 cells migration 
and invasion 
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was coated with Matrigel, a synthetic basement membrane (BD Biosciences, Bedford, MA). 
A fixed number of cells (1.104/chamber) was plated on the transwell. The medium in 
compartments of the lower chambers contained 2% FBS plus treatments. Inserts were 
incubated for 6 h at 37ºC. Non migrating cells on the upper surface of membranes were 
gently scrubbed with a cotton swab. Cells migrated or invading the lower surface of the 
membrane were fixed with methanol, and stained with hematoxilin. Ten random fields were 
counted under a light microscope at 50x magnification. 
Histamine exerted a dual action on the migratory behavior of cells. It is improved by doses 
of histamine lower than 1 µM and reduced by concentrations over 10 µM (Figure 5). The 
stimulatory response disclosed by histamine was evoked by the H4 agonists and prevented 
by the specific H4 antagonist. On the other hand, histamine-induced inhibitory effect on cell 
motility was mimicked by the H2 agonist while relapsed by ranitidine. H1 agonist and H3 
agonist did not modify cell migration; consequently they were not longer tested.  
In addition similar results were displayed by histamine and histamine agonists when 
invasiveness was evaluated, as depicted in Figure 6. These results are in full concordance 
with those obtained for MMPs, reinforcing the idea that histamine may have a key role as 
mediator of MDA-MB 231 cells invasive ability. 
A body of evidence shows a chemotactic response of inflammatory and immune cells to 
histamine. Because of its preferential expression in immunocompetent cells, the H4 receptor 
is closely related with the regulatory functions of histamine during the immune response. It 
has been published that histamine mediates chemotaxis via the H4 receptor in mast cells, in 
human monocyte-derived dendritic cells and in eosinophils, related to immune and 
inflammatory disorders (Baumer et al, 2008; Gutzmer et al, 2005; Hofstra et al, 2003; Ling et 
al, 2004; Thurmond et al, 2004). Barnad et al (2007) proved that exposure to histamine cause 
eosinophils to migrate from the bloodstream to the inflammatory focus into tissues, 
inducing actin polymerization through the H4 receptor. Histamine also activates signaling 
pathways typical of chemotaxis inducing migratory responses in T lymphocytes, via the H4 
receptor (Truta-Feles K et al, 2010). Besides this chemotactic action in immune cells it has 
also been reported that histamine promotes invasiveness specifically through activation of 
H1 receptor in human cytotrophoblasts required to initiate blastocyst implantation (Liu et 
al, 2004). 
Regarding tumor cells it has been reported that histamine acts as a chemoattractant for 
human carcinoma and melanoma cells via H1 receptor stimulation (Blaya et al, 2010; Tilly et 
al, 1990). Accordingly, the antiallergic compound tranilast inhibits cell migration and 
invasion in human malignant glioma cells blocking H1 receptors (Platten et al, 2001). A 
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divergent response (stimulatory or inhibitory) on the migration rate of SW756 cervical 
carcinoma cells has been disclosed by histamine acting on H1 receptor or H4 receptor, 
respectively (Rudolph et al, 2008). However, as far as we know, our work is the first report 
about histamine-modulated migration and invasion through H4 and H2 receptors in breast 
tumor cells.  
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Fig. 5. Histamine induced migration of MDA-MB 231 cells. Migration was evaluated by 
using transwell units with 8 µm pore size PET membranes. A: Photographs are 
representative of random fields observed at 50x magnification. B-C: Bars show the means ± 
SEM of three experiments run in duplicates. Results are expressed for each treatment as the 
number of cells on the lower side of membranes normalized to control values. B: 
Concentration-response curve of histamine. C: Effect of histamine receptor agonists and 
antagonists on cell migration. *p<0.05 and **p<0.01 vs control. One way ANOVA, Dunnet 
post test. 

4. H202 involvement in histamine actions 
Many cell surface receptors produce transient levels of ROS (specifically H2O2) when are 
activated by peptide growth factors, cytokines and ligands of G protein-coupled receptors  
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Fig. 6. Effect of histamine and histamine receptor agonists on cell invasion. Invasion was 
evaluated by using transwell units with 8 µm pore size PET membranes coated with 
Matrigel. Bars show the means ± SEM of three experiments run in duplicates. Results are 
expressed for each treatment as the number of cells invading the lower side of membranes 
normalized to control values. *p<0.05 vs control. One way Anova, Dunnet post test. 

(GPCRs) like histamine receptors (Rhee et al, 2000). In a previous work we reported that 
high doses of histamine enhance H2O2 intracellular levels in MDA-MB 231 cells (Medina et 
al, 2006). 
ROS will contribute to various aspects of malignant tumors, including carcinogenesis, 
aberrant growth and metastasis which is a complex process including epithelial-
mesenchymal transition (EMT), migration, invasion of the tumor cells and angiogenesis 
around the tumor lesion (Pani et al, 2009). Significant amounts of ROS are able to kill cancer 
cells through their oxidative action. At lower concentrations, however, ROS work as second 
messengers in signal transduction, and activate a variety of proteins or upregulate their 
transcription. The ROS-regulated genes relevant to EMT and metastasis include EGF, EGFR, 
VEGF, E-cadherin, integrin and MMPs (Nishikawa 2008; Wu, 2006). 
In order to explore the effect of ROS on cellular events related to invasiveness of MDA-MB 
231 cells we conducted the following experiments. 

4.1 Measurement of ROS levels 
The fluorescent dye dichlorofluorescein diacetate (DFH-DA) is an important tool to indicate 
oxidations in cells and is one of a very few markers available for measuring intracellular 
ROS levels in live cells. DFH-DA is a non polar and non fluorescent compound that freely 
diffuses through cell membranes. Once it enters the cells, its ester moiety is cleaved by 
intracellular esterases, and then DFH is retained in the cells. Oxidation of DFH by ROS 
yields a fluorescent species that can be detected by flow cytometry. 
In order to investigate the effect of ROS on cellular events related to invasiveness we 
measured the steady state levels of ROS employing 5 µM DFH-DA dye in MDA-MB 231 
cells after 1h treatment with histamine, histamine agonists and antagonists. Exogenous 
catalase (125 IU/mL) was added 15 minutes before treatments to metabolize intracellular 
H2O2 levels. 

 
Histamine and Breast Cancer: A New Role for a Well Known Amine 

 

621 

Histamine augmented intracellular steady state of ROS levels in a dose-dependent manner 
(Tabla 3). Histamine in low concentration and 10 µM H4 agonists increased intracellular 
ROS levels up to 135%, while high doses of histamine and 10 µM H2 agonists augmented 
them up to 190%. When exogenous catalase was added to histamine-treated cells there was 
a significant reduction of ROS levels almost to control value confirming that intracellular 
H2O2 was the major species involved since H2O2 is the only substrate for catalase. 
 

Treatment mean fluorescence (% respect of control 
values) 

0.5 µM HA 123  5 
5 μM HA 140  8 
20 μM HA 184  10** 
H4 agonist 135  9* 
H2 agonist 190  15** 
catalase 83  6 
catalase + 10 μM HA 120  7 
catalase + 0.5 μM HA 105  6 

Table 3. Effect of histamine, histamine receptor agonists and catalase on ROS levels in MDA-
MB 231 cells. ROS levels were assessed by flow cytometry using DFH-DA, a specific 
fluorescent dye, and mean fluorescence values for each treatment were normalized to 
controls. Table show the means ± SEM of three experiments run in duplicates *p<0.05 and 
**p<0.01 vs control. One way Anova, Dunnet post test. 

4.2 Gelatinolytic activity is modified by endogenous and exogenous H2O2 levels 
MDA-MB 231 cells were treated with different concentrations of exogenous H2O2 and 
assayed by zymography. A biphasic response of MMP2 and MMP9 was observed 
depending on the H2O2 concentration added, as shown in Figure 7. Results indicate that 
different thresholds of H2O2 may be required for enhancing or inhibiting MMPs 
activities.  
A link between ROS and MMPs has been widely discussed. Evidence supports that 
activation of proenzymes (MMP1, MMP2, MMP7 and MMP9) is regulated by ROS 
through interactions with thiol groups (Nelson & Melendez, 2004). It has been reported 
that higher doses of H2O2 may alter signal transduction pathways leading to protein 
degradation (Rhee et al, 2003). Our data are in agreement with Rajagopalan and 
coworkers who demonstrated ROS-induced activation of MMP2 at low doses of 
exogenous H2O2 (4 µM) and inactivation at higher doses (10–50 µM) in macrophage-
derived foam cells when they studied the stability of atherosclerotic plaques (Rajagopalan 
et al, 1996). Suppression of MMP2 activity by H2O2 in a dose- and time-dependent 
manner was also observed during acute ulceration being reverted by antioxidants 
(Ganguly et al, 2006). However, most of reports inform about a positive modulation of 
MMP2 and MMP9 in response to oxidative stress in different tissues and cell lines 
including mammary cells (Mori et al, 2004).  
Addition of exogenous catalase to tumor mammary cells half an hour before treatments was 
able to impede both the increase and decrease in gelatinolytic activities disclosed by 
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Fig. 6. Effect of histamine and histamine receptor agonists on cell invasion. Invasion was 
evaluated by using transwell units with 8 µm pore size PET membranes coated with 
Matrigel. Bars show the means ± SEM of three experiments run in duplicates. Results are 
expressed for each treatment as the number of cells invading the lower side of membranes 
normalized to control values. *p<0.05 vs control. One way Anova, Dunnet post test. 

(GPCRs) like histamine receptors (Rhee et al, 2000). In a previous work we reported that 
high doses of histamine enhance H2O2 intracellular levels in MDA-MB 231 cells (Medina et 
al, 2006). 
ROS will contribute to various aspects of malignant tumors, including carcinogenesis, 
aberrant growth and metastasis which is a complex process including epithelial-
mesenchymal transition (EMT), migration, invasion of the tumor cells and angiogenesis 
around the tumor lesion (Pani et al, 2009). Significant amounts of ROS are able to kill cancer 
cells through their oxidative action. At lower concentrations, however, ROS work as second 
messengers in signal transduction, and activate a variety of proteins or upregulate their 
transcription. The ROS-regulated genes relevant to EMT and metastasis include EGF, EGFR, 
VEGF, E-cadherin, integrin and MMPs (Nishikawa 2008; Wu, 2006). 
In order to explore the effect of ROS on cellular events related to invasiveness of MDA-MB 
231 cells we conducted the following experiments. 

4.1 Measurement of ROS levels 
The fluorescent dye dichlorofluorescein diacetate (DFH-DA) is an important tool to indicate 
oxidations in cells and is one of a very few markers available for measuring intracellular 
ROS levels in live cells. DFH-DA is a non polar and non fluorescent compound that freely 
diffuses through cell membranes. Once it enters the cells, its ester moiety is cleaved by 
intracellular esterases, and then DFH is retained in the cells. Oxidation of DFH by ROS 
yields a fluorescent species that can be detected by flow cytometry. 
In order to investigate the effect of ROS on cellular events related to invasiveness we 
measured the steady state levels of ROS employing 5 µM DFH-DA dye in MDA-MB 231 
cells after 1h treatment with histamine, histamine agonists and antagonists. Exogenous 
catalase (125 IU/mL) was added 15 minutes before treatments to metabolize intracellular 
H2O2 levels. 
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Histamine augmented intracellular steady state of ROS levels in a dose-dependent manner 
(Tabla 3). Histamine in low concentration and 10 µM H4 agonists increased intracellular 
ROS levels up to 135%, while high doses of histamine and 10 µM H2 agonists augmented 
them up to 190%. When exogenous catalase was added to histamine-treated cells there was 
a significant reduction of ROS levels almost to control value confirming that intracellular 
H2O2 was the major species involved since H2O2 is the only substrate for catalase. 
 

Treatment mean fluorescence (% respect of control 
values) 

0.5 µM HA 123  5 
5 μM HA 140  8 
20 μM HA 184  10** 
H4 agonist 135  9* 
H2 agonist 190  15** 
catalase 83  6 
catalase + 10 μM HA 120  7 
catalase + 0.5 μM HA 105  6 

Table 3. Effect of histamine, histamine receptor agonists and catalase on ROS levels in MDA-
MB 231 cells. ROS levels were assessed by flow cytometry using DFH-DA, a specific 
fluorescent dye, and mean fluorescence values for each treatment were normalized to 
controls. Table show the means ± SEM of three experiments run in duplicates *p<0.05 and 
**p<0.01 vs control. One way Anova, Dunnet post test. 

4.2 Gelatinolytic activity is modified by endogenous and exogenous H2O2 levels 
MDA-MB 231 cells were treated with different concentrations of exogenous H2O2 and 
assayed by zymography. A biphasic response of MMP2 and MMP9 was observed 
depending on the H2O2 concentration added, as shown in Figure 7. Results indicate that 
different thresholds of H2O2 may be required for enhancing or inhibiting MMPs 
activities.  
A link between ROS and MMPs has been widely discussed. Evidence supports that 
activation of proenzymes (MMP1, MMP2, MMP7 and MMP9) is regulated by ROS 
through interactions with thiol groups (Nelson & Melendez, 2004). It has been reported 
that higher doses of H2O2 may alter signal transduction pathways leading to protein 
degradation (Rhee et al, 2003). Our data are in agreement with Rajagopalan and 
coworkers who demonstrated ROS-induced activation of MMP2 at low doses of 
exogenous H2O2 (4 µM) and inactivation at higher doses (10–50 µM) in macrophage-
derived foam cells when they studied the stability of atherosclerotic plaques (Rajagopalan 
et al, 1996). Suppression of MMP2 activity by H2O2 in a dose- and time-dependent 
manner was also observed during acute ulceration being reverted by antioxidants 
(Ganguly et al, 2006). However, most of reports inform about a positive modulation of 
MMP2 and MMP9 in response to oxidative stress in different tissues and cell lines 
including mammary cells (Mori et al, 2004).  
Addition of exogenous catalase to tumor mammary cells half an hour before treatments was 
able to impede both the increase and decrease in gelatinolytic activities disclosed by 
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histamine and histamine agonists confirming that intracellular H2O2 levels were involved 
in the modulation of enzymatic activity of both MMPs (Figure 8). 
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Fig. 7. Action of exogenous H2O2 on MMP2 and MMP9 gelatinolytic activity. 
Concentration-response curve obtained by zymography. Activity of lytic bands for each 
treatment was determined by densitometry and normalized to control values. Bars show the 
means ± SEM of three experiments run in triplicates *p<0.05 vs control. Two way Anova, 
Bonferroni post test.  

 

 
Fig. 8. Effect of catalase on histamine-regulated gelatinolytic activity of MMP2 and MMP9. 
Activity was evaluated by zymography after 24 h of treatment in serum free RPMI medium. 
Figure shows a representative gel. 

4.3 Cell migration is influenced by H2O2 levels 
In order to correlate H2O2 levels with the migratory capacity in MDA-MB 231 cells, we 
assayed different H2O2 concentrations using transwells. Cell migration was modified by 
exogenous H2O2 in a dose dependent manner (Figure 9A). It was significantly stimulated 
by low doses while inhibited by high ones. Considering that histamine and histamine 
agonists differentially modulate intracellular H2O2 as shown in table 3, our research 
suggests that the magnitude of these rises in histamine-treated cells may therefore be 
essential for the migratory and invasive behavior. This possibility is supported by the results 
obtained when exogenous catalase (125 IU/mL) was added to cell cultures (Figure 9B). 
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Fig. 9. Effect of H2O2 on migration of MDA-MB 231 cells. Migration was evaluated by using 
transwell units with 8 um pore size PET membranes. Bars show the means ± SEM of three 
experiments run in duplicates. Results are expressed for each treatment as the number of 
cells counted on the lower side of membranes normalized to control values. A: 
Concentration-response curve for exogenous H2O2. B: Effect of catalase on histamine 
induced-cell migration. *p<0.05 vs control. One way ANOVA, Dunnet post test. 

Overall, our data strongly support the hypothesis that ROS are involved in histamine-
induced modulation of MMP2 and MMP9, which are assumed to play a critical role in 
tumor invasion. Divergent migration and invasion responses (stimulatory or inhibitory) to 
histamine may be due to changes in the cellular redox balance through H2 and H4 receptor 
activation as in the case of MMPs. Likely, when H2O2 is produced at high concentrations in 
MDA-MB 231 cells, it may be capable to affect enzymatic activities by altering signaling 
pathways and even cause cellular damage. Many elements in the process leading to cell 
migration are considered to be redox-sensitive (Pani et al, 2009; Svineng et al, 2008). ROS 
modify the activity of several key enzymes, resulting in the reorganization of actin 
cytoskeleton, adhesion and stimulation of migration. There is evidence that ROS can 
regulate such critical target molecules as PKC, MAPK, PI3K, tyrosine phospatases, PTEN, 
Src and focal adhesion kinase (FAK) (Rhee et al, 2000, 2003). 
Preliminary results obtained in our laboratory show an increase in c-Src phosphorylation in 
the presence of low doses of histamine or H2O2 exogenously added suggesting a possible 
role of this kinase in MDA-MB 231 cells migration induced by histamine (data not shown). 

4.4 Determination of catalase activity 
We have previously reported that histamine in a high concentration inhibits catatase activity 
in MDA-MB 231 cells (Medina et al, 2006). To further correlate catalase activity with the 
intracellular H2O2 levels generated by histamine and histamine agonists treatments, we 
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histamine and histamine agonists confirming that intracellular H2O2 levels were involved 
in the modulation of enzymatic activity of both MMPs (Figure 8). 
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Fig. 7. Action of exogenous H2O2 on MMP2 and MMP9 gelatinolytic activity. 
Concentration-response curve obtained by zymography. Activity of lytic bands for each 
treatment was determined by densitometry and normalized to control values. Bars show the 
means ± SEM of three experiments run in triplicates *p<0.05 vs control. Two way Anova, 
Bonferroni post test.  

 

 
Fig. 8. Effect of catalase on histamine-regulated gelatinolytic activity of MMP2 and MMP9. 
Activity was evaluated by zymography after 24 h of treatment in serum free RPMI medium. 
Figure shows a representative gel. 
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exogenous H2O2 in a dose dependent manner (Figure 9A). It was significantly stimulated 
by low doses while inhibited by high ones. Considering that histamine and histamine 
agonists differentially modulate intracellular H2O2 as shown in table 3, our research 
suggests that the magnitude of these rises in histamine-treated cells may therefore be 
essential for the migratory and invasive behavior. This possibility is supported by the results 
obtained when exogenous catalase (125 IU/mL) was added to cell cultures (Figure 9B). 
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Fig. 9. Effect of H2O2 on migration of MDA-MB 231 cells. Migration was evaluated by using 
transwell units with 8 um pore size PET membranes. Bars show the means ± SEM of three 
experiments run in duplicates. Results are expressed for each treatment as the number of 
cells counted on the lower side of membranes normalized to control values. A: 
Concentration-response curve for exogenous H2O2. B: Effect of catalase on histamine 
induced-cell migration. *p<0.05 vs control. One way ANOVA, Dunnet post test. 

Overall, our data strongly support the hypothesis that ROS are involved in histamine-
induced modulation of MMP2 and MMP9, which are assumed to play a critical role in 
tumor invasion. Divergent migration and invasion responses (stimulatory or inhibitory) to 
histamine may be due to changes in the cellular redox balance through H2 and H4 receptor 
activation as in the case of MMPs. Likely, when H2O2 is produced at high concentrations in 
MDA-MB 231 cells, it may be capable to affect enzymatic activities by altering signaling 
pathways and even cause cellular damage. Many elements in the process leading to cell 
migration are considered to be redox-sensitive (Pani et al, 2009; Svineng et al, 2008). ROS 
modify the activity of several key enzymes, resulting in the reorganization of actin 
cytoskeleton, adhesion and stimulation of migration. There is evidence that ROS can 
regulate such critical target molecules as PKC, MAPK, PI3K, tyrosine phospatases, PTEN, 
Src and focal adhesion kinase (FAK) (Rhee et al, 2000, 2003). 
Preliminary results obtained in our laboratory show an increase in c-Src phosphorylation in 
the presence of low doses of histamine or H2O2 exogenously added suggesting a possible 
role of this kinase in MDA-MB 231 cells migration induced by histamine (data not shown). 

4.4 Determination of catalase activity 
We have previously reported that histamine in a high concentration inhibits catatase activity 
in MDA-MB 231 cells (Medina et al, 2006). To further correlate catalase activity with the 
intracellular H2O2 levels generated by histamine and histamine agonists treatments, we 
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measured the endogenous enzymatic activity spectrophotometrically. Briefly, cells were 
treated for 24h, scrapped and collected in potassium phosphate buffer 50 mM pH 7.0. This 
was followed by sonic disruption. Protein concentration was determined by Bradford assay. 
Catalase activity was determined using whole cell homogenates by measuring the 
exponential decay of 20 mM H2O2 ( 240 = 43.6 M–1 cm–1) at 25ºC monitored at 240 nm. 
Specific activity was expressed as the number of catalase units per mg of protein. One 
catalase unit is defined as the amount of catalase that breaks 1 µmol of H2O2 down per 
minute, at 25ºC and pH 7.  
There was a reduction of the enzymatic activity when cells were cultured in the presence of 
0.5 µM histamine or H4 agonists, being this reduction more significant at higher doses of 
histamine or with H2 agonists (Figure 10). Data indicate that the modulation of catalase 
activity in our experimental conditions is critical in the control of endogenous H2O2 levels 
which in turn trigger different biological responses. In this sense, other authors have 
demonstrated in colon and liver tumor cells that high basal levels of ROS are mainly 
controlled by catalase (Laurent et al, 2005). Expression of catalase is known to be regulated 
at message, protein and activity levels. Soluble factors from tumor cells as TNF alpha have 
been suggested to be repressors of catalase expression, and cell signaling molecules as PKA, 
PKC and Casein Kinase II have been reported to elevate catalase activity in vitro (Nishikawa 
2002; Reimer el 1994; Yano & Yano, 2002). Histamine could act at any of these levels (Baker 
et al, 2002; Igaz et al, 2001; Leurs et al, 2009; Steffel el al, 2006) 
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Fig. 10. Effect of histamine and histamine receptor agonists on catalase activity. Activity was 
evaluated spectrophotometrically by measuring the extinction of the H202, the substrate of 
catalase enzyme. Slopes of straight lines fit by linear regression represent the rate of 
extinction and are correlated with enzymatic activity. Embedded table shows catalase 
activities for histamine and histamine receptor agonists. Results are expressed as means ± 
SEM of two experiments run in duplicates.  *p<0.05 vs control. One way Anova. Dunnet 
post test. 
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5. Ionizing radiation enhances the activity of MMPs and cell migration – 
Interaction between histamine and ionizing radiation 
The mechanisms that control the therapeutic efficacy of radiotherapy have classically 
focused on the ability of ionizing radiation to kill cancer cells while sparing normal 
tissues. Radiation therapy after surgery consists typically of irradiation of the breast with 
50-60 gray, delivered over 6 weeks in 2 gray fractions. Fractionation allows time to normal 
cells to recover, to tumor cells to reenter to radio-sensitive phase of the cell cycle and to 
hypoxic tumor areas to re-oxygenate and as a result become more responsive to ionizing 
radiation.  
Sensitivity of tumor cells to ionizing radiation is crucial to outline the probability of local 
control and finally of cure of cancers by radiotherapy. Many factors are involved in affecting 
susceptibility of tumor cells to ionizing radiation and the generation of ROS as a result of 
photon irradiation accounts for approximately 75% of radiation-induced damage. ROS 
production occurs within seconds of starting radiation treatment and this initial redox 
perturbation has important implications in terms of the final cellular response to ionizing 
radiation. 
As already mentioned we have previously demonstrated that histamine is able to increment 
MDA-MB 231 cells intrinsic radiosensitivity by downregulating catalase activity and 
increasing H2O2 intracellular levels at the same doses that inhibits cell proliferation. 
Recently we have established a radioprotective role of histamine on bone marrow against 
cellular damage induced by ionizing radiation (Medina et al, 2010). We have also proved 
that histamine prevents radiation-induced toxicity on small intestine by modulating the 
antioxidant enzymes expression and by suppressing apoptosis and increasing proliferation 
of damaged intestinal mucosa (Medina et al, 2007). Intracellular ROS concentration is critical 
for cell growth and survival; in normal cells ROS levels are kept low, but quite the opposite 
in tumor cells high levels of ROS close to the threshold of cytotoxicity are related to cell 
proliferation. Thus drugs that modulate antioxidant enzymes may differentially affect 
normal and neoplastic cells growth and death. In view of these antecedents, we proposed to 
study the interaction between histamine and ionizing radiation on the proinvasive ability of 
this cell line. MDA-MB 231 cells were gamma irradiated with a 2 gray dose using an IBL 
437C, H type irradiator in presence or absence of histamine or histamine agonists. After 
irradiation culture media were conditioned for 24 h and then zymographies were carried 
out; migration assays were immediately performed. Ionizing radiation increased ROS levels 
in irradiated control cells and a rise in MMPs activity and cell migration was also found 
compared to non irradiated control cells (Figure 11). This effect observed on cellular events 
related to MDA-MB 231 invasiveness was counteracted when irradiated cells were treated 
with high doses of histamine or with H2 agonist, which may be due to the largest amount of 
ROS generated in these conditions.  
The effects of irradiation on malignant biological behaviors of cells surviving irradiation 
have been reported for a variety of tumor cells. Many of these reports provide evidence that 
irradiated tumor cells acquire malignant potency through increased motility and 
invasiveness, up-regulation of MMPs, as well as an enhanced capacity for adhesion. The 
activation of different signal transduction cascades including stress kinases, the 
PI3K/Akt/NF-kB pathway or the c-Src is implicated in these radiation-induced responses. 
The same signaling mechanisms are engaged in ROS mediated actions on invasive capacity 
(Cheng el al, 2006; Hwang et al, 2006; Jung et al, 2007; Wild-Bold el al 2006). Current studies  
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photon irradiation accounts for approximately 75% of radiation-induced damage. ROS 
production occurs within seconds of starting radiation treatment and this initial redox 
perturbation has important implications in terms of the final cellular response to ionizing 
radiation. 
As already mentioned we have previously demonstrated that histamine is able to increment 
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antioxidant enzymes expression and by suppressing apoptosis and increasing proliferation 
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in tumor cells high levels of ROS close to the threshold of cytotoxicity are related to cell 
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compared to non irradiated control cells (Figure 11). This effect observed on cellular events 
related to MDA-MB 231 invasiveness was counteracted when irradiated cells were treated 
with high doses of histamine or with H2 agonist, which may be due to the largest amount of 
ROS generated in these conditions.  
The effects of irradiation on malignant biological behaviors of cells surviving irradiation 
have been reported for a variety of tumor cells. Many of these reports provide evidence that 
irradiated tumor cells acquire malignant potency through increased motility and 
invasiveness, up-regulation of MMPs, as well as an enhanced capacity for adhesion. The 
activation of different signal transduction cascades including stress kinases, the 
PI3K/Akt/NF-kB pathway or the c-Src is implicated in these radiation-induced responses. 
The same signaling mechanisms are engaged in ROS mediated actions on invasive capacity 
(Cheng el al, 2006; Hwang et al, 2006; Jung et al, 2007; Wild-Bold el al 2006). Current studies  
 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

626 

 

co
ntro

l 

10
 uM

 H
A

H2 a
g

H4 a
g V

UF 84
30

co
ntro

l 

10
 uM

 H
A

H2 a
g

H4 a
g V

UF 84
30

0

100

200

300

non irradiated irradiated

*
#

^ ^

^^ ^^

A

%
 o

f n
on

 ir
ra

d
ia

te
d 

co
nt

ro
l

co
ntro

l

10
 uM

 H
A

H2 a
g

H4 a
g V

UF 84
30

0

50

100

150

200

** **

^

B

%
 o

f n
on

 ir
ra

d
ia

te
d 

co
nt

ro
l

 
 

co
ntro

l

10
 uM

 H
A

H2 a
g

H4 a
g V

UF 84
30

0

50

100

150

200

**
**

^

C

%
 o

f n
on

 ir
ra

d
ia

te
d 

co
nt

ro
l

  

co
ntro

l

10
 uM

 H
A

H2 a
g

H4 a
g V

UF 84
30

0

50

100

150

200

** **

^

D

%
of

 n
on

 ir
ra

di
at

ed
 c

on
tr

ol

 
Fig. 11. Effect of ionizing radiation on MDA-MB 231 cells. A: ROS levels induced by 
histamine and histamine receptor agonists. B: Effect of histamine and histamine receptor 
agonists on cell migration of irradiated cells. C: Effect of histamine and histamine receptor 
agonists on MMP2 gelatinolytic activity of irradiated cells. D: Effect of histamine and 
histamine receptor agonists on MMP9 gelatinolytic activity of irradiated cells. Bars represent 
the means ± SEM of at least three experiments run in duplicates ^ p<0.05 and ^^p<0.01 vs 
non irradiated control, *p<0.05 vs 10 μM HA and vs control, **p<0.01 vs control, # p<0.05 vs 
10 μM HA. Two way Anova, Bonferroni post test.  

in our laboratory are intended to confirm the crucial role of distinct levels of ROS generated 
in the opposite responses of MDA-MB 231 cells to different histamine concentrations and 
ionizing radiation, and to identify the signaling pathways concerned. 
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6. Conclusions 
Understanding the molecular mechanisms of metastases is one of the most relevant issues in 
cancer research. New growths (metastases) at distant sites from the primary tumor require a 
number of steps to be completed successfully. Tumor cells must bind to one or more 
components of the basement membrane or extracellular matrix, degrade them to migrate, 
intravasate in blood and lymphatic vessels and finally extravasate to be seeded at distant 
locations. MMP2 and MMP9 are mainly involved in these processes, being abundantly 
expressed in various malignant tumors. 
In the last decade a subcutaneous formulation of histamine dihydrochloride has been used 
as an adjuvant with interleukin-2 therapy for the potential treatment of metastatic 
melanoma, acute myelogenous leukemia and renal cell carcinoma, mainly based upon its 
action on immunity (Perz & Ho, 2008). Our research provides novel evidence for a possible 
use of histamine as a pharmacological agent with low side effects that targets oncogenic 
pathways which may regulate breast tumor cell proliferation and/or survival and 
simultaneously may control invasion and metastasis.  
Radiotherapy is a highly effective modality for locoregional treatment of breast tumors and 
other cancers. Despite the fact that it has been classically considered to exert its therapeutic 
effect by killing tumor cells, clinical and experimental evidence indicates that results extend 
beyond cancer cell death pointing out that ionizing radiation might promote a metastatic 
behavior of cancer cells. Our current results also open a perspective for the potential use of 
histamine to improve radiotherapy efficacy not only increasing intrinsic radiosensitivity of 
breast tumor cells specifically, but wielding an effect on the possible development of radio-
induced metastases. 
In view that a shift in the paradigm from a population-based to a personalized patient-based 
treatment emerges as a near step in cancer therapy correlating molecular expression 
signatures with treatment outcomes, the determination of histamine receptors in patient 
tumors seems feasible and may help design more effective therapies.  
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Fig. 11. Effect of ionizing radiation on MDA-MB 231 cells. A: ROS levels induced by 
histamine and histamine receptor agonists. B: Effect of histamine and histamine receptor 
agonists on cell migration of irradiated cells. C: Effect of histamine and histamine receptor 
agonists on MMP2 gelatinolytic activity of irradiated cells. D: Effect of histamine and 
histamine receptor agonists on MMP9 gelatinolytic activity of irradiated cells. Bars represent 
the means ± SEM of at least three experiments run in duplicates ^ p<0.05 and ^^p<0.01 vs 
non irradiated control, *p<0.05 vs 10 μM HA and vs control, **p<0.01 vs control, # p<0.05 vs 
10 μM HA. Two way Anova, Bonferroni post test.  

in our laboratory are intended to confirm the crucial role of distinct levels of ROS generated 
in the opposite responses of MDA-MB 231 cells to different histamine concentrations and 
ionizing radiation, and to identify the signaling pathways concerned. 
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1. Introduction 
Currently, breast cancer is the most common malignancy in women. In the U.S. in 2005, 
approximately 211.240 patients were newly diagnosed with primary breast cancer and 
58.490 women were diagnosed with ductal carcinoma in situ (DCIS). Of these, 58.490 deaths 
are estimated. Therefore breast cancer takes second place following only behind lung cancer 
1,2,3. Because of this, it is necessary to develop new strategies and treatment options that 
may improve the prognosis. 
Besides the classic histo-pathological parameters used to estimate the prognosis of 
malignant diseases, the identification of additional molecular prognostic parameters would 
be very helpful in planning treatment by evaluating protein or mRNA expression in tumor 
tissue. One of these potential molecular prognostic parameters might be the cyclooxygenase-
2 (COX-2) 4, 5. New treatment strategies using compounds that attack well defined 
proteins in the tumor require verification of the expression of these target proteins. Many 
similarities exist between tumor tissue and inflammatory modified tissue and normally, 
inflammatory reaction is self limiting, however, in tumor tissue the inflammatory reaction is 
persistent. An increased angiogenesis and an elevated production of cytokines, chemokines 
and proteases lead to good conditions for cell proliferation and invasion in the tumor tissue 
6. 
Targeted strategies might eliminate this inflammatory reaction that promotes tumor growth 
and tumorigenesis and there is already promising data around the use of COX-2-inhibitors. 
The antiproliferative effects of vitamin D may be another starting point; however the data 
on vitamin D intake or to the exertion of vitamin D analogs is occasionally inconsistent.  
The important role that vitamin D and calcium adopt in the human metabolism was 
recognized as early as the nineteen-twenties as it was used to prevent the bone disease, 
rickets which was widespread in children at that time 7. In the last 20 years non-classical 
effects of vitamin D and its influence on physiology followed because it’s potentially 
anticarcinogen impacts made it more and more interesting. Besides stable calcium-
homeostasis by the renal expressed 1--hydroxylase functionality, extra renal expressed 1--
hydroxylase also is also known to have antiproliferative and immune-modulating features 
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8-10. This fact has led to the development of new treatment strategies in the clinical use of 
1,25(OH)2D3 (calcitriol). The goal was to affect and treat cancer, psoriasis, autoimmune 
diseases and host-graft-rejection 11-14. Implementation of these new treatment options in 
vivo was conspicuously hindered as 1,25(OH)2D3 has a potentially hypercalcaemic side 
effect. Finally the application of synthetic 1,25(OH)2D3 analogs led to several successful 
results due to its less calciotropic effects 15, 16. The implementation of vitamin D, 
primarily cancer and autoimmune diseases appears to play a more preventative role as 
opposed to therapeutic 17, 18. 
Observational studies showed an association between vitamin D intake and 25(OH)2D3 
plasma levels as well as a reduced risk of breast cancer 19, 20. Studies that tried to 
elucidate the correlation between sunlight and cancer prevention demonstrated that long 
sunlight exposure was associated with a low rate of primary breast cancer and consecutively 
a low mortality rate 21-24. 1,25(OH)2D3 is the biologically active form of vitamin D that 
binds as a ligand to the nuclear vitamin D receptor (VDR) of the genes that are important for 
vitamin D metabolism (1--hydroxylase, 24-hydroxylase) 25. 1,25(OH)2D3 and its analogs 
are able to inhibit the proliferation of breast cancer cells in vitro and in vivo 26-29. 

2. Prostaglandin metabolism 
The cyclooxygenase system consists of two different isoenzymes, COX-1 and COX-2. This 
system is an integral part of the prostaglandin syntethase complex and is involved 
controlling inflammatory processes (1). After transformation of arachidonic acid to 
prostaglandin G2 (PGG2), a glutathione dependent peroxidase converts PGG2 to PGH2 by an 
oxi- and peroxidation. PGH2 acts as basic substrate for the synthesis of different 
prostaglandins by the microsomal and cytosolic prostaglandin synthase, which are tissue- 
and cell-specific. Based on the cellular enzyme setting, different prostaglandins are 
synthesized in different tissues where they act in an auto- or paracrine manner 30. 
Prostaglandin E2 (PGE2) is one of the best known prostaglandins and is generated by the 
prostaglandin E synthase. These consist of three different forms: two microsomal 
prostaglandin E synthases and the cytosolic prostaglandin synthase E 31. 
The 15-hydroxyprostaglandin dehydrogenase (15-PGDH) belonging to the oxidoreductases 
family, inactivates all generated prostaglandins by oxidation to 15-keto metabolites which 
then have greatly reduced biological activity 32. 

3. PG-receptors 
The physiological effects of many prostaglandins are mediated by binding to G protein 
coupled receptors. These effects regulate inflammatory mediations, control hormone 
regulation, constrict or dilate in vascular smooth muscle cells and regulate calcium 
movement and their specific receptors activate signal transduction pathways which could 
induce chronic processes like angiogenesis. For example, PGE2 interacts with four cell 
surface receptors - EP1-4 and the EP2 receptor subtype is involved in the 
Gs/cAMP/proteinkinase which is a-signalling pathway leading to an increased VEGF 
expression. PGJ2 and PGA2 interact with nuclear receptors, belonging to the peroxisome 
proliferator-activated receptors (PPARs) family. After dimerization with the 9-cis-Retinoid 
receptor (RXR) and then binding to a sequence specific responsive element located at the 
promoter of its target gene, they directly induce gene expression 33. 
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Fig. 1. Prostaglandin metabolism. 

4. Isoenzymes COX-1 und COX-2 
COX-1 is ubiquitary and not a relevant prognostic factor 34. In contrast, the COX-2 enzyme 
is not constitutively expressed. The COX-2 gene expression is stimulated by many growth 
factors, cytokines and prostaglandins and is associated with inflammation 35. COX-2 is 
predominantly a pro inflammatory enzyme but late in the inflammatory phase, the enzyme 
is involved in limiting inflammation. 
Studies with COX-1 and COX-2 knockout mice lead to new consolidated findings about the 
function of these enzymes concerning ovarian functionality and reproduction as well as 
cardiovascular development 36 - 39. The COX enzymes are the main target of non-steroidal 
anti inflammatory drugs (NSAID) where isoenzymes specifically inhibit the biological activity 
of COX enzymes. Celecoxib and rofecoxib are selective COX-2 inhibitors whereas 
acetylsalicylic acid, ibuprofen and indomethacin are non-specific and target both isoenzymes.  

5. Role of COX-2 in carcinogenesis 
The cyclooxygenases, especially COX-2, play an important role in the development and 
progression of malignant tumours. The over expression of COX-2 is associated with the 
differentiation of tumor cells by several mechanisms 40 and can be detected in various 
epithelial carcinomas such as in colon 41, 42, gastric 43 and esophageal cancers 44 as 
well as in prostate 45, liver, pancreas and lung cancers 46. One of the mechanisms that 
are modulated during carcinogenesis is the neoangiogenesis [47 – 55].  
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Fig. 1. Prostaglandin metabolism. 
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Epidemiological studies have shown that a continuous intake of NSAIDs protects against 
the incidence of breast cancer 56-58. 
Increased PGE2 levels can be detected in cultivated human breast cancer cell lines as well as 
in invasive human breast cancer cells 59-62 and are associated with both a negative 
hormone receptor status and an escalated mestastic potential 59. 
As mentioned previously, PGE2 is the ligand for at least four cell surface receptors - EP1-4 
and several studies have presented the impact of the EP1-receptor in carcinogenesis of colon 
and breast cancer 63. A blockage of the EP2-receptor leads to a reduction and a 
diminishment of intestinal polyposis in APC716-knock-out mice 64. There was an 
increased detection of EP2- and EP4-receptors in the breast tumors of COX-2-MMTV mice; 
therefore, it appears that the EP-receptors play an important role in mediating PG functions 
and in promoting carcinogenesis. 

6. Role of 15-PGDH in carcinogenesis 
Increased PGE2 levels in context to mammary carcinomas are associated with an enhanced 
cell proliferation, invasiveness, resistance to apoptosis and angiogenesis 65, 66. The 
regulation of plasma PGE2 level results from its synthesis and its biological inactivation 
through 15-PGDH, the key enzyme for the biological inactivation of PGs 32. Recent studies 
hypothesized 15-PGDH as a tumor suppressor gene in correlation to colon, bladder and 
bronchial carcinomas 67-69. Wolf and co-workers 70 assumed antiproliferative effects of 
15-PGDH in breast cancer cells. The estrogen receptor (ER) positive and well differentiated 
MCF-7 breast cancer cell line had an increased 15-PGDH expression compared to poorly 
differentiated, ER negative MDA-MB-231 cells, which express COX-2 and lead to primary 
breast cancer. Different studies reported that MCF-7 cells are the only breast cancer cell line 
with an enhanced 15-PGDH expression and low levels of 15-PGDH are accompanied by 
poorly prognostic factors 70. This data attended by a microarray analysis of van’t Veer and 
co-workers 71 supports the advice that a loss of 15-PGDH expression plays a pivotal role 
in the development of poorly differentiated mammary carcinomas. Data generated from 
genetically modified MDA-MB-231 cells that over express the enzyme and MCF-7 where 15-
PGDH was knockout, corroborates the hypothesis that 15-PGDH acts as a tumor suppressor 
gene in breast cancer 70. MDA-MB-231 cells showed a decreased invasiveness similar to 
studies in colon 67 and bronchial carcinomas 68. Yan and co-workers 67 reported that 
15-PGDH is naturally expressed in colon tissues and was dramatically reduced in colon 
carcinomas. The reconstitution of 15-PGDH in immunodeficiency mice prevented the colon 
cancer cells from generating tumors and so the authors concluded, that 15-PGDH acts as 
tumor suppressor and inhibits the angiogenic and proliferative effects of COX-2 in vivo. 

7. COX-2 expression in breast cancer 
Experimental immunochemical studies of COX-2 expression in breast cancer have produced 
varying and sometimes controversial and inconsistent data. Generally the consensus is that 
COX-2 is expressed by invasive ductal and lobular carcinoma and that the proportion of 
COX-2 positive tumors varies between studies (Table 1). In studies where poor prognostic 
tumor characteristics were examined, a correlation was found between prognostic 
parameters such as hormone receptor negativity, HER2 positivity, increased tumor size, 
high nuclear grade, development of distant metastases and a reduced survival rate (Table 1) 
5. Moreover COX-2 expression correlates with aromatase expression. 
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An explanation for the variable findings of COX-2 protein expression may be caused by the 
different scoring systems and cut-offs used for COX-2 immunoreactivity.  
Half and co-workers 72 examined immonochemical human breast cell lines of normal and 
neoplastic breast tissue and detected a COX-2 expression in breast cancer cells in 43%, in 
DCIS in 62.5% and benign breast cells had a COX-2 expression in 81%. The more elevated 
COX-2 expression in DCIS in terms of a premalignant lesion might mean that an up-
regulation or over-expression of COX-2 occurs relatively early in the carcinogenesis of breast 
cancer 72. Contrary to Half and co-workers 72, Denkert and co-workers 73 could not 
detect a COX-2 expression in benign breast tissue and this may support the partially 
conflicting data. Denkert and co-workers 73 detected a COX-2 expression in 41% in 
invasive ductal breast cancer, however detected it in only 14% of invasive lobular tumors 
and 21% in other breast carcinomas (Table1). The COX-2 expression was associated with 
positive axillary lymph nodes (>50% node positive, just 16% in node negative breast cancer), 
extensive tumor growth (58% in tumors >20mm, in 24% in tumors <20mm), poor nuclear 
grading, vascular invasion and hormone receptor negativity. 
Not all the studies have determined a correlation between COX-2 expression and 
clinicopathological parameters. Half and co-workers 72 could not demonstrate a 
significant correlation but Ristimäki and co-workers 74 certainly did show a significant 
correlation between COX-2 expression and hormone receptor negativity, extensive tumor 
growth, high nuclear grading and HER2 positivity. In a recently published paper by Singh-
Ranger and co-workers 75, a correlation to distant metastases was described and Nassar 
and co-workers 76 demonstrated a correlation to nuclear grading and tumor size; however 
a correlation to important clinical goals such as eradicating the disease and enhancing 
overall survival rate have not yet been found. 
Therefore COX-2 over-expression correlates in a different manner depending upon its 
aggressiveness the invasive potential of tumor cells, and then consequently exhibiting a 
higher incidence of distant metastases 40. 
 

Refe-
rence N = COX-2 positive (%) Correlation of COX-2 expression and 

clinicopathological parameters 

  Carcinoma DCIS Benign 
tissue 

Angio-
genesis

HR-
status HER2 Grading Age Node + Big 

tumor 

77 44 2/44 (4,5%) - - Not examined 

78 27 7/17 (42%) 8/10 (80%) - Not examined 

72 106 18/42 (43%) 10/16 (63%) 39/48 (81%) - No No - - - - 

73 221 80/221 (36%) - 0% Yes Yes - Yes No Yes Yes 

79 46 50% - - Yes No No No No Yes  

74 1576 589/1576 (37,4%) - - - Yes Yes Yes - Yes Yes 

80 106 90/106 (85%) - - No No No No No No No 

81 128 41% - - Yes - - Yes - Yes Yes 

82 192 40,6% - - - Yes Yes Yes - - Yes 

83 65 41/65 (63%) - - - Yes Yes - - - - 

76 43 41/43 (95%) - - - No No Yes - - Yes 

Table 1. Immunochemical examinations of COX-2 expression and correlation with selected 
clinicopathological parameters in breast tissue. 
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Transcriptional studies have also revealed a distinct variation in their results regarding 
COX-2 expression. The detection rate varies between 50 and 100% in the literature (Table 2).  
There is a comparable relationship between COX-2 immunoreactivity and mRNA 
expression in tumor tissue 77. Zhao and co-workers 84 demonstrated an increased 
mRNA expression in hormone receptor positive breast cancer; a result that was confirmed 
by Singh and co-workers 85 in breast cancer with positive progesterone receptors. 
However, only a small number of studies have examined the correlation between mRNA 
expression and clinico-pathological parameters. These results are summarized in Table 2. 
 

Reference N = COX-2-mRNA 
positive (%) Clinicopathological correlation of COX-2 with 

   Angio-
genesis HR-status HER2 Grading Age Node + Big 

tumor 
86 40 40/40 (100%) Not examined 

72 9 9/9 (100%) Not examined 

87 7 7/7 (100%) - - - - - - - 

88 20 10/20 (50%) - - - - - - - 

85 18 18/18 (100%) Not 
examined Yes (PR)  

Not examined 

84 30 27/30 (90%) - Yes (ER+) -  
Not examined 

Table 2. COX-2 mRNA expression and correlation with selected clinicopathological 
parameters in breast cancer. 

These results are contrary to the immunochemically evaluated data, which show an 
association to hormone receptor negative tumors. This could be explained because before 
the genetic information of COX-2 is translated into a biologically active protein, COX-2 
mRNA is post transcriptionally modified in the nucleus. Thus, we speculate that the COX-2 
mRNA is destabilised by its AU rich sequences and no COX-2 protein is generated. 
Therefore, the correlation between the hormone receptor status and COX-2 mRNA levels is 
not obvious in studies where the COX-2 protein expression was investigated 5. There are 
some well known factors which affect the COX-2 mRNA levels like interleukin-1 stabilises 
the highly unstable COX-2 mRNA transcript 89, however steroids may destabilise the 
COX-2 mRNA 90. Furthermore, it might be possible that genetically different subtypes of 
breast cancer express COX-2 and are then associated with both hormone receptor-negative 
and receptor-positive tumors 91. Additionally, Ristimäki and co-workers 74 reported that 
hormone receptor-positive patients who express COX-2 had a poor survival rate. 

7.1 COX-2 and hormone receptors 
There is concurrent evidence about the interaction of PGE2/COX-2 and the estrogen 
receptor signalling pathway. For example, COX-2 expression is correlated with the 
expression of the aromatase 92 and in vitro studies support this data. It has been shown 
that COX-2 promotes the aromatase transcription, whereas COX-2 inhibitors diminish it 
93. Based on the elevated synthesis of prostaglandins in cells that express COX-2, the 
aromatase expression and activity is increased in breast cells 94, 95. Expression of 
aromatase leads to estrogen production and from cell line studies; we know that hormone 
receptor expression can be induced by sex steroid hormones 96. All the data supports the 
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close correlation between COX-2 and hormone receptors. Wolf and co-workers 70 reported 
a link between the estrogen signalling pathway and 15-PGDH by a negative feedback 
mechanism. High levels of this hormone reduced the 15-PGDH expression but the activity 
of the ERE (estrogen responsive element) and the activity of the aromatase increased.  
New studies suggest a synergism between selective COX-2 and aromatase inhibitors.  

7.2 Results from in vivo studies  
The impact of COX-2 in carcinogenesis of breast tumors has been shown in transgenic mice 
models 97. It has been reported that the over-expression of COX-2 in breast tissues is 
associated with decreased BAX and Bcl-xL (pro apoptotic) and increased Bcl-2 (anti 
apoptotic) protein levels. Therefore, the author suggested that induction of carcinogenesis is 
COX-2 dependent 97. In contrast, the resistance to apoptosis is associated with increased 
COX-2 levels 98. The importance of COX-2 in correlation to the tumor formation has been 
investigated in COX-2 knockout mice. The COX-2 knockout mice lead to an 86% reduction 
of intestinal adenoids 99. 

7.3 COX-2 and tumorigenesis 
The expression of COX-2 is regulated by post-transcriptional and -translational mechanisms. 
Different cytokines, growth factors and oncogenes have been shown to induce the COX-2 
expression which is associated with carcinogenesis 46, 100. 

7.3.1 Influence of COX-2 on angiogenesis and apoptosis 
Angiogenesis is the development of new blood vessels and is an important factor in tumor 
proliferation, invasion and metastasis. Davies and co-workers 101 showed a significant 
positive correlation between COX-2 expression and the endothelial surface marker CD31. 
Other reports confirmed a positive correlation between COX-2 and the vascular endothelial 
growth factor (VEGF) 102, 103. During carcinogenesis COX-2 modulates the 
neoangiogenesis and seems to stimulate the production of proangiogenic factors such as 
VEGF, basic fibroblast growth factor (bFGF), transforming growth factor 1 (TGF1), platelet 
derived growth factor (PDGF) and endothelin 104, 105. The application of selective COX-2 
inhibitors decreased the angiogenesis in different vivo models 106. Recently, an 
angiogenesis independent mechanism, so called Vasculogenic Mimicry (VM), was described 
where poorly differentiated breast cancer cells were nourished without the mechanisms of 
classic neoangiogenesis 107-109. VM is a phenomenon of vessel formation of epithelial 
tumor cells without any participation of endothelial cells and itis a mechanism independent 
of or simultaneous to neoangiogenesis thus ensuring the tumor perfusion 110. Hence, the 
VM might be an important factor for new antiangiogenic therapeutical approaches. The 
existence of VM in breast cancer patients is associated with a poor 5-year survival rate 
compared to patients without. 111. Basu and co-workers 112 reported that highly 
invasive MDA-MB-231 breast cancer cells and the less invasive subtype MDA-MB-435 cells 
that over express COX-2, formed new micro vessels. In contrast, non-invasive MCF-7- and 
ZR-75-1-breast cancer cells which had a lower COX-2 expression did not. The application of 
the COX-2 inhibitor celecoxib (40 und 60 µmol/l, p>0.001), inhibits the formation of new 
vessels. This effect was restored with PGE2. This data was confirmed by an in vivo xenograft 
model. VEGF, GRO, IL-6, IL-8, TIMP1, TIMP2 were the main angiogenic proteins which 
were inhibited by celecoxib 112. 
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7.4 Breast cancer and NSAIDs 
The rationale for using NSAIDs is their non-selective (ASS, ibuprofen etc.) or selective 
(COX-2 inhibitors such as celecoxib) suppression of the COX-system. In a meta-analysis 
consisting of 14 epidemiological studies (6 cohort studies and 8 case control studies) breast 
cancer risk was reduced by 18% due to constant intake of NSAIDs 113. An extensive 
Canadian study including 5882 patients reported a reduction of breast cancer incidence by 
24% due to the NSAIDs intake for 2 – 5 years 58. Another case control study demonstrated 
a 40% reduction after 5 years of NSAIDs intake 57. These results seemingly justify the 
preventive use of NSAIDs, however, contrarian results were delivered by the Nurses Health 
Study. This trial showed no difference during the intake of ASS (100mg) in neither women 
with breast cancer nor in healthy women 114. On the contrary it was in patients with colon 
cancer who led the continuous intake of NSAIDs to a reduction of incidence in 40-50% 56, 
115, 116. 
Data of animal models supports the use of selective COX-2 inhibitors both for the 
therapeutic and preventive uses. For instance, the use of celecoxib in rats led to an 
averaged downsizing of breast tumor volume by 32%, however, a tumor volume 
enlargement of 518% was observed in the control group 117. Harris and co-workers 
118 examined the influence of celecoxib in 120 rats. Three groups of rats were formed. In 
one group the food was enriched with celecoxib. The other two groups obtained either 
ibuprofen or nothing. After seven days 7,12-Dimethylbenz(a)anthracene (DMBA) was 
applied intragastrically and the described food was continued for another 105 days. A 
distinct reduction in tumor incidence, variety and tumor volume was shown in the 
celecoxib treated group 118. In a recently published paper Barnes and co-workers 119 
could induce breast tumors in mice by injecting estrogen-positive MCF7/HER2-18- and 
estrogen-negative MDAMB231 breast cancer cells. The application of celecoxib resulted in 
a significant growth reduction of the MCF7/HER-18 tumors (58.7%) and the MDAMB231 
tumors (46.3%) in comparison to the control group. Therefore, celecoxib dropped the 
COX-2 expression and enhanced the apoptosis significantly 119. Yoshinaka and co-
workers 120 also showed that the use of celecoxib significantly reduced tumor sizes, 
increased apoptosis and that a reduced DNA synthesis in the tumor tissue of mice 
induced breast carcinomas. Moreover the neoangiogenesis was influenced as VEGF-A-
mRNA levels were found to be reduced 120. 

7.5 COX-2-inhibitors in systemic treatment 
Several studies have evaluated the significance of COX-2 inhibitors in combination with 
systemic treatment. A phase II study observed a clinical benefit of 47.5% for the combination 
of capecitabine and celecoxib in patients with metastatic breast cancer. The combination was 
well tolerated 121. 
Recently published data about COX-2 and its significance on the aromatase and influence on 
the female hormonal balance are of strong interest. Besides finding an increased effect on 
estrogen synthesis in malignant breast tissue, a strong correlation between COX-2 and 
aromatase mRNA expression were found. This data supports the assumption that COX-2 is 
able to regulate aromatase activity in breast tissue 92. A possible synergism between COX-
2 and aromatase-inhibitors is even more interesting and so a prospective randomised phase 
III multicenter trial (REACT-trial) was conducted that included primary breast cancer 
patients in order to evaluate the combination of celecoxib and exemestane, an aromatase 
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inhibitor, in an adjuvant setting. The combination of celecoxib and exemestane was already 
well tolerated and had shown a clinical benefit of 74% 122 or had led to a benefit extension 
(median 96.6 weeks vs. 49.1 weeks) in patients with metastatic breast cancer 123. 
Other malignancies were also proven on the benefit of selective and non-selective COX-2 
inhibitors in combination with other compounds such as chemotherapy 124, 125, 
tyrosinekinase inhibitors 126 and other new approaches 127. Some of them are 
encouraging, like the results of the ASCENT trial 124 and some are disappointing. Further 
work is required to establish how NSAIDs can be best applied for therapeutic benefit. 

8. Vitamin D 
8.1 Vitamin D metabolism 
Vitamin D, a secosteroid hormone, is assimilated by food (milk, fish, liver), multi-vitamin 
preparations and dietary supplements 128. Vitamin D is also synthesised from 7-
dehydrocholesterol and provitamin D3 after skin exposure with sunlight (ultraviolet 
spectrum 290-315nm) 129. Based on its animal or herbal origin, there are two existing 
vitamin D metabolites: cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2) 17, 
which is less efficient in increasing the 25-hydroxyvitaminD 25(OH)2D3 serum levels 
130. Cholecalciferol attains to the liver through the bloodstream and is transformed to 
25(OH)2D3 (25-hydroxyvitamin D3, calcediol, 25-hydroxycholecalciferol) by a 
hydroxylation on the C25 position 131, 132. 25(OH)2D3, a circulating metabolite, 
correlates with the vitamin D balance. The hydroxylation of cholecalciferol on the C25 
position is inadequately regulated. 25(OH)2D3 level increased with the vitamin D intake, 
therefore, the 25(OH)2D3 serum level is normally used as an indicator of the vitamin D 
balance 133. The serum level range of 25(OH)2D3 is between 10 and 50 ng/ml and round 
about 30pg/ml for 1,25(OH)2D3 134. 25(OH)2D3 is renally converted to the biologically 
active metabolite 1,25-dihydroxycholecalciferol 1,25(OH)2D3 by the 1--hydroxylase 
(CYP27B1). 1,25(OH)2D3 is 100-1000 fold more active than the other natural metabolites 
135. The 1--hydroxylase, a mitochondrial enzyme, which belongs to the P450 enzyme 
family is located in the renal proximal tubule. Besides the renal expression of the enzyme, 
many studies reported an extra renal expression of 1--hydroxylase and thus an extra 
renal synthesis of 1,25(OH)2D3. This enzyme has been detected in many cell types and 
tissues, e.g. prostate, breast, lung, pancreas, parathyroid and monocytes 136. The extra 
renal synthesised 1,25(OH)2D3 has cell specific functions and as a result acts as local auto- 
and paracrine factors. In this context, many extra renal effects of 1,25(OH)2D3, e.g. cell 
cycle arrest, induction of apoptosis and cell differentiation, have been reported 136. The 
fine tuned activity of 1--hydroxylase correlates inversely with the calcium metabolism 
and thus the circulating levels of 1,25(OH)2D3 correlates inversely with the ingested 
amount of calcium 137. 1,25(OH)2D3 Serum levels are maintained in pmol/l range by a 
classic negative feedback mechanism. The decrease of calcium or phosphate levels leads 
to an increase of the 1--hydroxylase activity and an enhanced synthesis of 1,25(OH)2D3 
which in turn promotes the intestinal resorption of calcium and phosphate and the 
calcium mobilisation from the bones. The activity of 1--hydroxylase decreased with 
increasing 1,25(OH)2D3 levels, which leads to 24 hydroxylase activation. This enzyme 
degrades 1,25(OH)2D3 to its inactive metabolite 24,25(OH)2D3 138, 139, which is 
subsequently converted to calcitroic acid and excreted. Hence, the nutritive intake of  
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7.4 Breast cancer and NSAIDs 
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applied intragastrically and the described food was continued for another 105 days. A 
distinct reduction in tumor incidence, variety and tumor volume was shown in the 
celecoxib treated group 118. In a recently published paper Barnes and co-workers 119 
could induce breast tumors in mice by injecting estrogen-positive MCF7/HER2-18- and 
estrogen-negative MDAMB231 breast cancer cells. The application of celecoxib resulted in 
a significant growth reduction of the MCF7/HER-18 tumors (58.7%) and the MDAMB231 
tumors (46.3%) in comparison to the control group. Therefore, celecoxib dropped the 
COX-2 expression and enhanced the apoptosis significantly 119. Yoshinaka and co-
workers 120 also showed that the use of celecoxib significantly reduced tumor sizes, 
increased apoptosis and that a reduced DNA synthesis in the tumor tissue of mice 
induced breast carcinomas. Moreover the neoangiogenesis was influenced as VEGF-A-
mRNA levels were found to be reduced 120. 
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Several studies have evaluated the significance of COX-2 inhibitors in combination with 
systemic treatment. A phase II study observed a clinical benefit of 47.5% for the combination 
of capecitabine and celecoxib in patients with metastatic breast cancer. The combination was 
well tolerated 121. 
Recently published data about COX-2 and its significance on the aromatase and influence on 
the female hormonal balance are of strong interest. Besides finding an increased effect on 
estrogen synthesis in malignant breast tissue, a strong correlation between COX-2 and 
aromatase mRNA expression were found. This data supports the assumption that COX-2 is 
able to regulate aromatase activity in breast tissue 92. A possible synergism between COX-
2 and aromatase-inhibitors is even more interesting and so a prospective randomised phase 
III multicenter trial (REACT-trial) was conducted that included primary breast cancer 
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inhibitor, in an adjuvant setting. The combination of celecoxib and exemestane was already 
well tolerated and had shown a clinical benefit of 74% 122 or had led to a benefit extension 
(median 96.6 weeks vs. 49.1 weeks) in patients with metastatic breast cancer 123. 
Other malignancies were also proven on the benefit of selective and non-selective COX-2 
inhibitors in combination with other compounds such as chemotherapy 124, 125, 
tyrosinekinase inhibitors 126 and other new approaches 127. Some of them are 
encouraging, like the results of the ASCENT trial 124 and some are disappointing. Further 
work is required to establish how NSAIDs can be best applied for therapeutic benefit. 
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8.1 Vitamin D metabolism 
Vitamin D, a secosteroid hormone, is assimilated by food (milk, fish, liver), multi-vitamin 
preparations and dietary supplements 128. Vitamin D is also synthesised from 7-
dehydrocholesterol and provitamin D3 after skin exposure with sunlight (ultraviolet 
spectrum 290-315nm) 129. Based on its animal or herbal origin, there are two existing 
vitamin D metabolites: cholecalciferol (vitamin D3) and ergocalciferol (vitamin D2) 17, 
which is less efficient in increasing the 25-hydroxyvitaminD 25(OH)2D3 serum levels 
130. Cholecalciferol attains to the liver through the bloodstream and is transformed to 
25(OH)2D3 (25-hydroxyvitamin D3, calcediol, 25-hydroxycholecalciferol) by a 
hydroxylation on the C25 position 131, 132. 25(OH)2D3, a circulating metabolite, 
correlates with the vitamin D balance. The hydroxylation of cholecalciferol on the C25 
position is inadequately regulated. 25(OH)2D3 level increased with the vitamin D intake, 
therefore, the 25(OH)2D3 serum level is normally used as an indicator of the vitamin D 
balance 133. The serum level range of 25(OH)2D3 is between 10 and 50 ng/ml and round 
about 30pg/ml for 1,25(OH)2D3 134. 25(OH)2D3 is renally converted to the biologically 
active metabolite 1,25-dihydroxycholecalciferol 1,25(OH)2D3 by the 1--hydroxylase 
(CYP27B1). 1,25(OH)2D3 is 100-1000 fold more active than the other natural metabolites 
135. The 1--hydroxylase, a mitochondrial enzyme, which belongs to the P450 enzyme 
family is located in the renal proximal tubule. Besides the renal expression of the enzyme, 
many studies reported an extra renal expression of 1--hydroxylase and thus an extra 
renal synthesis of 1,25(OH)2D3. This enzyme has been detected in many cell types and 
tissues, e.g. prostate, breast, lung, pancreas, parathyroid and monocytes 136. The extra 
renal synthesised 1,25(OH)2D3 has cell specific functions and as a result acts as local auto- 
and paracrine factors. In this context, many extra renal effects of 1,25(OH)2D3, e.g. cell 
cycle arrest, induction of apoptosis and cell differentiation, have been reported 136. The 
fine tuned activity of 1--hydroxylase correlates inversely with the calcium metabolism 
and thus the circulating levels of 1,25(OH)2D3 correlates inversely with the ingested 
amount of calcium 137. 1,25(OH)2D3 Serum levels are maintained in pmol/l range by a 
classic negative feedback mechanism. The decrease of calcium or phosphate levels leads 
to an increase of the 1--hydroxylase activity and an enhanced synthesis of 1,25(OH)2D3 
which in turn promotes the intestinal resorption of calcium and phosphate and the 
calcium mobilisation from the bones. The activity of 1--hydroxylase decreased with 
increasing 1,25(OH)2D3 levels, which leads to 24 hydroxylase activation. This enzyme 
degrades 1,25(OH)2D3 to its inactive metabolite 24,25(OH)2D3 138, 139, which is 
subsequently converted to calcitroic acid and excreted. Hence, the nutritive intake of  
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calcium directly regulates 1--hydroxylase activity and indirectly modifies parathormone 
levels. This hormone produced in the parathyroids increases the phosphate excretion in the 
proximal tubule but promotes the sodium, potassium and calcium resorbtion in the distal 
tubule. Under normocalcemic conditions, the activity of 1--hydroxylase is inhibited. These 
regulations are necessary to synthesize 1,25(OH)2D3 even though much is needed to cover 
the calcium and phosphate demand and to avoid a 1,25 (OH)2D3 intoxication 139. The 
circulating vitamin D level depends on many different factors such as: the vitamin D content 
in either the ingested nutrition or the dietary supplements, and the endogenous production 
and degeneration via vitamin D metabolising enzymes. A simplified scheme of vitamin D 
metabolism is presented in figure (2). 
 

 
Fig. 2. Simplified scheme of the vitamin D metabolism. Vitamin D (food intake, synthesis in 
skin) is metabolised in liver to 25(OH)2D3, then via the renal 1--hydroxylase (endocrine 
signalling pathway or extra renal in tissues (autocrine/paracrine signalling pathway) to 
1,25(OH)2D3. 

8.2 Extrarenal vitamin D metabolizing enzymes 
The biologically active metabolite is produced after a series of hydroxylations through 
cytochrome P450 enzymes which belong to the cytochrome p450 super family. The different 
enzymes are handled as follows: 
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8.2.1 1--hydroxylase (CYP27B1)  
The 25-hydroxyvitamin-D3-[25(OH)2D3]1--hydroxylase (1--hydroxylase) is encoded by 
the CYP27b1 gene and catalyzes the synthesis of 1,25(OH)2D3 from 25(OH)2D3. 1,25(OH)2D3 
is the most important regulator of the enzyme that leads to a decreased enzyme expression. 
The regulation of the extra renal 1--hydroxylase depends on local factors like cytokines 
(interleukins, interferones and tumor necrosis) and growth. The optimal 1,25(OH)2D3-level 
tuning mechanism is not yet completely understood 139. The reduced expression of the 
enzyme suggests the involvement of a negative vitamin D responsive element (VDRE) and 
Turunen and co-workers 140 showed that the enzyme’s response to 1,25(OH)2D3 is a cell 
specific event with participation of many VDREs. The suppression of cell proliferation, the 
induction of apoptotic events and the modulation of immune responses are counted among 
the classical features of 1,25(OH)2D3. After binding to the vitamin D receptor, 1,25(OH)2D3 is 
able to arrest the cell cycle of a tumor cell in the G1-G0 phase via specific mechanisms 139. 
In prostate and colon cancer the tumor protective effects of vitamin D is correlated to 
vitamin D deficiency 141. Much data reports that both the renal and extra renal 1--
hydroxylase are based on the expression of the same gene product. In contrast to the renal 1-
-hydroxylase, the extra renal enzyme is not subjected to the auto regulation as mentioned 
above 136, 142. Therefore the enzyme’s tissue specific expression might be a key 
mechanism in connecting the vitamin D metabolism to the anticarcinogenic effects of 
1,25(OH)2D3. 
Although the enzyme’s cytokine and growth factor related regulation is not completely 
understood, it has been shown that different cytokines stimulate the 1-α-hydroxylase in 
different cell types 139, 143-146. Another potential mechanism of gene regulation is the 
incidence of different gene polymorphisms 147 and inactive variants due to alternative 
splicing of the 1--hydroxylase mRNA. But this mechanism’s function is not completely 
clarified. Alternative splicing within the post transcriptional modification is a normal 
process of gene expression in breast cancer cells and based on the pre mRNA, different 
mature mRNAs are generated when introns or exons are deleted or added. Thus, the 
translation of these mRNAs leads to different enzyme proteins, however, mis-spliced 
mRNAs are usually quickly degraded although it appears that this mechanism has failed in 
various cells. It has been reported that different protein variants of 1--hydroxylase might 
have diverse biological functions. Fischer and co-workers 148 showed 6 different variants 
of the enzyme in MCF10F via nested touchdown PCR, but in MCF-7, these variants 
appeared weakly expressed. Based on this data, the authors concluded that because 
alternative splicing regulates the level of the active enzyme extrarenaly it therefore regulates 
the local production of 1,25(OH)2D3 149. The activity of the extrarenally expressed 1--
hydroxylase is an important factor of the tumor pathophysiology because of an 
accumulation of 1,25(OH)2D3 in many tissues. Studies of prostate 150, 151, colon 152-154 
and breast cancer 148, 155, 156 have shown the expression of 1--hydroxylase in healthy as 
well as in malignant tissues. Thus, 1,25(OH)2D3, which is produced extrarenally might have 
autocrine behaviour to protect cells against transformation and supports the suggestion of 
its carcinoprotective effects. Accordingly, low 1--hydroxylase levels correlate with the risk 
of prostate-, colon- 157 or breast cancer 158, 159. Moreover, the extra renal production of 
1,25(OH)2D3 inhibits cell proliferation and promotes cell differentiation in xenograft models 
160. Besides the expression of the 1--hydroxylase in breast 155, 161, endometrial 162, 
cervical and ovarian carcinomas 163, the induction of the enzyme has also been shown in 
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calcium directly regulates 1--hydroxylase activity and indirectly modifies parathormone 
levels. This hormone produced in the parathyroids increases the phosphate excretion in the 
proximal tubule but promotes the sodium, potassium and calcium resorbtion in the distal 
tubule. Under normocalcemic conditions, the activity of 1--hydroxylase is inhibited. These 
regulations are necessary to synthesize 1,25(OH)2D3 even though much is needed to cover 
the calcium and phosphate demand and to avoid a 1,25 (OH)2D3 intoxication 139. The 
circulating vitamin D level depends on many different factors such as: the vitamin D content 
in either the ingested nutrition or the dietary supplements, and the endogenous production 
and degeneration via vitamin D metabolising enzymes. A simplified scheme of vitamin D 
metabolism is presented in figure (2). 
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8.2.1 1--hydroxylase (CYP27B1)  
The 25-hydroxyvitamin-D3-[25(OH)2D3]1--hydroxylase (1--hydroxylase) is encoded by 
the CYP27b1 gene and catalyzes the synthesis of 1,25(OH)2D3 from 25(OH)2D3. 1,25(OH)2D3 
is the most important regulator of the enzyme that leads to a decreased enzyme expression. 
The regulation of the extra renal 1--hydroxylase depends on local factors like cytokines 
(interleukins, interferones and tumor necrosis) and growth. The optimal 1,25(OH)2D3-level 
tuning mechanism is not yet completely understood 139. The reduced expression of the 
enzyme suggests the involvement of a negative vitamin D responsive element (VDRE) and 
Turunen and co-workers 140 showed that the enzyme’s response to 1,25(OH)2D3 is a cell 
specific event with participation of many VDREs. The suppression of cell proliferation, the 
induction of apoptotic events and the modulation of immune responses are counted among 
the classical features of 1,25(OH)2D3. After binding to the vitamin D receptor, 1,25(OH)2D3 is 
able to arrest the cell cycle of a tumor cell in the G1-G0 phase via specific mechanisms 139. 
In prostate and colon cancer the tumor protective effects of vitamin D is correlated to 
vitamin D deficiency 141. Much data reports that both the renal and extra renal 1--
hydroxylase are based on the expression of the same gene product. In contrast to the renal 1-
-hydroxylase, the extra renal enzyme is not subjected to the auto regulation as mentioned 
above 136, 142. Therefore the enzyme’s tissue specific expression might be a key 
mechanism in connecting the vitamin D metabolism to the anticarcinogenic effects of 
1,25(OH)2D3. 
Although the enzyme’s cytokine and growth factor related regulation is not completely 
understood, it has been shown that different cytokines stimulate the 1-α-hydroxylase in 
different cell types 139, 143-146. Another potential mechanism of gene regulation is the 
incidence of different gene polymorphisms 147 and inactive variants due to alternative 
splicing of the 1--hydroxylase mRNA. But this mechanism’s function is not completely 
clarified. Alternative splicing within the post transcriptional modification is a normal 
process of gene expression in breast cancer cells and based on the pre mRNA, different 
mature mRNAs are generated when introns or exons are deleted or added. Thus, the 
translation of these mRNAs leads to different enzyme proteins, however, mis-spliced 
mRNAs are usually quickly degraded although it appears that this mechanism has failed in 
various cells. It has been reported that different protein variants of 1--hydroxylase might 
have diverse biological functions. Fischer and co-workers 148 showed 6 different variants 
of the enzyme in MCF10F via nested touchdown PCR, but in MCF-7, these variants 
appeared weakly expressed. Based on this data, the authors concluded that because 
alternative splicing regulates the level of the active enzyme extrarenaly it therefore regulates 
the local production of 1,25(OH)2D3 149. The activity of the extrarenally expressed 1--
hydroxylase is an important factor of the tumor pathophysiology because of an 
accumulation of 1,25(OH)2D3 in many tissues. Studies of prostate 150, 151, colon 152-154 
and breast cancer 148, 155, 156 have shown the expression of 1--hydroxylase in healthy as 
well as in malignant tissues. Thus, 1,25(OH)2D3, which is produced extrarenally might have 
autocrine behaviour to protect cells against transformation and supports the suggestion of 
its carcinoprotective effects. Accordingly, low 1--hydroxylase levels correlate with the risk 
of prostate-, colon- 157 or breast cancer 158, 159. Moreover, the extra renal production of 
1,25(OH)2D3 inhibits cell proliferation and promotes cell differentiation in xenograft models 
160. Besides the expression of the 1--hydroxylase in breast 155, 161, endometrial 162, 
cervical and ovarian carcinomas 163, the induction of the enzyme has also been shown in 
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lymphomas 164 and dysgerminomas 165. In these reports, the local synthesis of 
1,25(OH)2D3  was mediated by the 1--hydroxylase expression of tumor associated 
macrophages. The expression of the enzyme mammary gland tissue occurs in lobules and 
ductus, primarily in the cancer tissue and invasive tumor cells and inflammatory infiltrate. 
Thus, it might be possible that the enzyme activity and the vitamin D receptor (VDR) 
expression are considerably higher than in the benign tissue compared to aggressive tumor 
cell lines (MCF-7res, MDA-MB231) 166. Townsend and co-workers 166 compared breast 
cancer and benign tissue samples via reverse transcription PCR. They reported a 27-fold 
induction of the 1--hydroxylase expression and 7-fold induction of the VDR expression in 
tumor samples. Because 80% of the tumor tissues had an increased 1--hydroxylase und 
VDR, they concluded that there was a closed coupling of both gene products. These results 
are in compliance with Segersten and co-workers 161. The capacity of 1--hydroxylase to 
synthesize 1,25(OH)2D3 within the mammary gland parenchyma results in, on the one hand, 
the available amount of 25(OH)2D3, and is dependent on sun light exposure and the season 
167-170 - normally there is no definite correlation between 25(OH)2D3 and 1,25(OH)2D3 – 
yet on the other hand, the level of the extra renal production of 1,25(OH)2D3 is limited by the 
expression of the 1,25(OH)2D3- decomposing enzyme 24-hydroxylase, which is stimulated 
by 1,25(OH)2D3 in VDR expressing tissues. Based on the missing correlation of 24-
hydroxylase and VDR or the 1--hydroxylase in breast cancer tissues, it seems that 24-
hydroxylase is independently regulated. Kemmis and co-workers 171 demonstrated the 
expression of a functioning VDR and an inhibition of proliferation via 1,25(OH)2D3 in 
benign breast cells and MCF-7. The VDR expression in HMEC breast cells was higher than 
in MCF7 cells. Furthermore, the authors showed an expression of 25(OH)2D3 metabolizing 1-
-hydroxylase and 24-hydroxylase in these cell types, whereas the 1--hydroxylase 
expression was higher in MCF-7. In contrast to renal HKC8 cells, the expression of 1--
hydroxylase was not inhibited by 1,25(OH)2D3. Based on the strong induction of the 24-
hydroxylase through the 1,25(OH)2D3 application, the authors showed that MCF7 cells were 
more sensitive in response to 1,25(OH)2D3 compared to HKC-8 and HMEC cells. From this 
data, they concluded that there is a functional vitamin D receptor as well as intact signalling 
transduction pathways in MCF-7 cells. The data suggests that the synthesis of 1,25(OH)2D3 
and the activation of the VDR inhibits the cell proliferation in breast cells. Thus, the 
treatment of benign breast cells with 25(OH)2D3 leads to an activation of the VDR 
transcription and the regulation of its target genes (CYP27B1, CYP24) and finally to an 
inhibition of cell proliferation. According to that, CYP27B1 lords it over CYP24 which means 
a transformation of 25(OH)2D3 to 1,25(OH)2D3. Kemmis and co-workers 171 have shown 
for the first time that physiological 1,25(OH)2D3 levels (30-100nmol/L) are able to inhibit cell 
proliferation in benign HMEC cells and in MCF7 breast cancer cells. Interestingly, aging 
process and the associated lack of estrogens correlate with decreased 25(OH)2D3 levels. The 
reason is that the ability of estrogen to stimulate the renal CYP27B1 activity 172. 
Accordingly, the lack of estrogens leads to decreased 1,25(OH)2D3 levels and presents the 
highest risk for breast cancer in postmenopausal women 273. 

8.2.2 24-hydroxylase (CYP24) 
The 25-hydroxyvitamine D3-24 hydroxylase (24-OHase, 24-hydroxylase) encoded by the 
CYP224 gene is induced by 1,25(OH)2D3 in breast cell lines where the enzyme is time and 
dose dependently stimulated by 1,25(OH)2D3 174. An increased enzyme expression in 
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ovarian, cervical and breast cancer compared to healthy tissue samples has been shown by 
immunochemistry and real time PCR 163. In contrast, Townsend and co-workers 166 
showed a 4-fold increase of the enzyme expression in malignant breast tissues compared to 
healthy tissue samples using the same technique. Additionally, the expression of 24 
hydroxylase increased in breast cancer cells foremost in hormone resistant MCF-7 Res and 
the aggressive MDA-MB231 cells compared to benign MCF-12A cells 166. Kemmis and co-
workers 171 reported the highest 24 hydroxylase expression in MCF-7 cells and Segersten 
and co-workers 161 showed a 2-fold enzyme expression in tumor tissues compared to 
benign tissue samples. The authors concluded that the conversion of 1,25(OH)2D3 into the 
inactive metabolite 1,24,25(OH)3D3 is significantly higher in malignant tissues. Furthermore 
Townsend and co-workers 166 detected the enzyme only in breast cancers with an 
increased 1--hydroxylase and VDR expression. Further analysis showed that in a healthy 
tissue sample expression of 24-hydroxylase correlated with both 1-hydroxylase and VDR. 
There was not such a correlation in breast tumors. Hypothetically, the 24 hydroxylase acts as 
a part of a well organized feedback mechanism and is transcriptionally modulated to 
increase the local 1,25(OH)2D3 and VDR level 166. The synthesis of 1,25(OH)2D3 via the 1-
-hydroxylase has been shown in benign and malignant mammary gland tissues but this 
mechanism’s efficiency in tumor tissues might be affected by a dysregulated 24 hydroxylase 
expression. 

8.3 Vitamin D-receptor (VDR / mVDR)  
The vitamin D receptor (VDR) is an ubiquitary expressed steroid hormone receptor. Like 
other steroid, thyroid and retinoid receptors, the VDR is a member of the nuclear hormone 
receptor family. The receptor binds to its ligand 1,25(OH)2D3, interacts with other receptors 
by dimerization and binds as homodimers or heterodimers to specific DNA sequences. So 
called vitamin D responsive elements (VDRE) recruit additional co-activators (such as SRC-
1, GRIP-1/TIF2, ACTR) and interact with the transcriptional processing order to initiate or 
inhibit the transcription of its target genes 25. It is well known, that steroid receptors 
consist of different variants with distinct specificities. Sunn and co-workers 175 described 
an N-terminal variant of the VDR. 1,25(OH)2D3 mediates its genomic effects as a VDR ligand 
and via the directed binding to the VDRE 176. Besides its function in bone metabolism and 
in the calcium/phosphate balance, the VDR interacts with different signalling pathways, 
e.g. with p21, a cyclin dependent kinase inhibitor which is involved in cell cycle regulation 
and inhibition of the cancer cell proliferation 26. There are some suggestions about the 
existence of a membrane VDR (mVDR) 177. The mVDR mediates its signals through the 
change of the intracellular calcium concentrations and through interactions with the protein 
kinase C and enzymes of the MAPK family 178-183. Although the mVDR seems unrelated 
to the nuclear VDR, Marcinkowska and co-workers 184 reported an interaction of both 
receptors. The function of this mechanism is not clearly defined and the cloning of the 
mVDR has failed until today. 
Many studies reported that extra renal VDR expression is associated with the non-classical 
effects of 1,25(OH)2D3. The VDR expression has been shown in healthy breast tissues and in 
more than 80% of the breast cancer tissues 185. The natural ligand of the VDR, 1,25(OH)2D3 
and many new developed synthetic vitamin D analogues inhibit cell proliferation and 
induce apoptosis in breast cancer cell lines 186, 187. Furthermore, in animal models, 
vitamin D analogues retard the tumor growth and lead to a regression of breast tumors 12. 
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8.4 Vitamin D-receptor gene polymorphism 
The gene that encodes the VDR has various polymorphisms. It has been hypothesised that 
the genetic VDR polymorphism influences the breast cancer risk due to its potential effects 
on VDR gene expression and protein function 188, 189. Many polymorphisms of the VDR 
gene have been identified and several, such as FOK1, Bsm1, APA1, TAQ1 and Poly(A) are 
well analysed 190, 191. The studies that were conducted had conflicting results 191. 
Curran and co-workers 192 showed a significant association of the VDR polymorphism 
APA1 und TAQ with the breast cancer risk. A significant increased breast cancer risk in 
women with the ff genotype FOK1 was observed by Chen and co-workers 193. Sinotte and 
co-workers 194 detected a significant link between familial breast cancer disposition and 
FOK1. Other data came from Trabert and co-workers 195 who found a correlation between 
a higher breast cancer risk and the genotype Bsm1 bb in postmenopausal women although 
there is also published data without any evidence for a link between VDR polymorphisms 
and breast cancer risk 196-199. An analysis of the last 13 published studies in which 
different VDR polymorphisms and its relation to breast cancer were examined leads to the 
suggestion that the modification of breast cancer risk is associated with certain VDR 
polymorphisms and therefore 1,25(OH)2D3 might modify the risk of breast cancer 200. A 
recently published paper by McCullough and co-workers 201 presented certain VDR gene 
polymorphisms associated with a decreased breast cancer risk in women who ingested high 
doses of calcium (no calcitriol) concluding that nutritive influences might modify the link 
between gene polymorphisms and breast cancer. This data could shed light on breast cancer 
risk evaluation or could even be used in a predictive manner to answer the question about 
which women are strongly endangered to develop distant metastases.  

9. Calcium 
Like vitamin D, humans ingest calcium through food or dietary supplements. 99% of 
calcium is bound as hydroxyl phosphatide in bones and teeth 202. Only 1% calcium is 
extracellularly located. Plasma levels of calcium (Ca2+) are limited by the intestinal 
absorption, the renal secretion and the reabsorption. Additionally, the skeletal calcium 
storage and resorption keep the plasma levels of calcium in a closed range (3.5–5mmol/l) 
202. 

10. Vitamin D, calcium and breast cancer risk 
10.1 Dietary and supplemental vitamin D intake 
For 1,25(OH)2D3 several studies have shown both an antiproliferative effect and an 
inhibition of angiogenesis in malignant and healthy breast cancer cells 17, 185, 203-206. In 
mouse models, an increased intake of vitamin D led to the suppression of epithelial 
hyperproliferation and tumorigenesis of the mammary gland that was caused by rich 
nutrition 207, 208. 
Last but not least, it has been proven by the First National Health and Nutrition 
Examination Survey Epidemiologic Follow-Up Study that sunlight exposure is inversely 
correlated with breast cancer risk 209, 210. In this study, the female population in the 
north-eastern parts of the U.S. have a higher risk of contracting breast cancer compared to 
the other states of the U.S. This leads to the suggestion that sunlight induced vitamin D 
production has a positive influence in avoiding breast cancer 20. 
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In contrast, in the Nurses’ Health Study, there was an inverse association between vitamin D 
intake and breast cancer risk among premenopausal women but no association among 
postmenopausal women 20. Consistent with this observation, a study published a few 
years ago was based on the Cancer Prevention Study II Nutrition Cohort and observed no 
associations between breast cancer and total and dietary vitamin D intakes among 
postmenopausal women 211. Another Italian study recently showed an inverse association 
between vitamin D intake (in the study >143 IU) and breast cancer in 2569 breast cancer 
patients 212. Two other studies that concentrated on vitamin D deficiency and its 
susceptibility for breast cancer incidence approved that a deficiency conditional on nutrition 
in adolescence does not lead to an increased breast cancer risk 213, 214. 
The proper dose of vitamin D remains unclear and a recommendation does not exist, 
however a meta-analysis gives evidence towards a dose of >400 IU per day to reduce breast 
cancer risk 213. 

10.2 Role of vitamin D in breast cancer 
To date, there have been several epidemiologic studies of the association between vitamin D 
and breast cancer risk, however, their results have not been consistent. Several studies 
observed an association between 25(OH)2D3 plasma levels and breast cancer incidence 19, 
215-217. The predictive value of 25(OH)2D3 plasma levels depends upon the time they have 
been measured. Plasma levels that have been measured within a few years before breast 
cancer diagnosis are less predictive than plasma level measured many years before 217. 
Furthermore, plasma levels that have been measured around 15 years before diagnosis do 
not have any aetiological value for the genesis of breast cancer 216. 
Bertone-Johnson and co-workers 217 found a marginally significant reduction of breast 
cancer risk in women >60 years who had elevated 25(OH)2D3 and 1,25(OH)2D3 plasma 
levels. In contrast, published data by Shin and co-workers 20 demonstrated a significantly 
decreased breast cancer incidence in premenopausal, but not in postmenopausal women, 
who had continuous vitamin D intake. 
Furthermore, a case control study observed that women with plasma 25(OH)2D3 
concentration <50nmol/l had >5 times higher risk of breast cancer than those with plasma 
concentrations exceeding >150 nmol/l 158. Janowsky and co-workers 19 also showed an 
inverse association between 1,25(OH)2D3 plasma levels to the point of diagnosis and breast 
cancer risk in patients with breast cancer. However, there was no difference in 1,25(OH)2D3 

plasma levels between patients with breast cancer and those with DCIS. The authors 
suggested that the grade of invasion was not correlated with the extent of 1,25(OH)2D3 level. 
Another nested case-control study with 96 breast cancer cases and 96 controls found no 
association between prediagnostic 1,25(OH)2D3 levels and levels at the time of diagnosis and 
breast cancer risk among postmenopausal women 216. 
The circulating concentration of 25(OH)2D3 is considered to be an excellent measure of the 
availability of vitamin D from the diet, supplements and from synthesis in the skin 218. Its 
potential importance in breast carcinogenesis is due to the fact that 25(OH)2D3 can be 
metabolised to 1,25(OH)2D3 by 1--hydroxylase in breast tissue 155. Thus, 25(OH)2D3 
levels may be more representative of intracellular levels of 1,25(OH)2D3 than circulating 
levels of 1,25(OH)2D3 217. 
To date, no studies have been published investigating intracellular or tissue levels of 
1,25(OH)2D3 and 25(OH)2D3 in association with breast cancer risk.  
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levels. In contrast, published data by Shin and co-workers 20 demonstrated a significantly 
decreased breast cancer incidence in premenopausal, but not in postmenopausal women, 
who had continuous vitamin D intake. 
Furthermore, a case control study observed that women with plasma 25(OH)2D3 
concentration <50nmol/l had >5 times higher risk of breast cancer than those with plasma 
concentrations exceeding >150 nmol/l 158. Janowsky and co-workers 19 also showed an 
inverse association between 1,25(OH)2D3 plasma levels to the point of diagnosis and breast 
cancer risk in patients with breast cancer. However, there was no difference in 1,25(OH)2D3 

plasma levels between patients with breast cancer and those with DCIS. The authors 
suggested that the grade of invasion was not correlated with the extent of 1,25(OH)2D3 level. 
Another nested case-control study with 96 breast cancer cases and 96 controls found no 
association between prediagnostic 1,25(OH)2D3 levels and levels at the time of diagnosis and 
breast cancer risk among postmenopausal women 216. 
The circulating concentration of 25(OH)2D3 is considered to be an excellent measure of the 
availability of vitamin D from the diet, supplements and from synthesis in the skin 218. Its 
potential importance in breast carcinogenesis is due to the fact that 25(OH)2D3 can be 
metabolised to 1,25(OH)2D3 by 1--hydroxylase in breast tissue 155. Thus, 25(OH)2D3 
levels may be more representative of intracellular levels of 1,25(OH)2D3 than circulating 
levels of 1,25(OH)2D3 217. 
To date, no studies have been published investigating intracellular or tissue levels of 
1,25(OH)2D3 and 25(OH)2D3 in association with breast cancer risk.  



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

650 

10.3 Dietary and supplemental calcium intake 
Many studies about the importance of calcium and its association to breast cancer have 
already been published. Most of them are case-control studies and nearly all of them are 
relatively small and there is insufficient documentation regarding risk factors for breast 
cancer in multivariate analyses. 
Calcium is participating on carcinogenesis via regulation of cell proliferation, differentiation 
and apoptosis 219-221. Cell proliferation and differentiation of breast cells can be increased 
by elevated calcium levels 208, 222, 223. Boyapati and co-workers 224 observed a non-
significant inverse association between calcium intake and breast cancer risk among pre- 
and postmenopausal women but the Nurses’ Health Study has shown this association only 
for premenopausal women 20. 
The anti-carcinogenic effects of calcium are last but not least, mediated by vitamin D, 
therefore calcium is one of the key mediators of the vitamin D induced apoptosis in breast 
cancer cells 208.  

11. Calcitriol and prostaglandins in cancer 
The stimulation of the renal calcitriol [1,25(OH)2D3] synthesis in vitro is well known as well 
as the inhibition of acetysalicylic acid as a non-selective NSAID 225. This justifies the 
clinical use of NSAIDs in treating arthritis for example. Hayes and co-workers 226 
observed an inhibition of calcitriol synthesis caused by PGE1 and PGE2 in synovial fluid 
macrophages from arthritic joints and with that he proved the link between vitamin D and 
prostaglandin metabolism. Several published studies have proven the anti-carcinogenic 
effects shown in different signalling pathways on prostate cancer cells 227-229. The team 
around David Feldman examined the influence of calcitriol in established human prostate 
cancer cell lines (androgen dependent LNCaP cells and androgen independent PC-3 cells) 
and in primary normal prostatic epithelial cells derived from normal and cancerous human 
prostate tissue. They showed that calcitriol regulates biologically active prostaglandin levels 
and prostaglandin actions by three mechanisms: calcitriol suppresses the COX-2 expression 
and moreover it up-regulates the expression of 15-PGDH. This dual influence of calcitriol 
was associated with a decrease of PGE2 secretion in prostate cancer cells. Calcitriol reduces 
the mRNA expression of prostaglandin receptors EP2 and FP, additionally a mechanism to 
inhibit the biological activity of prostaglandins. 
The combination of calcitriol and NSAIDs led to a significant growth inhibition in prostate 
cancer cells via its synergistic effects. These findings might postulate that calcitriol and 
NSAIDs are definitely a useful combination in chemo preventive and/or therapeutic 
strategies in prostate cancer 230. Unpublished own data support these results as we 
showed an inverse correlation between VDR- and COX-2 expression in breast cancer cells 
and a downregulation of COX-2 and an upregulation of 15 PGDH by calcitriol. Therefore we 
propose that these findings and suggest a possible link between VDR, associated target 
genes and the prostaglandin metabolism. 

12. Concluding remarks 
In conclusion, there is promising preclinical data inhibiting COX-2 in breast cancers, 
therefore the chance exists to innovatively disturb carcinogenesis of those gynecological 
oncological neoplasms Phase II trials have already been conducted to clear the safety of a 
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celecoxib treatment in metastatic breast cancer. Furthermore, calcitriol and calcium have 
shown anti-carcinogenic effects in experimental studies and several epidemiological 
studies have demonstrated an inverse association between vitamin D and calcium intake 
and breast cancer. Other studies have detected an inverse association between plasma and 
serum levels and breast cancer risk. Experimental studies support the hypothesis that the 
reduction of breast cancer risk is more significant among premenopausal women than 
among postmenopausal women and mPGES-1 and EP receptors might be important 
targets for the development of new anti inflammatory and antiproliferative tumor 
therapies. 
Questions that remain unanswered are: has calcitriol as antiproliferative effects in breast 
cancer as was proven in prostate cancer? Does a link exist between vitamin D and 
prostaglandin metabolism in breast cancers? These questions have to be answered as the 
increasing incidence of breast cancer have yet to be solved. Innovative treatment strategies 
fall on fruitful ground. Thus we need further studies that elucidate the importance of COX-2 
inhibitors in the preventive as well as in the adjuvant settings in breast cancers and finally 
that will evaluate the promising importance in the neoangiogenesis in detail. 
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and moreover it up-regulates the expression of 15-PGDH. This dual influence of calcitriol 
was associated with a decrease of PGE2 secretion in prostate cancer cells. Calcitriol reduces 
the mRNA expression of prostaglandin receptors EP2 and FP, additionally a mechanism to 
inhibit the biological activity of prostaglandins. 
The combination of calcitriol and NSAIDs led to a significant growth inhibition in prostate 
cancer cells via its synergistic effects. These findings might postulate that calcitriol and 
NSAIDs are definitely a useful combination in chemo preventive and/or therapeutic 
strategies in prostate cancer 230. Unpublished own data support these results as we 
showed an inverse correlation between VDR- and COX-2 expression in breast cancer cells 
and a downregulation of COX-2 and an upregulation of 15 PGDH by calcitriol. Therefore we 
propose that these findings and suggest a possible link between VDR, associated target 
genes and the prostaglandin metabolism. 

12. Concluding remarks 
In conclusion, there is promising preclinical data inhibiting COX-2 in breast cancers, 
therefore the chance exists to innovatively disturb carcinogenesis of those gynecological 
oncological neoplasms Phase II trials have already been conducted to clear the safety of a 
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celecoxib treatment in metastatic breast cancer. Furthermore, calcitriol and calcium have 
shown anti-carcinogenic effects in experimental studies and several epidemiological 
studies have demonstrated an inverse association between vitamin D and calcium intake 
and breast cancer. Other studies have detected an inverse association between plasma and 
serum levels and breast cancer risk. Experimental studies support the hypothesis that the 
reduction of breast cancer risk is more significant among premenopausal women than 
among postmenopausal women and mPGES-1 and EP receptors might be important 
targets for the development of new anti inflammatory and antiproliferative tumor 
therapies. 
Questions that remain unanswered are: has calcitriol as antiproliferative effects in breast 
cancer as was proven in prostate cancer? Does a link exist between vitamin D and 
prostaglandin metabolism in breast cancers? These questions have to be answered as the 
increasing incidence of breast cancer have yet to be solved. Innovative treatment strategies 
fall on fruitful ground. Thus we need further studies that elucidate the importance of COX-2 
inhibitors in the preventive as well as in the adjuvant settings in breast cancers and finally 
that will evaluate the promising importance in the neoangiogenesis in detail. 

13. Acknowledgments 
The authors declare no conflict of interest relevant to this article. 

14. Abbreviations 
bFGF  = basic fibroblast growth factor 
COX  = cyclooxygenase 
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FIGO  = Fédération Internationale de Gyneécologie et d’Obstétrique 
GRO  = growth related protein 
HER2  = human epidermal growth factor receptor 2 
IL  = interleukin 
NSAID  = non-steroidal anti-inflammatory drug 
mPGES-1 = microsomalmicrosomal prostaglandin E synthase-1 
mRNA  = messenger ribonucleic acid 
PCR  = polymerase chain reaction 
PDGF  = platelet derived growth factor 
PG  = prostaglandin 
PGDH  = prostaglandin dehydrogenase 
PPAR  = peroxisomes proliferator-activated receptor 
TGF1  = transforming growth factor 1 
TIMP  = tissue inhibitor of matrix metalloproteinase 
VDR  = vitamin D receptor 
VDRE  = vitamin D responsive element 
VEGF  = vascular endothelial growth factor 
VM  = vasculogenic mimicry 
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1. Introduction 
Breast cancer is the most commonly diagnosed cancer and one of the leading causes of 
cancer-associated death among women worldwide. Each year, more than one million new 
cases of breast cancer are diagnosed worldwide, and an estimated 370,000 women die from 
breast cancer (1, 2). Ca2+ as an important nutrient from dairy products functions as an 
important signalling messenger from the beginning to the end of our life, and plays a critical 
role in many physiological processes such as gene transcription, cell growth, proliferation, 
migration, differentiation and apoptosis (3-11). Many of these processes are associated with 
tumorigenesis and cancer progression. Dysregulation of calcium homeostasis and signaling 
causes many human diseases, including mammary gland pathophysiology and breast 
cancer (3, 4, 5 and 9).  

2. Ca2+ and breast cancer 
Ca2+ is a ubiquitous cellular signal which has been strongly implicated in triggering and 
regulating various cell functions by Ca2+-regulated proteins and their signaling pathways (3-
11). The concentration of free extracellular Ca2+ (Cao2+) in our serum is kept constant by 
processing that constantly feeds Ca2+ into, and withdraws it from the extracellular fluid, 
such as dietary calcium intake and bone calcium turnover (5-7). Decreases in the 
concentration of free Cao2+ in plasma (hypocalcemia) result in increased neuromuscular 
irritability and tetany. Increases in total serum Cao2+ (hypercalcemia) can result in fatigue, 
depression, mental confusion, anorexia, nausea, vomiting, constipation, reversible renal 
tubular defects, increased urination, alteration in the electrocardiogram (a short QT 
interval), and cardiac arrhythmias as well as renal insufficiency and calcification in the 
kidney, skin, vessels, lungs, heart and stomach. There is a ~12,000-fold Ca2+-gradient 
between intracellular (~100 nM) and extracellular (~1.2 mM) free Ca2+ concentrations in 
cells. To maintain this Ca2+ gradient, cells chelate, compartmentalize, or remove Ca2+ from 
the cytoplasm (3). Regulation of cellular processes via Ca2+-signaling such as binding of Ca2+ 
to proteins, change of intracellular Ca2+ (Cai2+) concentrations, and modification of other 
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regulating various cell functions by Ca2+-regulated proteins and their signaling pathways (3-
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tubular defects, increased urination, alteration in the electrocardiogram (a short QT 
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the cytoplasm (3). Regulation of cellular processes via Ca2+-signaling such as binding of Ca2+ 
to proteins, change of intracellular Ca2+ (Cai2+) concentrations, and modification of other 
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protein functions by Ca2+ have been shown to play important roles in cancer initiation, 
tumor formation, tumor progression, metastasis, invasion and angiogenesis (12-14). For 
instance, Ca2+ can activate transcription factors such as nuclear factor of activated T cells 
(NFAT) resulting in modulation of cellular transcription (11), regulate cell proliferation 
promoting cancer cell progression (4, 9, 12), and modulate poly-(ADP-ribose) polymerase-1 
(PARP1), mitochondrial membrane permeabilization and DNA damage leading to apoptosis 
and necrosis (10, 13). By mobilizing the release of Cai2+ from endoplasmic reticulum, 
angiogenic factors such as vascular endothelial growth factor can increase Cai2+ that in turn 
promote angiogenesis (14), Ca2+ signaling also plays an important role in cellular motility 
such as during tumor invasion and metastasis (4, 5, 9, 12). 

2.1 Ca2+ intake and breast cancer risk 
Calcium is a threshold nutrient and is the most abundant mineral element in the body. 
Dietary calcium has an important impact on bone metabolism and bone health, and is also 
among a number of nutritional factors suggested to be associated with cancer. Higher 
intakes of Ca2+ are reported to increase the risk of prostate cancer (15, 16) and lung cancer 
(17), and to reduce the risk of ovarian cancer and colorectal cancers (18, 19). Many 
epidemiological studies around the world that evaluated the association between Ca2+ 
intake and the risk of breast cancer have been published (20-32). Table I summaries thirteen 
studies from eight countries during the last five years. Most of these epidemiological studies 
indicate no significant association between Ca2+ intake and the risk of breast cancer, and 
some of these investigations show a negative association (20-32). Epidemiologic studies 
suggest that higher intake of Ca2+ may not be associated with breast tumorigenesis. 
 
Studies Calcium  Breast cancer risk References 
Chinese women Food No association/reduction 20, 21 
Norwegian women Dairy product No significant association 22 
Canadian women Food and supplements No association 23 
German women Food No association 24 
Swedish women Food No association 25 
American women Food and supplements No association/modest reduction 26-30 
Japanese women Food and supplements Reduction 31 
French women Food Negative association 32 

Table 1. Calcium intake and breast cancer risk. 

2.2 Serum Ca2+ and breast cancer risk 
As one of many nutrients in dairy products, it is difficult to study the role of calcium intake 
in breast cancer risk. Serum calcium is maintained within a fairly narrow range from 8.5 to 
10 .5 mg/dl (2 .2 to 2 .7 mmol/L). Given the emerging interest in the potential role of Ca2+ in 
the etiology of breast cancer, several investigations focus on analyzing the relationship 
between the levels of serum calcium and the risk of breast cancer. In 2007, the first cohort 
study of 7847 women performed by Almquist et al. (33) evaluated serum calcium in relation 
to breast cancer risk. They found a positive association between total calcium and breast 
cancer risk among overweight postmenopausal women. In follow-up studies in which 462 
women were diagnosed with incident breast cancer, they found that serum calcium levels in 
premenopausal and overweight women were positively associated with increased tumor 
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aggressiveness as determined by a higher risk of nodal metastasis (34, 35). Recently, these 
results were supported by Martin et al. who also found that serum calcium levels among 
postmenopausal women are positively associated with incident breast cancer in white 
women (36), while another study found no association between total serum calcium and 
breast cancer risk among postmenopausal women (37). Although more studies on the 
relationship between serum calcium and breast cancer risk are necessary, hypercalcemia 
defined as an abnormal elevation in serum calcium levels is a frequent complication of 
breast cancer (38-41). This suggests the Cao2+ could play an important role in the regulation 
of breast cancer progression. 

2.3 Bone metastasis of breast cancer cells and Ca2+ release 
Hypercalcemia, which has been found in 30-40% of breast cancer patients, is the most 
frequent metabolic complication of breast cancer (38-41). In a significant minority of 
patients, cancer-induced hypercalcemia is caused by systemic secretion of parathyroid 
hormone-related protein (PTHrP) by cancer cells, and PTHrP causes increased bone 
resorption and enhances renal retention of calcium (42, 43). Most commonly, hypercalcemia 
occurs in patients with multiple bone metastases. Breast cancer cell metastases to bone often 
cause bone destruction or osteolysis, and leads to the release of growth factors from the 
bone matrix (e.g., transforming growth factor, insulin-like growth factor, basic fibroblast 
growth factor), and the release of large quantities of Ca2+ into the bone microenvironment 
(44-49). The growth factors can stimulate breast cancer cell proliferation (47), while Ca2+ also 
plays an important role in crosstalk between tumor cells and bone microenvironment to 
promote a vicious cycle of tumor cell growth and bone destruction. 

3. Ca2+-sensing receptor and breast cancer 
Recent studies have demonstrated that some G protein coupled receptors (GPCR) such as 
endothelin receptors, chemokine receptors and lysophosphatidic acid receptors play an 
important role in tumorigenesis and metastasis of multiple human cancers (50-52). Some 
other GPCRs, for instance neuropeptide receptors, adenosine A2B receptor, P2Y receptor, 
bradykinin receptor, thrombin receptor, metabotropic glutamate receptors, estrogen 
receptor, and EGF-like module containing mucin-like hormone receptor 2 are also expressed 
at a significantly higher level in cancer tissues and have been implicated in cancer 
progression (53-57). The Ca2+-sensing receptor (CaR) has a characteristic seven 
transmembrane domain GPCR structure and was initially characterized as a sensor for 
modulating parathyroid hormone and calcitonin release in response to change in blood Ca2+ 
levels (58). The metastasis of breast cancer cells to bone result in osteolysis and lead to the 
release of large quantities of Ca2+ into the bone microenvironment (45, 46). This Cao2+ can be 
a primary signaling molecule and act through the CaR that directly regulates multiple 
signaling pathways involved in breast cancer cell growth, proliferation, differentiation, 
apoptosis and migration (58, 59), and through the Ca2+ channels which elevate intracellular 
Ca2+ (Cai2+) levels to modulate Ca2+-dependent proteins (60).  

3.1 CaR expression and breast cancer 
3.1.1 Up-regulation of CaR expression in breast cancer cells and specimens 
The CaR is expressed in the epithelial ducts of the normal human breast, and the level of 
expression is associated with mammary gland development, with lower levels in pregnancy 
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promoting cancer cell progression (4, 9, 12), and modulate poly-(ADP-ribose) polymerase-1 
(PARP1), mitochondrial membrane permeabilization and DNA damage leading to apoptosis 
and necrosis (10, 13). By mobilizing the release of Cai2+ from endoplasmic reticulum, 
angiogenic factors such as vascular endothelial growth factor can increase Cai2+ that in turn 
promote angiogenesis (14), Ca2+ signaling also plays an important role in cellular motility 
such as during tumor invasion and metastasis (4, 5, 9, 12). 

2.1 Ca2+ intake and breast cancer risk 
Calcium is a threshold nutrient and is the most abundant mineral element in the body. 
Dietary calcium has an important impact on bone metabolism and bone health, and is also 
among a number of nutritional factors suggested to be associated with cancer. Higher 
intakes of Ca2+ are reported to increase the risk of prostate cancer (15, 16) and lung cancer 
(17), and to reduce the risk of ovarian cancer and colorectal cancers (18, 19). Many 
epidemiological studies around the world that evaluated the association between Ca2+ 
intake and the risk of breast cancer have been published (20-32). Table I summaries thirteen 
studies from eight countries during the last five years. Most of these epidemiological studies 
indicate no significant association between Ca2+ intake and the risk of breast cancer, and 
some of these investigations show a negative association (20-32). Epidemiologic studies 
suggest that higher intake of Ca2+ may not be associated with breast tumorigenesis. 
 
Studies Calcium  Breast cancer risk References 
Chinese women Food No association/reduction 20, 21 
Norwegian women Dairy product No significant association 22 
Canadian women Food and supplements No association 23 
German women Food No association 24 
Swedish women Food No association 25 
American women Food and supplements No association/modest reduction 26-30 
Japanese women Food and supplements Reduction 31 
French women Food Negative association 32 

Table 1. Calcium intake and breast cancer risk. 

2.2 Serum Ca2+ and breast cancer risk 
As one of many nutrients in dairy products, it is difficult to study the role of calcium intake 
in breast cancer risk. Serum calcium is maintained within a fairly narrow range from 8.5 to 
10 .5 mg/dl (2 .2 to 2 .7 mmol/L). Given the emerging interest in the potential role of Ca2+ in 
the etiology of breast cancer, several investigations focus on analyzing the relationship 
between the levels of serum calcium and the risk of breast cancer. In 2007, the first cohort 
study of 7847 women performed by Almquist et al. (33) evaluated serum calcium in relation 
to breast cancer risk. They found a positive association between total calcium and breast 
cancer risk among overweight postmenopausal women. In follow-up studies in which 462 
women were diagnosed with incident breast cancer, they found that serum calcium levels in 
premenopausal and overweight women were positively associated with increased tumor 
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aggressiveness as determined by a higher risk of nodal metastasis (34, 35). Recently, these 
results were supported by Martin et al. who also found that serum calcium levels among 
postmenopausal women are positively associated with incident breast cancer in white 
women (36), while another study found no association between total serum calcium and 
breast cancer risk among postmenopausal women (37). Although more studies on the 
relationship between serum calcium and breast cancer risk are necessary, hypercalcemia 
defined as an abnormal elevation in serum calcium levels is a frequent complication of 
breast cancer (38-41). This suggests the Cao2+ could play an important role in the regulation 
of breast cancer progression. 

2.3 Bone metastasis of breast cancer cells and Ca2+ release 
Hypercalcemia, which has been found in 30-40% of breast cancer patients, is the most 
frequent metabolic complication of breast cancer (38-41). In a significant minority of 
patients, cancer-induced hypercalcemia is caused by systemic secretion of parathyroid 
hormone-related protein (PTHrP) by cancer cells, and PTHrP causes increased bone 
resorption and enhances renal retention of calcium (42, 43). Most commonly, hypercalcemia 
occurs in patients with multiple bone metastases. Breast cancer cell metastases to bone often 
cause bone destruction or osteolysis, and leads to the release of growth factors from the 
bone matrix (e.g., transforming growth factor, insulin-like growth factor, basic fibroblast 
growth factor), and the release of large quantities of Ca2+ into the bone microenvironment 
(44-49). The growth factors can stimulate breast cancer cell proliferation (47), while Ca2+ also 
plays an important role in crosstalk between tumor cells and bone microenvironment to 
promote a vicious cycle of tumor cell growth and bone destruction. 

3. Ca2+-sensing receptor and breast cancer 
Recent studies have demonstrated that some G protein coupled receptors (GPCR) such as 
endothelin receptors, chemokine receptors and lysophosphatidic acid receptors play an 
important role in tumorigenesis and metastasis of multiple human cancers (50-52). Some 
other GPCRs, for instance neuropeptide receptors, adenosine A2B receptor, P2Y receptor, 
bradykinin receptor, thrombin receptor, metabotropic glutamate receptors, estrogen 
receptor, and EGF-like module containing mucin-like hormone receptor 2 are also expressed 
at a significantly higher level in cancer tissues and have been implicated in cancer 
progression (53-57). The Ca2+-sensing receptor (CaR) has a characteristic seven 
transmembrane domain GPCR structure and was initially characterized as a sensor for 
modulating parathyroid hormone and calcitonin release in response to change in blood Ca2+ 
levels (58). The metastasis of breast cancer cells to bone result in osteolysis and lead to the 
release of large quantities of Ca2+ into the bone microenvironment (45, 46). This Cao2+ can be 
a primary signaling molecule and act through the CaR that directly regulates multiple 
signaling pathways involved in breast cancer cell growth, proliferation, differentiation, 
apoptosis and migration (58, 59), and through the Ca2+ channels which elevate intracellular 
Ca2+ (Cai2+) levels to modulate Ca2+-dependent proteins (60).  

3.1 CaR expression and breast cancer 
3.1.1 Up-regulation of CaR expression in breast cancer cells and specimens 
The CaR is expressed in the epithelial ducts of the normal human breast, and the level of 
expression is associated with mammary gland development, with lower levels in pregnancy 
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and involution, low levels before pregnancy and higher levels with lactation (61). These 
physiological changes in CaR expression are involved in the control of PTHrP secretion that 
feeds back to regulate Ca2+ influxes to the mammary glands. These influxes regulate the 
proliferation of normal mammary epithelial cells. During lactation, bone loss is rapid and 
completely reversible upon weaning, and large amounts of calcium are transferred into 
milk, placing nursing mothers under calcemic stress. Bone turnover increases and bone 
mass decreases, presumably to free skeletal calcium for milk production (62, 63). It is known 
that the receptor is also expressed in breast carcinomas and breast cancer cell lines (64). 
Using an anti-CaR antibody with peptide blocking to demonstrate specificity, we (65) 
recently reported that the levels of CaR expression are significantly increased in breast 
cancer cell lines compared to nonmalignant breast cell lines (Fig. 1). Mihai et al. analyzed the 
relationship between the levels of CaR expression and bone metastases in 108 breast cancer 
patients, and found that patients with higher CaR expression are more likely to develop 
bone metastases (66). The higher Cao2+ concentration in the erosion sites of breast cancer 
metastasis and up-regulation of CaR expression in breast cancer cells could lead to cell 
signaling abnormalities. This suggests the potential changes in CaR-mediated signaling in 
breast cancer cells.  
 

 
Fig. 1. Expression of CaR, G protein and p115RhoGEF in normal breast cells and breast 
cancer cells. Equal amounts of protein from Hs 578Bst (lane 1), MCF-10A (lane 2), MDA-
MB-231 (lane 3) and MCF-7 cell (lane 4) lysates were processed for immunoblotting using 
antibodies against different proteins as shown on the right. A) Peptide blocking: anti-CaR 
antibody incubated with no peptide (top) immunogenic peptide (middle) or non-specific 
peptide (bottom); B) Gi (top), Gq (upper middle) G12 (lower middle) and p115RhoGEF 
(p115, bottom).  

3.1.2 Alteration of other CaR-signaling components in breast cancer 
Like other GPCRs, the CaR signaling cascade contains four major components: receptor, G 
protein (heterotrimeric ), regulators of G-protein signaling (RGS) protein, and effectors 
(67). Current evidence shows that the CaR couples to Gs, Gi, Gq, and G12/13 and can be 
regulated by RGS4 and p115-RhoGEF (58, 65, 68, and 69). Kelly et al. (70) recently reported 
that expression of G12 is significantly up-regulated in the earliest stages of breast cancer by 
immunohistochemical detection, and that the inhibition of G12 signaling reduces the 
metastatic dissemination of breast cancer cells in an animal model. G12/13 acts through 
p115RhoGEF, a RGS protein with GAP activity for the G12/13 subunits and guanine 
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nucleotide exchange activity for the small G protein Rho (67). To explore the role of CaR-
mediated signaling in breast cancer cells, we compared the levels of G protein (Gi, Gq and 
G12) and p115RhoGEF expression in two nonmalignant breast cell lines (Hs 578Bst and 
MCF-10A) and two breast cancer cell lines (MDA-MB-231, estrogen receptor/progesterone 
receptor negative and highly invasive, and MCF-7, estrogen receptor/progesterone receptor 
positive and weakly invasive), and found that the levels of G12 and p115RhoGEF 
expression are dramatically up-regulated in two breast cancer cell lines (Fig. 1). Up-
regulation of CaR, G12 and p115RhoGEF expression in breast cancer cells indicates a 
potential signaling role in breast tumorigenesis and cancer progression. 

3.2 CaR signaling in breast cancer cells 
3.2.1 CaR signaling regulates the activation of choline kinase in breast cancer cells 
Alteration in choline phospholipid metabolism as detected by nuclear magnetic resonance is 
a common feature of breast and many other cancer cells or tumors (71-76). Evidence from 
animal and cell studies as well as preclinical and clinical studies shows significant increases 
in phosphocholine (P-cho) levels in a range of human tumors (breast, colon, prostate, lung, 
neuroblastoma and lymphomas, etc) (77-82). Choline kinase (ChoK), the enzyme expressed 
in various tissues and that catalyzes the phosphorylation of choline to P-cho, is the first 
phosphorylation reaction in the CDP-choline pathway for the biosysthesis of 
phosphatidylcholine (83). Based on increased ChoK expression and activity in cancer cells 
and tumors, and increased ChoK activity in ras transformed cells (77-82, 84), ChoK has been 
proposed to play a role in the onset or progression of human cancer (breast, colon, prostate 
and lung, etc) and to be a target for developing anti-tumor drugs and an avenue for 
pharmaceutical therapy. Earlier studies also showed that various growth factors such as 
epidermal growth factor, fibroblast growth factor, platelet-derived growth factor, insulin-
dependent growth factor and vascular endothelial growth factor enhance ChoK activity 
during tumor formation (85-87). 
Because overexpression of the CaR-signaling components (Fig. 1 and refs 65, 66, 70) and 
increases of ChoK activity and P-cho production (72, 77-82) have consistently been observed 
in breast cancer cells and breast tumors, and metastasis of breast cancer cells to bone leads to 
the release of large quantities of Ca2+ (45, 46), it is possible that up-regulation of CaR 
signaling leads to a significantly altered choline phospholipid metabolism which regulates 
breast cancer cell proliferation. To evaluate the roles of Ca2+- and CaR-regulated ChoK in 
breast cancer cells, we (65) recently prelabeled Hs 578Bst cells, MCF-10A cells, MDA-MB-231 
cells and MCF-7 cells with [3H]choline to study Ca2+-induced ChoK activation and P-cho 
production, and found that Ca2+-induced [3H]P-cho production was significantly increased 
in breast cancer cells compared to the nonmalignant breast cells in time- or dose-dependent 
manners. Using an anti-CaR antibody to block Cao2+ binding to the CaR and siRNA to 
silence CaR gene expression, we further demonstrated that [3H]P-cho production in 
response to Cao2+-stimulation was CaR-dependent. By analyzing cellular lipid profiles and 
using siRNA to silence ChoK expression, we defined that the production of [3H]P-cho was 
primarily related to CaR-induced ChoK activation. Treatment of the cells with either 
pertussis toxin or C3 exoenzyme, and co-immunoprecipiation of G12 with the CaR, we 
found that the enhancement of ChoK activation and P-cho production in breast cancer cells 
occurs via a CaR-G12-Rho signaling pathway. 
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and involution, low levels before pregnancy and higher levels with lactation (61). These 
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MB-231 (lane 3) and MCF-7 cell (lane 4) lysates were processed for immunoblotting using 
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Like other GPCRs, the CaR signaling cascade contains four major components: receptor, G 
protein (heterotrimeric ), regulators of G-protein signaling (RGS) protein, and effectors 
(67). Current evidence shows that the CaR couples to Gs, Gi, Gq, and G12/13 and can be 
regulated by RGS4 and p115-RhoGEF (58, 65, 68, and 69). Kelly et al. (70) recently reported 
that expression of G12 is significantly up-regulated in the earliest stages of breast cancer by 
immunohistochemical detection, and that the inhibition of G12 signaling reduces the 
metastatic dissemination of breast cancer cells in an animal model. G12/13 acts through 
p115RhoGEF, a RGS protein with GAP activity for the G12/13 subunits and guanine 
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nucleotide exchange activity for the small G protein Rho (67). To explore the role of CaR-
mediated signaling in breast cancer cells, we compared the levels of G protein (Gi, Gq and 
G12) and p115RhoGEF expression in two nonmalignant breast cell lines (Hs 578Bst and 
MCF-10A) and two breast cancer cell lines (MDA-MB-231, estrogen receptor/progesterone 
receptor negative and highly invasive, and MCF-7, estrogen receptor/progesterone receptor 
positive and weakly invasive), and found that the levels of G12 and p115RhoGEF 
expression are dramatically up-regulated in two breast cancer cell lines (Fig. 1). Up-
regulation of CaR, G12 and p115RhoGEF expression in breast cancer cells indicates a 
potential signaling role in breast tumorigenesis and cancer progression. 

3.2 CaR signaling in breast cancer cells 
3.2.1 CaR signaling regulates the activation of choline kinase in breast cancer cells 
Alteration in choline phospholipid metabolism as detected by nuclear magnetic resonance is 
a common feature of breast and many other cancer cells or tumors (71-76). Evidence from 
animal and cell studies as well as preclinical and clinical studies shows significant increases 
in phosphocholine (P-cho) levels in a range of human tumors (breast, colon, prostate, lung, 
neuroblastoma and lymphomas, etc) (77-82). Choline kinase (ChoK), the enzyme expressed 
in various tissues and that catalyzes the phosphorylation of choline to P-cho, is the first 
phosphorylation reaction in the CDP-choline pathway for the biosysthesis of 
phosphatidylcholine (83). Based on increased ChoK expression and activity in cancer cells 
and tumors, and increased ChoK activity in ras transformed cells (77-82, 84), ChoK has been 
proposed to play a role in the onset or progression of human cancer (breast, colon, prostate 
and lung, etc) and to be a target for developing anti-tumor drugs and an avenue for 
pharmaceutical therapy. Earlier studies also showed that various growth factors such as 
epidermal growth factor, fibroblast growth factor, platelet-derived growth factor, insulin-
dependent growth factor and vascular endothelial growth factor enhance ChoK activity 
during tumor formation (85-87). 
Because overexpression of the CaR-signaling components (Fig. 1 and refs 65, 66, 70) and 
increases of ChoK activity and P-cho production (72, 77-82) have consistently been observed 
in breast cancer cells and breast tumors, and metastasis of breast cancer cells to bone leads to 
the release of large quantities of Ca2+ (45, 46), it is possible that up-regulation of CaR 
signaling leads to a significantly altered choline phospholipid metabolism which regulates 
breast cancer cell proliferation. To evaluate the roles of Ca2+- and CaR-regulated ChoK in 
breast cancer cells, we (65) recently prelabeled Hs 578Bst cells, MCF-10A cells, MDA-MB-231 
cells and MCF-7 cells with [3H]choline to study Ca2+-induced ChoK activation and P-cho 
production, and found that Ca2+-induced [3H]P-cho production was significantly increased 
in breast cancer cells compared to the nonmalignant breast cells in time- or dose-dependent 
manners. Using an anti-CaR antibody to block Cao2+ binding to the CaR and siRNA to 
silence CaR gene expression, we further demonstrated that [3H]P-cho production in 
response to Cao2+-stimulation was CaR-dependent. By analyzing cellular lipid profiles and 
using siRNA to silence ChoK expression, we defined that the production of [3H]P-cho was 
primarily related to CaR-induced ChoK activation. Treatment of the cells with either 
pertussis toxin or C3 exoenzyme, and co-immunoprecipiation of G12 with the CaR, we 
found that the enhancement of ChoK activation and P-cho production in breast cancer cells 
occurs via a CaR-G12-Rho signaling pathway. 
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3.2.2 CaR signaling regulates breast cancer cell proliferation 
Because the CaR stimulates ChoK activation in breast cancer cells, understanding ChoK 
activation and P-cho production in the regulation of cell proliferation is very important. 
Glunde et al. (81) recently knocked down ChoK expression by transfecting ChoK-specific 
siRNA and short hairpin RNA into breast cancer cells and found that down-regulation of 
ChoK expression reduced cell proliferation measured by proliferating cell nuclear antigen 
and Ki-67, and induced cell differentiation measured by cytosolic lipid droplet formation and 
expression of galectin-3. Shah et al. (82) showed that overexpression of ChoK in human breast 
cancer cells increases invasiveness and drug resistance. Overexpression of ChoK in HEK 293 
cells leads to up-regulation of cyclin D1 and cyclin D3 expression and down-regulation of 
TGF receptor1, cyclin G2, cyclin-dependent kinase inhibitor 1A (p21, Cip1) and 1B (p27, 
Kip1) expression, which is involved in the regulation of TGF signaling (88). These data 
suggest that up- or down-regulation of ChoK expression and activity is associated with cell 
proliferation. Furthermore, the increase of cellular P-cho observed in cancer cells and tissues 
(71-79) indicates that P-cho produced by ChoK activation may play an important role in the 
regulation of cell function. Earlier studies in cell models showed direct evidence that 
treatment of fibroblasts with P-cho increases DNA synthesis and the effect is enhanced with 
other agonists such as ATP and insulin (89). Up-regulation of ChoK activation and P-cho 
production in human breast cancer cells and tumors indicates that CaR-ChoK signaling plays 
an important role in promoting breast cancer cell proliferation. 
P-cho could stimulate breast cancer cell proliferation. Many recent studies show that several 
synthetic alkylphosphocholines (edelfosine, miltefosine and perifosine), P-cho analogs, have 
been developed as a new class of anti-cancer agents. These P-cho analogs act on cellular 
membranes rather than the DNA, and disturb signal transduction including the inhibition of 
phosphatidylcholine synthesis, the inhibition of the MAP-kinase/ERK proliferative and 
phosphatidylinositol 3-kinase/ Akt survival pathways, the stimulation of the Stress-
activated protein kinase/JNK cell death pathway, and the inhibition of cell attachment, 
spreading, and migration (90-94). P-cho analogs as a class of anti-tumor drugs have been 
used more and more in clinical studies, but exploring the molecular mechanism of how they 
interact with cancer cells continues. 
The CaR, through the G12-p115RhoGEF-ChoK signaling pathway, connects to the synthesis of 
choline-containing phospholipids and the proliferation of breast cancer cells. Recently, studies 
also showed that the CaR plays a role in epidermal growth factor receptor (EGFR) 
transactivation to regulate cell proliferation. Using H-500 rat Leydig cancer cells as a model for 
humoral hypercalcemia of malignancy, Tfelt-Hansen et al. showed that treatment of H-500 
cells with Cao2+ stimulates PTHrP release leading to CaR-induced activation of ERK1/2 and 
stimulation of cellular proliferation through the transactivation of the EGFR (95, 96). El Hiani 
et al. further reported that high Cao2+ induced CaR activation leads to breast cancer cell 
proliferation, and the inhibition of EGFR kinase reduced the activation of ERK1/2, and breast 
cancer cell proliferation (97). This cross-talk between the CaR and the EGFR in the regulation 
of cell proliferation was also found in Rat-1 fibroblasts (98). All these data indicate that the CaR 
can act through EGFR transactivation to regulate breast cancer cell proliferation. 
Bone tissue is the most common organ targeted by breast cancer cells where metastasis can 
directly or indirectly stimulate osteoclast-mediated bone resorption. Tumor-induced 
osteolysis leads to the release of large quantities of calcium. The local Ca2+ level at resorption 
sites has been reported to rise as high as 40 mM (46). Hence, metastatic breast cancer cells 
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could be faced with abnormally high Ca2+ concentrations. One recent report showed that the 
high Ca2+ concentrations through the CaR signaling pathway stimulate PTHrP expression 
and secretion in MCF-7 and MDA-MB-231 breast cancer cells (64). Tumor-cell derived 
PTHrP enhances bone remodeling and release of numerous biological factors, facilitates 
skeletal progression by directly stimulating tumor cell proliferation (99, 100), and promotes 
homotypic aggregation of breast cancer cells in suspension and three-dimensional cultures 
(101-103). This suggests that the Cao2+ and CaR in the bone environment can regulate a 
signaling network through different cell types to promote breast cancer cell proliferation. 

3.2.3 CaR signaling regulates breast cancer cell migration 
Elevated Cao2+ concentrations stimulate PTHrP secretion from various normal and 
malignant cells. PTHrP plays a central role in the development of breast cancer metastases to 
bone, and skeletal metastases of breast cancers express more PTHrP and maintains at the 
levels higher than those in normal breast epithelial cells, primary breast cancers, or 
nonskeletal metastases (42). By transfection of vector, mutated and wild-type PTHrP into 
breast cancer cells (MCF-7), the study showed that wild-type PTHrP-overexpressing cells 
increased cell laminin, adhesion, migration, and Matrigel invasion. Overexpression of wild-
type PTHrP also increased the cell surface expression of the pro-invasive integrins 6 and 4 
(104). Using Boyden Chamber and Scratch Wound migration assays, Saidak et al. (105) 
showed direct evidence that Cao2+ at concentrations of 2.5 mM and 5 mM induces cell 
migration compared to basal levels for several breast cancer cell lines. The highly bone 
metastatic breast cancer cells strongly respond to elevated concentrations of Cao2+ in the 
migration assays. Knockdown of the CaR by siRNA resulted in an inhibition of Cao2+-
induced migration, indicating the involvement of this receptor in the effect. All these data 
indicate that Cao2+ acts through the CaR to promote breast cancer cell migration.  
Cell migration is required for cancer cells to spread, invasion and metastasis, and metastasis 
of cancer cells is significantly associated with increased mortality and reduced treatment 
effectiveness. Cell migration is achieved through dynamic remodeling of filamentous actin 
and of focal adhesion sites. Tu et al. (106) demonstrated the involvement of the CaR in the 
activation of E-cadherin signaling. Using human epidermal keratinocytes as a cell model, 
silencing CaR expression blocks the Cao2+-induced formation of adherens junctions, and the 
association of phosphoinositide 3-kinase (PI3K) with the E-cadherin-catenin complex. Cao2+ 
does not stimulate tyrosine phosphorylation of β-, γ-, and p120-catenin and Fyn in the CaR-
deficient keratinocytes. Further studies find that Rho GTPase is a part of the CaR-mediated 
signaling cascade regulating cell adhesion. Cao2+-induced Rho activation requires a direct 
interaction between CaR and filamin A (107). The CaR regulated E-cadherin cell membrane 
localization and complex formation of E-cadherin and -catenin was also reported in human 
colon carcinoma cells (108). CaR-specific siRNA and the CaR antagonist (NPS2390) can 
partially inhibit wound repair of human bronchial epithelial cells, and these signaling 
pathway(s) are associated with phospholipase C which can be blocked by U73122 and 
ERK1/2 which can be inhibited by PD 98059 (109). Cao2+ acts through the CaR to stimulate 
migration of osteoclast precursor RAW 264.7cells via the PI3K/Akt pathway but not the 
MAPK (ERK, p38 and JNK) pathways (110). In Boyden Chamber and Scratch Wound 
migration assays, Saidak et al. reported that inhibition of either ERK1/2 by U0126 or 
phospholipase C by U73122 led to an abolition of the Cao2+-induced migration of breast 
cancer cells (105). These data suggest that the CaR can regulate cell migration, however, the 
details of the CaR-induced breast cancer cell migration remain largely unknown. 
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used more and more in clinical studies, but exploring the molecular mechanism of how they 
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could be faced with abnormally high Ca2+ concentrations. One recent report showed that the 
high Ca2+ concentrations through the CaR signaling pathway stimulate PTHrP expression 
and secretion in MCF-7 and MDA-MB-231 breast cancer cells (64). Tumor-cell derived 
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homotypic aggregation of breast cancer cells in suspension and three-dimensional cultures 
(101-103). This suggests that the Cao2+ and CaR in the bone environment can regulate a 
signaling network through different cell types to promote breast cancer cell proliferation. 

3.2.3 CaR signaling regulates breast cancer cell migration 
Elevated Cao2+ concentrations stimulate PTHrP secretion from various normal and 
malignant cells. PTHrP plays a central role in the development of breast cancer metastases to 
bone, and skeletal metastases of breast cancers express more PTHrP and maintains at the 
levels higher than those in normal breast epithelial cells, primary breast cancers, or 
nonskeletal metastases (42). By transfection of vector, mutated and wild-type PTHrP into 
breast cancer cells (MCF-7), the study showed that wild-type PTHrP-overexpressing cells 
increased cell laminin, adhesion, migration, and Matrigel invasion. Overexpression of wild-
type PTHrP also increased the cell surface expression of the pro-invasive integrins 6 and 4 
(104). Using Boyden Chamber and Scratch Wound migration assays, Saidak et al. (105) 
showed direct evidence that Cao2+ at concentrations of 2.5 mM and 5 mM induces cell 
migration compared to basal levels for several breast cancer cell lines. The highly bone 
metastatic breast cancer cells strongly respond to elevated concentrations of Cao2+ in the 
migration assays. Knockdown of the CaR by siRNA resulted in an inhibition of Cao2+-
induced migration, indicating the involvement of this receptor in the effect. All these data 
indicate that Cao2+ acts through the CaR to promote breast cancer cell migration.  
Cell migration is required for cancer cells to spread, invasion and metastasis, and metastasis 
of cancer cells is significantly associated with increased mortality and reduced treatment 
effectiveness. Cell migration is achieved through dynamic remodeling of filamentous actin 
and of focal adhesion sites. Tu et al. (106) demonstrated the involvement of the CaR in the 
activation of E-cadherin signaling. Using human epidermal keratinocytes as a cell model, 
silencing CaR expression blocks the Cao2+-induced formation of adherens junctions, and the 
association of phosphoinositide 3-kinase (PI3K) with the E-cadherin-catenin complex. Cao2+ 
does not stimulate tyrosine phosphorylation of β-, γ-, and p120-catenin and Fyn in the CaR-
deficient keratinocytes. Further studies find that Rho GTPase is a part of the CaR-mediated 
signaling cascade regulating cell adhesion. Cao2+-induced Rho activation requires a direct 
interaction between CaR and filamin A (107). The CaR regulated E-cadherin cell membrane 
localization and complex formation of E-cadherin and -catenin was also reported in human 
colon carcinoma cells (108). CaR-specific siRNA and the CaR antagonist (NPS2390) can 
partially inhibit wound repair of human bronchial epithelial cells, and these signaling 
pathway(s) are associated with phospholipase C which can be blocked by U73122 and 
ERK1/2 which can be inhibited by PD 98059 (109). Cao2+ acts through the CaR to stimulate 
migration of osteoclast precursor RAW 264.7cells via the PI3K/Akt pathway but not the 
MAPK (ERK, p38 and JNK) pathways (110). In Boyden Chamber and Scratch Wound 
migration assays, Saidak et al. reported that inhibition of either ERK1/2 by U0126 or 
phospholipase C by U73122 led to an abolition of the Cao2+-induced migration of breast 
cancer cells (105). These data suggest that the CaR can regulate cell migration, however, the 
details of the CaR-induced breast cancer cell migration remain largely unknown. 
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4. Future perspective 
Cloning of the CaR has provided a molecular tool to study the receptor-mediated signaling 
and -associated human diseases including breast cancer. Until now, most of the studies have 
focused on how the CaR is associated with the characteristic abnormalities in the functions of 
the parathyroids and kidneys, and which signaling pathways of the CaR are involved in the 
regulation of cell functions (Fig. 2) by CaR overexpression and RNA interference. Much 
remains to be learned, such as CaR expression in other tissues, including tumor tissues and the 
pathways that are regulated in the tissues by identifying single-nucleotide polymorphisms 
(SNP) in the CaR, determining whether gain or loss of function SNPs in the CaR lead to 
tumorigenesis and cancer progression, and by analyzing the role of CaR-mediated signaling in 
CaR-associated tumorigenesis and progression to develop potent and specific CaR antagonists 
that would be extremely useful in cancer therapy. In addition, the CaR and perhaps other 
sensors for calcium or other agonists for the CaR, and transactivation of other receptors such as 
EGF receptor by the CaR in the cells will likely regulate a wide variety of cellular functions via 
different signaling pathways. Therefore, understanding system biology and signalling 
networks controlled by CaR-signaling is important for the potential cancer therapy. 
 

 
Fig. 2. A schematic diagram of CaR-mediated signaling pathways. Many of these signaling 
pathways were identified in different cell lines and heterologous expression systems, and 
may not all exist in breast cancer cells. CaR, Ca2+-sensing receptor; EGFR, epidermal growth 
factor receptor; AC, adenyl cyclase; ChoK, choline kinase; PLC, phospholipase C; PLA2, 
phospholipase A2; PLD, phospholipase D; PI3K, phosphatidylinositol-3 kinase; PI4K, 
phosphatidylinositol-4-kinase; PKA, protein kinase A; PKB, protein kinase B; PKC, protein 
kinase C; Rho-K, Rho kinases; p38MAPK, p38 mitogen-activated protein kinases; JNK, c-Jun 
N-terminal kinases; ERK, extracellular-signal-regulated kinases. 
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1. Introduction 
Breast cancer is the most common cancer of women, and its incidence is especially rising in 
developing countries and representing 23% of all female cancers around the world. The 
geographical variation at incidence is highest in the developed world and lowest in the 
developing countries. However, the breast cancer incidence has shown an alarming 
increasing trend in recent years. It is estimated that more than one million women are 
diagnosed with mammary cancer every year, and more than 400,000 will die worldwide 
from this disease and 55% related deaths, occur in low and middle income countries. 
Therefore, it is estimated that 1.7 million women will be diagnosed with this malignant 
disease in 2020 (Curado et al., 2009; El Saghir et al., 2007; Porter, 2008). 
The normal mammary contains lobules and ducts that consist of a bi-layered luminal 
epithelium associated with myoepithelial cells and surrounded by the basement membrane 
(BM) that separates the epithelium from the stroma. Breast cancer is a genetically and 
genomically heterogeneous disease that initiates in a premalignant lesion, denominated 
atypical ductal hyperplasia (ADH), characterized by abnormal growth of cell layers within the 
duct or lobule. ADH is thought to be precursor of ductal carcinoma in situ (DCIS), which is a 
non-invasive lesion that contains abnormal cells (Hansen and Bissell, 2000). The 
transformation of mammary epithelial cells is an accumulation of epigenetic and genetic 
alterations with changes in the interactions within the microenvironment to give rise to 
metastatic breast cancer. During these multisteps, the control of different cellular process 
become deregulated, such as proliferation, survival, differentiation and migration and aberrant 
tumour-stromal cell interactions facilitate this process by initiating a desmoplastic response 
with significant matrix remodeling and progressive stiffening of the stroma (Paszek and 
Weaver, 2004; Van't Veer and Weigelt, 2003; Weigelt et al., 2005; Nguyen and Massague, 2007). 
In the metastasis, cells detach from the primary tumour and must invade through BM, enter 
the vasculature (intravasate), survive in lymphatic o circulatory system, exit into vasculature 
(extravasate) and establish a new tumor in a foreign microenvironment. Some of the 
components that are required for the malignant process are well established, as well as the 
breast cancer higher risk-markers in the women. However, there are differences in the risk to 
acquire breast cancer, between premenopausal and postmenopausal women. Early age at the 
onset of menarche, late age at first childbirth, the nulliparity and shorter duration of lactation 
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are markers of increased risk in the etiology of premenopausal breast cancer. These factors are 
not associated with breast cancer in postmenopausal women (McPherson et al., 2000; 
Chambers et al., 2002; McGee et al., 2006; Gout and Huot, 2008). Nevertheless, the dietary 
factors associated with higher intake of fat and abdominal fat accumulation increase the risk of 
breast cancer in postmenopausal women and leads to increased synthesis of estrogen, higher 
levels of estrogens and free fatty acids (FFAs) in blood (Boyd et al., 2003: Hankinson et al., 
1998). The aim of the chapter is describe the signal transduction pathways mediated by three 
unsaturated free fatty acids (oleic, arachidonic and linoleic acid) and their role in cellular 
processes that participate in proliferation and invasion. 

2. Free fatty acids and breast cancer 
Breast cancer is the most frequently diagnosed malignant neoplasia worldwide and is a health 
problem in women of developed and emergent countries, where lately has been observed an 
increase in frequency and mortality. Particularly, breast cancer incidence in western women is 
approximately five times greater than that in Asian women, however when low-risk ethnic 
groups migrate to the west, their incidence of postmenopausal breast cancer rises 
progressively in successive generations, suggesting that environmental or lifestyle factors 
rather than genetic factors are important (Sakamoto and Sugano, 1991; Ferlay et al., 2007).  
Diet has been prominent among the potential environmental factors, because numerous 
studies in women using different study designs and different geographical areas have been 
carried out to establish the relationship between diet and breast cancer. The results have 
shown that obesity and certain dietary factor such as a higher intake of fatty acids (FAs) and 
meats seem to increase the risk of breast cancer (Boyd et al., 2003; Lahmann et al., 2004; 
Carmichael, 2006). Actually, it is clear that a combination of high total energy intake and 
inadequate physical exercise allows genetically susceptible individuals to become obese, 
while the increased metabolic activity in their enlarged adipose deposits releases an excess 
of compounds, including FFAs (Proietto et al., 1999).  
The unsatured FAs are divided in monounsatured (MUFA) and polyunsaturated (PUFA). 
The principal sources of MUFAs are vegetable oils and meat, while PUFAs are mostly found 
in eggs, fish and seafoods. PUFAs are classified into two families -n-3 and n-6 PUFAs, the n-
3 include eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), α-linoleic acid (ALA) 
and steridonic acid (SA), while n-6 including linoleic acid (LA), arachidonic acid (AA), 
docosapentaenoic acid (DPA) and -linoleic acid (GLA). It has been suggested that these 
exogenous FAs may participate in the etiology, evolution and/or progression of breast 
cancer, whereas epidemiological studies demonstrated that both the amount of fat and the 
type of FA present in the diet affect the tumorigenesis, cancer growth and metastasis process 
(Goodstine et al., 2003; Bartsch et al., 1999; Welsch, 1992).  
Oleic acid (OA) is the most abundant dietary MUFA, and it has an inverse relationship with 
breast cancer (Franceschi et al., 1996; London et al., 1993; Voorrips et al., 2002; Wirfalt et al., 
2002; Gaard et al., 1995). In addition, epidemiological studies show that olive oil, with high 
content of OA, presents preventive properties to the acquisition of breast cancer 
(Trichopoulou et al., 1995; Owen et al., 2000; Wahrburg and Assmann, 2001). In contrast, 
some studies show a positive correlation between MUFA and breast cancer (London et al., 
1993; Wirfalt et al., 2002; Gaard et al., 1995 ).  
The PUFAs ALA, EPA and DHA function as inhibitors of the progression of human breast 
cancer, whereas n-6 PUFA, LA is a stimulator of this disease (Rose et al., 1994; Rose et al., 
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1995; Rose et al., 1997; Menendez et al., 2006). The n-3 PUFAs mechanism by which may low 
the breast cancer risk is through an inhibition on biosynthesis of AA-derived eicosanoids, 
which are linked to inflammation and carcinogesis processes. The PUFAs n-3 are 
incorporated into membrane phospholipids, where they partially replace the AA, and it 
suppresses the biosynthesis of AA-derived eicosanoids, and stimulates the EPA-derived 3-
series prostanoids and 5-series leukotrienes synthesis (Crawford et al., 2000).  
Her-2/neu overexpression induces aggressive breast carcinoma and low sensibility to 
chemotherapy and anti-estrogens therapy (Crawford et al., 2000 Hudelist et al., 2003;). ALA, 
EPA, DHA, GLA and OA are dietary fatty acids with a protector effect to the breast cancer 
adquisition, the mechanism involved is the downregulation of Her-2/neu in SK-Br3 and BT-
474 human breast cancer cell lines. In contrast, LA induces tumorigenesis by an increase on 
Her-2/neu (Menendez et al., 2006). In addition, stearic acid a satured FA in the western diet 
has been found to have “anti-cancer properties” both in vivo and in vivo (Wickramasinghe et 
al., 1996; Hardy et al., 2003; Singh et al., 1995; Tinsley et al., 1981). 

3. Peroxisome proliferator-activated receptors (PPARs) 
3.1 Definition  
Peroxisome proliferator-activated receptors (PPARs) are regulators of lipid metabolism and 
their main function is to allow the release of fatty acids from plasmatic transport proteins, 
and promote the cellular uptake. These receptors are transcription factors that belong to the 
nuclear hormone receptor superfamily, and are activated by lipids from the diet or from 
intracellular signaling pathways, which include saturated and unsaturated fatty acids, and 
fatty acids derivates. PPARs are classified in three groups namely, PPAR (NR1C1); 
PPAR/ (NR1C2) and PPAR (NR1C3). PPAR is expressed in tissues with high fatty acid 
metabolism, including liver, kidney, small intestine, heart, brown adipose tissue and muscle. 
It regulates the expression of enzymes that participate in the mitochondrial and peroxisomal 
fatty acid oxidation. PPAR/ is expressed ubiquitously, regulates the -oxidation and 
plays an important role in energy consumption in peripheral tissues. PPAR presents two 
isoforms that differ at their N terminus, 1 and 2, and is expressed in white and brown 
adipose tissue, intestine, brain, vascular cells, skeletal muscle and some immune cells. It 
promotes lipid storage, because it regulates the differentiation of adipocytes. In addition, 
PPAR and PPAR regulate the expression of lipoprotein lipase (LPL) and fatty acid 
translocase, which induce fatty acid release from lipoproteins, and the uptake of cholesterol 
and fatty acids respectively (Feige et al., 2006; Michalik et al., 2006).  

3.2 Structure 
PPARs isotypes have a protein domain organization common to nuclear receptor superfamily 
(Figure 1). N-terminal A/B domain contains the ligand-independent activation function 1 
(AF1). The C-terminal domain presents the DNA-binding domain, consisting of two zinc-
finger motifs that is a hallmark of nuclear receptors, and targets the receptor to specific DNA 
sequences. D domain is the hinge region, and confers structure flexibility to the receptor 
dimmers, allowing them to bind with several specific DNA sequences. The C-terminal E/F 
domain contains the ligand binding domain (LBD), and a ligand-dependent activation 
function 2 (AF2). This domain also exposes the main surfaces for dimerization and for the 
cofactors interaction (co-activators or co-repressors). The LBD consists of 12  helices and 4  
sheets that delineate a Y-shape hydrophobic pocket, representing the ligand-binding cavity.  
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The transcription activity of PPARs is mediated by the formation of heterodimmers with the 
retinoic X receptors (RXR, NR2B). RXRs present three isoforms, resulting in different 
combinations of heterodimers, which influence the recognition of target gene promoters. 
Heterodimmers bind to specific response elements namely PPARs response elements 
(PPREs), which consist on one direct repeat of AGGTCA consensus sequence spaced by a 
nucleotide. However, PPAR-RXR complex formation does not require ligand and DNA 
binding activity (Feige et al., 2006). 
 

 
Fig. 1. General features and architecture domains in human PPARs. (a) Schematic 
representation of PPAR domains: A/B domain, contains a ligand-independent activation 
function 1 (AF1), C domain, contains the DNA-binding domain (DBD), D domain contains 
the hinge region and the C-terminal includes the E/F domain with the ligand-binding 
domain and the ligand-dependent activation domain (AF2). (b) General mechanism of 
genomic expression by PPAR/RXR heterodimers. Upon ligand (L) binding to PPAR 
through the LBD domain, the PPAR associates with coactivator to turn on target genes via 
the PPAR response element (PPRE) located in the promoter of target genes. 

3.3 PPARs and breast cancer 
Peroxisome proliferators are a variety of compounds that bind to PPARs and induce DNA 
replication and proliferation in rodent hepatocytes, while PPAR long-term activation 
promotes the development of hepatocarcinomas in rodent liver (Michalik et al., 2004, Peters 
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et al., 2005). However the participation of PPARs in the promotion and development of 
human cancers is unclear. PPRA expression in humans is less than rats and its activation 
induces a reduced transcription response, and it has not involved in hepatocytes 
proliferation. In humans, PPAR/ is highly expressed in colorectal cancer and is 
implicated at its carcinogenesis and metastasis. However, PPAR and PPAR/ have not 
been implicated in breast cancer. PPAR is expressed in a variety of tumor including breast 
cancer. PPAR activation by using troglitazone and GW7845 ligands prevents preneoplastic 
mammary lesion in rats (Mehta et al., 2000; Suh et al., 1999). In human breast cancer cells, 
PPAR activation by exogenous ligands prevents growth, induces apoptosis, and promotes 
changes in epithelial gene expression accompanied with a less malignant state. In addition, 
overexpression of PPAR decreases proliferation and induces apoptosis in the absence of 
exogenous ligands (Meng et al., Yin et al., 2001; Elstner et al., 1998; Mueller et al., 1998).  

4. GPR40 and GPR120 
G-protein coupled receptors (GPCRs) are the largest membrane receptor family in the 
human genome. These receptors mediate a great variety of cell functions including 
proliferation, survival, immune response, blood pressure regulation, cardiac and smooth 
muscle contraction and have been implicated in cancer progression and metastasis. GPCRs 
present a common structure constituted for a single peptide chain that traverse the 
membrane seven times, exposing three loops on either side of the membrane, with the N-
terminus toward outside and the C-terminal on the cytosolic face of the plasma membrane. 
GPCR activation is mediated by ligands binding to its extracellular domain that induces 
conformational changes, allowing the cytosolic domain bind to G protein associated with 
the inner face of plasma membrane. G proteins are heterotrimers which contain three 
subunits namely ,  and . The ligand binding to GPCR promotes G protein activation, 
which is mediated for the dissociation of GDP bound to the G subunit and its replacement 
with GTP, and then leads to dissociation of G from G subunits. However, this activation 
is short because GTP bound to G is hydrolyzed to GDP in seconds. G-GTP and G 
subunits complexes induce several signal transduction pathways that is determined for the 
ligands. G-protein -subunits present a great variety of effectors (Table 1), and they have 
been classified in four main families (Gs, Gi/0, Gq/11, G12/13). The  subunits transmit signals 
independently of -subunits and second messengers, some of the functions mediated by 
these subunits including regulation of ligand receptor affinity and receptor phosphorylation 
(Hardy et al., 2005; Yonezawa et al., 2004; Ichimura et al., 2009).  
FFAs stimulate PPARs and mediate the transcription of genes involved in glucose and lipid 
metabolism. However, several biological effects such as proliferation are independent of 
PPARs and are mediated by GPCRs. The non-esterified (free) fatty acid receptor 1 (FFAR1) 
or GPR40 (G-protein-coupled receptor 40) is a GPCR located on chromosome 19q13.1 that is 
activated by medium and long chain saturated and unsaturated FFAs. FFAR1 is expressed 
in the pancreas ( cells in islets and insulin-secreting  cells), K and L cells of small and 
large intestine and mononuclear peripheral blood cells. FFAR1 is coupled with both Gi/0 
and Gq/11. GPR120 is a GPCR located on chromosome 10q23.33 that is activated by 
saturated FFAs with a carbon chain length of 14 – 18, and with saturated FFAs with a chain 
length of 16-22. In addition, GPR120 is expressed in the intestine, adypocites, taste buds, 
monocytes and lung, and is coupled with Gq/11 (Ichimura et al., 2009)  
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Table 1. Properties and effectors of G protein family. Keys: Up= Stimulation; Down= 
Inhibition; IP3: Inositol 1,4,5-triphosphate; DAG= 1,2-diacylglycerol; cAMP= cyclic AMP. 

In breast cancer cells, have been reported the expression of FFAR1 and GPR120 as well as 
their expression in human mammary non-tumorigenic epithelial cells MCF10A. 
Furthermore, oleic acid induces an increase in cellular Ca2+ concentrations and proliferation 
through a FFAR1-dependent pathway in breast cancer cells (Hardy et al., 2005, Yonezawa et 
al., 2004).  

5. Signal transduction pathways mediated by oleic and arachidonic acids in 
breast cancer cells 
5.1 Signal transduction pathways mediated by oleic acid in breast cancer cells 
OA is an essential FFA monounsaturated and one of the most abundant fatty acids in plasma. 
However, little is known about the signal transduction pathways mediated by OA in breast 
cancer cells. The Src family has an important role in a great variety of cell functions, including 
cell cycle progression, growth, survival and migration. Src kinases are involved in breast 
cancer, because in breast tumors and human mammary carcinoma cell lines, Src kinase activity 
is enhanced relative to that in normal breast tissue, while in breast cancer cells the activated Src 
increases the adhesion, survival and integrin expression (Park et al., 2004; Parsons and 
Parsons, 1997; Rosen et al., 1986). In breast cancer cells MDA-MB-231, OA induces Src 
activation, given by its phosphorylation at tyrosine (Tyr)-418, as well as ERK1/2 activation, 
given by its phosphorylation at threonine (Thr)-202 and Tyr-204, and ERK1/2 activation is 
dependent on Src kinase activity. In contrast, OA induces only ERK 1 activation in mammary 
non-tumorigenic epithelial cells MCF10A (Soto-Guzman et al., 2008).  
Transactivation of epidermal growth factor receptor (EGFR) induced by GPCRS occurs via 
activation of metalloproteinases (MMPs) and subsequent release of EGF-like ligands, such 
as HB-EGF, from growth factors precursors in the plasma membrane. Furthermore, it has 
been proposal that Src family kinases also are mediators of GPCR-induced EGFR 
transactivation, because Src induces EGFR tyrosine phosphorylation after stimulation of 
LPA and α2A-adregernic receptors coupled with Gi, whereas angiotensin II promotes the 
association of Src with Shc, Grb2 and EGFR, and then Src activated phosphorylates EGFR at 
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Tyr-845 and Tyr-1101. In addition, it has been reported that the mechanism of MMPs 
activation requires Src kinase activation (Prenzel et al., 1999; Fischer et al., 2003). In MDA-
MB-231 cells, ERK1/2 activation induced by OA requires EGFR and MMPs activations. 
These findings show that ERK1/2 activation induced by OA requires EGFR transactivation 
and they suggest that Src and/or MMPs activities mediate EGFR transactivation. 
The AP-1 transcription factor consists of homo- or hetero-dimers of proteins encoded by the 
fos and jun gene families, and their combination determine the genes that are regulated. AP-
1 participates in fundamental cellular processes and control cellular responses including 
proliferation, differentiation, oncogenic transformation, apoptosis and metastasis (Eferl and 
Wagner, 2003; Tulchinsky, 2000; Shaulian and Karin, 2001). In MCF7 cells, an 
overexpression of c-Jun enhances motility and invasion, whereas Fra-2, a member of Fos 
family, plays a pivotal role in cell invasion and motility in MCF7 and MDA-MB-231 breast 
cancer cells (Smith et al., 1999; Rinehart-Kim et al., 2000; Milde-Langosch et al., 2008; Milde-
Langosch et al., 2004). In addition, OA induces AP-1-DNA complex formation through an 
ERK1/2, Src and MMPs-dependent pathway, as well as, it requires EGFR transactivation in 
MCF7 breast cancer cells. Mammary non-tumorigenic epithelial cells MCF10A present a 
constitutive AP-1-DNA binding activity and OA stimulation does not induce an increase on 
AP-1-DNA complex formation (Soto-Guzman et al., 2008). These findings strongly suggest 
that AP-1 activation induced by OA promotes the invasion process by the expression of 
genes regulated for AP-1, including MMP-1, MMP-3, MMP-9, ARP2/3 and p41Bm CapG. 
Furthermore, AP-1-DNA binding activity induced by OA is restricted to breast cancer cells 
(Bahassi el et al., 2004; Benbow and Brinckerhoff, 1997; Lee et al., 1987). 
In breast cancer cells MCF7 and MDA-MB-231, OA induces cell proliferation and it is 
mediated at least in part through FFAR1, epidermal growth factor receptor (EGFR), PI3K, 
phospholipase C (PLC), Src, MMPs, MEK1/2 and ERK1/2. However, OA does not induce 
cell proliferation in mammary non-tumorigenic epithelial cells MCF10A. These findings 
suggest that cell proliferation induced by OA is a restricted process in breast cancer cells. 
OA signaling is coupled with GPCR activation via Gi/Go proteins, because inhibition of 
Gi/Go proteins prevents cell proliferation, an increase in cellular Ca2+ concentration and 
ERK1/2 activation. However, the participation of GPR120 remains to be investigated, 
because it is able to bind medium chain FFA, such as OA (Soto-Guzman et al., 2008; Hardy 
et al., 2005; Yonezawa et al., 2004). 
Cancer metastasis involves several steps including cell detachment, migration, invasion, 
intravasation, extravasation and proliferation in distal sites. Focal adhesion kinase (FAK) is a 
non-receptor tyrosine kinase that localizes to focal adhesions and is activated by diverse 
signaling molecules that mediate cell growth and differentiation including growth factors, 
Src family kinases members, bioactive lipids and extracellular matrix (ECM) components. 
FAK is a critical signaling molecule involved in the various stages of tumorigenesis and 
metastasis processes through regulation of migration, cell survival, proliferation, spreading, 
invasion and metastasis. In breast cancer tumors, FAK gene is amplified, its protein is 
overexpressed and FAK expression correlates with increased invasion and metastasis 
tumors. In addition, tumor cells overexpressing FAK have a tendency to invade 
surrounding tissues and metastasize in vivo, where FAK induces the formation of 
podosomes and invadopodia that promote an invasive cell phenotype (Hsia et al., 2003; 
Parsons et al., 2000; Parsons, 2003; Zhao and Guan, 2009; Cance et al., 2000). In MDA-MB-
231 breast cancer cell cultures, OA induces FAK activation, given by its phosphorylation at 
Tyr-397, migration and invasion (Navarro-Tito et al., 2010; Soto-Guzman et al., 2010).  
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Fig. 2. Overview of the signal transduction pathways mediated by OA in breast cancer cells. 
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A model of reciprocal catalytic activation between FAK and Src kinases has been proposal, 
where phosphorylation of FAK at Tyr-397 creates a high affinity-binding site recognized by 
the SH2 domain of Src family kinases, and it leads to the recruitment and activation of Src 
through FAK, accompanied with formation of FAK–Src complex. Src family kinases 
associated with FAK, phosphorylate FAK at additional tyrosine residues, such as Tyr-576 
and Tyr-577, inducing a maximal FAK kinase activity. Then, maximal activity of FAK 
stimulates an intermolecular phosphorylation between FAK molecules at Tyr-397, leading to 
signal amplification (Owen et al., 1999; Salazar and Rozengurt, 2001). In line with this 
model, OA mediates FAK activation in a fashion dependent of Src kinase activity in MDA-
MB-231 breast cancer cells (Navarro-Tito et al., 2010).  
AA is one of the major polyunsaturated fatty acids present in mammalian cell membrane 
phospholipids. AA is mainly produced from membrane glycerophospholipids in the 
nuclear envelope and from plasma membrane via the activity of cytosolic phospholypase 
A2 (cPLA2). Alternatively, phospholipase C (PLC) produces AA, by metabolize 
phosphatidylinositol and phosphatidylinositol phosphate to inositol phosphates (IP3) and 
diacylglycerol (DAG). DAG is metabolized by DAG lipase to 2-arachidonyl-glycerol (2-
AG) and then AA is released from 2-AG by monoacylglycerol lipase or fatty acid 
amidohydrolase. Free AA is enzymatically metabolized by three major pathways: 
lipoxygenases (LOXs), cyclooxygenases (COXs) and cytochrome P450 epoxygenases 
(CYP). LOXs pathway produces several hydroperoxyeicosatetraenoic acids (HPETEs) and 
hydroxyeicosatetraenoics acids (HETEs), while COXs pathway is mediated by two 
enzymes, namely COX-1 and COX-2, these enzymes produce PGG2 and PGH2, which are 
subsequently converted into prostaglandins (PGs) and thromboxanes (TXs). CYP pathway 
produces HETEs and epoxides. AA and its metabolites are involved in biological 
processes, including chemotaxis, inflammation, angiogenesis, cell survival, mitogenesis 
and apoptosis (Brash, 2001; Piomelli, 1993; Harizi et al., 2008). In line with this notion, OA 
mediates the AA production via PLC/DAG lipase/monoacylglycerol lipase or fatty 
acidamidohydrolase and then AA is metabolized through LOXs and their metabolites 
mediate FAK activation and cell migration in MDA-MB-231 breast cancer cells. In 
addition, a positive feedback between ERK1/2 activation and COXs/LOXs metabolites 
maintains proliferation and migration in high metastatic potential breast cancer cells (You 
et al., 2009; Navarro-Tito et al., 2010).  
LOXs are a family of nonheme iron dioxygenases including 5-, 8- 12- and 15-LOX, whose 
main products are 5(S)-, 8(S), 12(S)- and 15(S)-HETE, respectively. Among them, 12(S)-HETE 
promotes the formation of focal adhesion plaques via a Pertussis toxin (PTX) sensitive 
pathway, leading to enhance adhesion to fibronectin in murine B16 amelanotic melanoma 
cells, whereas it stimulates ERK1/2 phosphorylation through a PTX sensitive pathway in 
prostate cancer cells. 12(S)-HETE acts on target cells through a GPCR coupled with Gi/Go 
proteins (Harizi et al., 2008, McCabe et al., 2006, Liu et al., 1995). In breast cancer cells MDA-
MB-231, OA promotes FAK activation and migration in a fashion dependent on LOX 
metabolites and a GPCR coupled with Gi/Go (Navarro-Tito et al., 2010). These findings 
strongly suggest that OA induces FAK phosphorylation and cell migration via the 
production of 12(S)-HETE, which is secreted into the extracellular space and activates a 
GPCR coupled with Gi/Go and/or G12/G13.  
MMPs are a family of zinc-dependent endopeptidases that collectively are capable of 
degrading all ECM components. However, MMPs substrates also include other proteins 
such as MMPs, proteinase inhibitors, growth factors, growth factors binding proteins, 
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chemokines, cytokines, cell surface receptors and cell adhesion molecules. MMPs have been 
implicated in several aspects of tumor progression, including cell migration, angiogenesis, 
tumor cell growth and invasion through BM, and interstitial matrices. MMPs gene family is 
composed of at least 20 members and is subgrouped into different types based on sequence 
characteristic and substrate specificity. Particularly, MMP-2 (gelatinase A) and MMP-9 
(gelatinase B) are associated with tumor progression and metastasis due to their ability to 
degrade type IV collagen, the main component of BM, and their elevated expression in 
malignant tumors. In breast cancer, these gelatinases are highly expressed and is suggested 
that play an important role in breast cancer invasion, metastasis and angiogenesis 
(Pellikainen et al., 2004; Duffy et al., 2000; Egeblad and Werb, 2002; Curran and Murray, 
1999).  
Increased levels of PKC are associated with malignant transformation in breast cancer cells 
lines and a positive correlation between elevated PKC levels and invasive potential of breast 
cancer cell lines is suggested. In line with these notions, OA promotes MMP-9 secretion an 
invasion through a PKC-dependent pathway in MDA-MB-231 breast cancer cells. However, 
OA is not able to produce invasion in the non-invasive MCF7 breast cancer cells. Human 
mammary non-tumorigenic epithelial cells MCF10A present a constitutive secretion of 
MMP-9 and OA does not induce an increase on its secretion, and does not promote MMP-9 
secretion in non-tumorigenic epithelial cells MCF12A (Soto-Guzman et al., 2010). These 
findings strongly suggest that MMP-9 secretion induced by OA is restricted to breast cancer 
cells and therefore OA may contribute to invasiveness and metastasis process in breast 
cancer cells (Soto-Guzman et al., 2010). 
EGFR and Her-2 overexpression correlates with a reduction on survival and induction of 
invasion and metastasis in malignante breast cancer. In MDA-MB-231 breast cancer cells, 
OA promotes MMP-9 secretion and invasion trough an EGFR and Src-dependent pathway 
(Soto-Guzman et al., 2010). Since, Src family kinases are mediators of GPCR-induced EGFR 
transactivation, and that OA induces Src activation, it is propose that OA mediates MMP-9 
secretion and invasion through and EGFR transactivation-dependent pathway. OA also 
mediates invasion through a Gi/Go coupled pathway and MMPs activity. It suggests that 
OA induces invasion via FFAR1 coupled with Gi/Go and/or GPR120 activation and 
support the proposal that OA mediates invasion via EGFR transactivation. Furthermore, 
during invasion process, cells induce the formation of invadopodia protrusions, which are 
actin and proteins associated with MMPs.  

5.2 Signal transduction pathways mediated by arachidonic acid in breast cancer cells 
AA is a common dietary n-6 cis polyunsaturated fatty acid that is present in an esterified 
form in cell membrane phospholipids, however AA might be also present in the 
extracellular microenvironment. AA and its metabolites are implicated in a variety of 
biological processes including chemotaxis, signal transduction and inflammatory diseases 
such as artherosclerosis, cancer and rheumatoid arthritis (Brash, 2001). 
In MDA-MB-231 breast cancer cells, AA stimulates adhesion to type IV collagen through a 
15(S)-lipoxygenase pathway (Palmantier et al., 1996; Nony et al., 2005). AA also induces 
FAK activation and cell migration via a GPCR couple to Gi/Go and through a LOXs and Src 
activity-dependent pathway (Navarro-Tito et al., 2008). It suggests that FFAR1 and GPR120 
do not participate in the signal transduction pathways and in the cellular processes induced 
by AA. 
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The Src family kinases have been implicated in cellular pathways mediated by AA, because 
AA induces Src activation and cell migration in MDA-MB-231 breast cancer cells. FAK 
activation is dependent on Src kinase activity; it is agreement with the model of reciprocal 
catalytic activation of FAK and Src kinases (Navarro-Tito et al., 2008).  
Epithelial to mesenchymal transition (EMT) is the process by which epithelial cells are 
transdifferentiated to a more mesenchymal state. EMT is an essential process during early 
stages of normal embryonic development, and wound repair. EMT is characterized by the 
loss of epithelial properties, including cell-cell contacts and baso-apical polarity, 
accompanied by the acquisition of mesenchymal markers, such as vimentin expression, 
smooth-muscle actin, N-cadherin, specific myosin isoforms, fibronectin, MMPs, and then 
cells undergo major changes in their cytoskeleton that enable acquire a mesenchymal 
appearance with an increase in motility and invasiveness. EMT has been implicated in the 
progression toward an advanced cancer phenotype, because EMT may endow cancer cells 
with enhanced motility and invasiveness, and therefore cells acquire the ability to execute 
the multiple steps of the invasion-metastasis cascade (Hay, 2005; Thiery and Sleeman, 2006; 
Thiery, 2002; Huber et al., 2005).  
Classical cadherins are transmembrane adhesion receptors that mediate cell-cell adhesion 
through their extracellular domains and connect to the actin microfilaments indirectly via 
- and -catenin in the cytoplasm. They promote the formation of stable cell-cell contacts 
and the development of adherens junctions. EMT induces disassembled of adherens 
junctions and the actin cytoskeleton reorganizes from an epithelial cortical alignment 
associated with cell-cell junctions into actin stress fibers, anchored to focal adhesion 
complexes. Loss of Ecadherin expression is considered as a hallmark event of EMT, 
because reduction on E-cadherin levels induces the disruption of epithelial cell-cell 
contacts that initiates a series of signaling events and a major cytoskeletal reorganization 
(Halbleib and Nelson, 2006; Gumbiner, 2005; Tepass et al., 2000). E-cadherin expression is 
negatively regulated by several zinc-finger transcription factors, including Snail1, Snail2, 
Twist and ZEB1/ZEB2, each of which binds to E-boxes on E-cadherin promoter and 
represses its transcription (Baranwal and Alahari, 2009; Cano et al., 2000). In mammary 
epithelial cells MCF10A, AA does not induce a reduction of E-cadherin levels and it does 
not induce an increase of Snail1, Snail2, Twist and ZEB1 transcription factors. However, 
AA induces the release of E-cadherin from adherens junctions (Martinez-Orozco et al., 
2010).  
During EMT, the decrease in epithelial traits is accompanied by acquisition of mesenchymal 
characteristics including increased expression of smooth-muscle actin, vimentin, fibronectin, 
MMPs and N-cadherin. Vimentin and N-cadherin are expressed in cells of mesenchymal 
origin; however they also are expressed in epithelial cells when they become involved in 
physiological or pathological processes that require epithelial cell migration, such as tumor 
invasion. Moreover, a reduction on E-cadherin levels and/or release from adherens 
junctions has been associated with the novo vimentin expression and with the metastatic 
conversion of epithelial cells (Thiery, 2003; Gavert and Ben-Ze'ev, 2008; Gilles et al., 2003; 
Hazan et al., 2000; Nieman et al., 1999). In line with this notion, AA induces an increase on 
vimentin and N-cadherin expressions in MCF10A cells (Martinez-Orozco et al., 2010). In 
addition, vimentin only is expressed in invasive breast cancer cell lines, while its expression 
in MCF10A and breast cancer cells enhances the migration capacity of these cells (Bindels et 
al., 2006; Gilles et al., 1999; Hendrix et al., 1996).  
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The Src family kinases have been implicated in cellular pathways mediated by AA, because 
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epithelial cells MCF10A, AA does not induce a reduction of E-cadherin levels and it does 
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physiological or pathological processes that require epithelial cell migration, such as tumor 
invasion. Moreover, a reduction on E-cadherin levels and/or release from adherens 
junctions has been associated with the novo vimentin expression and with the metastatic 
conversion of epithelial cells (Thiery, 2003; Gavert and Ben-Ze'ev, 2008; Gilles et al., 2003; 
Hazan et al., 2000; Nieman et al., 1999). In line with this notion, AA induces an increase on 
vimentin and N-cadherin expressions in MCF10A cells (Martinez-Orozco et al., 2010). In 
addition, vimentin only is expressed in invasive breast cancer cell lines, while its expression 
in MCF10A and breast cancer cells enhances the migration capacity of these cells (Bindels et 
al., 2006; Gilles et al., 1999; Hendrix et al., 1996).  
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The NFkB transcription factor is implicated in cell proliferation, migration, oncogenesis and 
EMT. NFkB mediates EMT by transcription regulation of Snail1, Snail2, Twist and ZEB1, 
which are repressor of E-cadherin, claudins and occludins genes. NFkB also promotes the 
expression of other genes implicated in the EMT process, such as vimentin and MMP-9, 
whereas it can increase MMP-2 activity by inducing the expression of MT1-MMP (Huber et 
al., 2004; Karin et al., 2002; Bolos et al., 2003; Cano et al., 2000; Min et al., 2008; Han et al., 
2001). In mammary epithelial cells MCF10A, AA induces the NFkB activation and MMP-9 
secretion (Martinez-Orozco et al., 2010). These findings suggest that NFkB participates in 
vimentin expression, secretion and/or expression of MMP-9, and promoting EMT process. 
In addition, MMPs are implicated in EMT during embryogenesis as well as in early and late 
stages of cancer progression, angiogenesis and metastasis. Particularly, MMP-9, MMP-13 
and MMP-17 have been associated with breast cancer progression, whereas in intestinal 
epithelial cells, MEK1 and EGF plus TGF- mediate EMT with an increase on MMP-9 
secretion and an increase in the expression of MMP-3, MMP-9, MMP-10 and MMP-14. In 
line with notion, AA induces MMP-9 secretion in MCF10A cells (Lemieux et al., 2009; 
Uttamsingh et al., 2008; Duong and Erickson, 2004; Egeblad and Werb, 2002; Nielsen et al., 
2001).  
EMT is associated with decreased epithelial type cytokeratins (CKs), such as 8 and 18. Breast 
carcinomas usually retain the expression of epithelial type CKs, but they also express a CKs 
pattern of myoepithelial cells (Hollier et al., 2009; Wetzels et al., 1991; Malzahn et al., 1998). 
In mammary epithelial cells MCF10A, AA promotes an increase of CK5 and CK8 expression, 
strongly suggesting that AA induces an EMT process and therefore an increase in the 
migratory ability (Martinez-Orozco et al., 2010). It has been reported that the expression 
pattern of CK5, CK8, CK14 and CK17 are useful in distinguishing benign from invasive 
breast carcinomas (Otterbach et al., 2000; Takei et al., 1995; Jarasch et al., 1988). 
EMT is induced by a variety of cellular growth factors and signaling pathways. These 
pathways have common targets, such as FAK and Src. FAK and Src represent key players in 
the regulation of cell matrix interactions and focal contacts formation and mediate a variety 
of cell functions, such as migration, survival, invasiveness and EMT (Cicchini et al., 2008; 
Grunert et al., 2003; Mandal et al., 2008; Parsons and Parsons, 1997; Slack et al., 2001; 
Avizienyte et al., 2002). In murine met hepatocyte (MMH) cells stimulated with TGF-, FAK 
activity and its signaling are required for transcriptional up-regulation of mesenchymal and 
invasiveness markers and delocalization of membrane-bound E-cadherin (Cicchini et al., 
2008). In the human embryonic carcinoma cell line NT2/D1 and mouse mammary epithelial 
cells NmuMG, TGF- promotes EMT in a fashion dependent on FAK and Src kinase activity 
and the up-regulatin of caveolin-1 (Bailey and Liu, 2008). In addition, Src family members 
co-localize with E-cadherin at the sites of cell-cell adhesion in non-migrating epithelial cells, 
and its activation is required to disrupt cadherin-dependent cell-cell contacts in normal 
human keratinocytes. In KM12C colon cancer cells, Src induces E-cadherin deregulation 
through specific integrin signaling and the Src-dependent tyrosine phosphorylation of FAK 
at peripheral integrin-dependent protrusions (Calautti et al., 1998; Avizienyte et al., 2002; 
Owens et al., 2000). In line with this notion, AA induces Src and FAK activation and cell 
migration in MCF10A cells. Cell migration is dependent on Src activity (Martinez-Orozco et 
al., 2010). Taken together these findings demonstrate that AA induces an epithelial-to-
mesenchymal-like transition in MCF10A cells, and they suggest that AA may promote 
invasion and metastasis in breast cancer.  
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5.3 Signal transduction pathways mediated by linoleic acid in breast cancer cells 
LA is the major PUFA in the most diet and is required for the biosynthesis of eicosanoids. 
LA is able to induce inappropriate inflammatory responses that contribute to various 
chronic diseases, including cancer. The signal transduction pathways mediated by LA in 
breast cancer cells has not been studied in detail and we actually have a little bit of 
information. In human breast cancer cells, LA induces expression of plasminogen activator 
protein-1, proliferation migration and invasion, while LA promotes an increase of 
intracellular Ca2+ levels and proliferation in bovine mammary epithelial cells (Yonezawa et 
al., 2008; Reyes et al., 2004; Byon et al., 2009).  

6. Conclusions 
The research in the field of signal transduction pathways mediated by FFAs in mammary 
epithelial cells delineates a new role for FFAs in the invasion and progression of breast 
cancer. The findings show that FFAs induces activation of protein kinases cascades and 
transcription factors in cell cultures of mammary epithelial cells, which promote cellular 
processes including growth, migration, invasion and EMT. Therefore, FFAs may play an 
important role in the invasion, progression and metastasis processes in breast cancer.  
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1. Introduction 
The incidence of breast cancer has increased greatly in Israel over the past decade. It is 
estimated that in Israel in 2009 approximately 4800 new patients will suffer from breast cancer. 
Despite recent advances in the diagnosis and treatment of breast cancer, this disease 
continues to be a major cause of death. One of the biggest challenges in breast cancer 
treatment is bone metastasis. Breast cancer cells are capable of migrating to the bone 
marrow and utilizing the marrow microenvironment to remain quiescent. The 
preprotachykinin-1 (PPT-I) gene encodes for the tachykinin peptides, which interact with 
neurokinin (NK) receptors. Studies have correlated this interaction with breast cancer cells 
integration into the bone marrow and breast cancer progression (1). 
Environmental and psychological stresses have been shown to be associated with an 
increased incidence of cancer in man and animals. Stress-induced neuron chemical 
hormonal and immunological changes have been shown to influence tumor development. 
Stress may promote mammary carcinogenesis by affecting the neuroendocrine system and I 
or immune function. Neuroendocrine affects may involve changes in adrenocortical steroids 
or opioid peptides which may exert their effects by altering immune functions (2). 
One of the risk factors for breast cancer is the increased amount of adipose tissue after 
menopause which elevates estradiol production. 
The adrenergic system plays a role in regulating energy balance through thermogensis and 
lipid mobilization from brown or white adipose tissues (3). 
The human fat cells are equipped with adrenergic receptors (adreno receptors) β1, β2 
(ADRB1/2) and β3 (ADRB3) (4). 

2. Physiology 
The degree of affinity for adrenaline (epinephrine) is β2 > β1> β3 and the noradrenaline 
(norephinephrine) it is β1 ≥ β2 > β3 (5). 
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Norepinephrine, epinephrine and dopamine are members of biogenic amines. They share a 
common precursor - tyrosine. It is converted to L-dopa by tyrosine hydroxylase and L-dopa 
is converted to dopamine by dopa decarboxylase. In the nerve terminal dopamine is 
converted to norepinepherine. 
If phenylethanol - N - methyl transferase (PNMT) is present norepinephrine is methylated to 
epinephrine. Adrenergic neurons secrete norepinephrine because they contain dopamine β 
hydroxylase. 
Adreno receptors may be activated by norepinephrine, which is released from adrenergic 
neurons, or by epinephrine, which is secreted into the circulation by the adrenal medulla. 
Among the sympathetic adrenoreceptors, receptor type is related to function (6). 
In addition to their role as neurotransmitters and stress hormones, catecholamines play a 
trophic role in the control of cell replication and differentiation in target cells that express 
adrenergic receptors. In some cell lines, β -adrenergic stimulation elicits a small, 
promotional effect on cell replication, whereas in others, stimulation of these receptors and 
the consequent rise in intracellular cAMP levels inhibits mitosis. β -adrenoreceptors on 
cancer cells, thus, recapitulate both the promotional and inhibitory roles of these receptors 
in cell replication seen in the development of normal cells. 

2.1 Location and mechanism of autonomic action 
 

Adrenoreceptor 
type 

Target organ Mechanism of action 

α1 Vascular smooth muscle, skin, renal and splanchnic 
gastrointestinal tract, bladder sphincter, iris, radial  
muscle, sphincters 

IP3, increase of 
intracellular [Ca2+] 

α2 Gastrointestinal tract wall, presynaptic adrenergic 
neurons 

Inhibition of adenylyl 
cyclase, decrease cAMP 

β1 Heart, salivary gland, adipose tissue, kidney stimulation of adenylyl 
cyclase, increase cAMP 

β2 Va Vascular smooth muscle of skeletal muscle, GI 
wall, 
GI bladder wall, bronchioles 

stimulation of adenylyl 
cyclase, increase cAMP 

 
The β -adrenergic agonist isoproterenol, stimulates mammary epithelial cell division in 
vitro, as well as the development of end bud structures in the mammary gland of ovary 
ectomized mice from which arise the mammary carcinoma induced by administration of 
dimethylbenz (α) anthracene (DMBA). Specific β -adrenergic receptors of the β2 subtype are 
present in epithelial cell membranes from lactating mammary gland tissue. 
The hormonal modulations of receptors which affect uterine contractility correlates with the 
onset of psychological responses of the uterus such as contraction and relaxation. In analogy 
with the uterus the regulation of the physiological status of the mammary gland is achieved 
by modification of endocrine, autonomic and mechanical factors during adolescence, the 
menstrual cycle, pregnancy parturition and lactation. The mammary gland, as other paired 
endocrine glands (adrenals, ovaries and testes), receives sympathetic innervations. 
High levels of β -adrenergic receptors are measured as palpable mammary tumors, reaching 
a maximal concentration well before the actual increase in tumor mass. The hormone 
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sensitivity of the tumoral β -adrenergic receptor is further confirmed by the high receptor 
concentration measured in progressing mammary tumors. 
Stress effects may involve ACTH, glucocorticoids, catecholamines, prolactin, opioids and 
immunosuppression, all factors crucially involved in tumor growth. 
Catecholestrogens, their receptors, together with their catabolizing enzyme, catecholo-
methyltransferease(COMT), are locally formed in both normal and neoplastic mammary 
tissues. COMT levels are significantly increased in the cytosol of malignant tumor cells than 
in the cytosol of benign tumor or normal cells (7). 

2.2 Adrenoceptors and cancer 
Recent studies in human cancer cell lines in animal models have shown that the growth of 
adenocarcinomas of the lungs, pancreas and colon are under β -adrenergic control (8-12). 
The expression of β -adrenergic receptors has been correlated with the over-expression of 
the arachidonic acid-metabolizing enzymes cyclooxygenase-2 (COX-2) and lipoxygenases 
(LOX) in adenocarcinomas of lungs, colon, prostate and pancreas. Inhibitors of these 
enzymes have been identified as cancer preventive agents in animal models. 

2.3 Adrenoceptors and breast cancer 
Many of breast adenocarcinomas over express COX-2 and / or LOX (13). 
This may say that a subset of breast cancers may also be under β adrenergic control. 
Studies have demonstrated that three estrogen-responsive and three non-estrogen 
responsive human cell lines derived from breast adenocarcinoma show a reduction in DNA 
synthesis in response to beta-blockers or inhibitors of the arachidonic acid- metabolizing 
enzymes COX-2 and 5-LOX. 
Another study analysis by reverse transcription polymerase chain reaction (RT-PCR) 
revealed expression of β 2-adrenergic receptors in all six breast cancer cell lines tested 
(MDA-MB-361, ZR-75-l, MCF-7, MDA-MB-453, MDA-MB-468, MDA-MB-4355). 
β 1 receptors were not found in two estrogen non-responsive cell lines (MDA-MB4355, 
MDA-MB-453 (14). 
It was found that the second messenger cAMP may be a growth promoter for mouse, rat 
and human mammary epithelioma (15, 16). 
The effects of cAMP observed in malignant cells are involved in redifferentiation amounting 
to renormalization of number of properties including morphology, adhesive properties, 
lectin agglutination, cell movement and biochemical functions (17). 
A correlation between β adreno receptor (β -AR) stimulation and estrogen and progesterone 
receptor functions was found in human breast cancer (18). 
β 2-adrenergic stimulation induced cell proliferation in hormone-dependent human breast 
cancer cell line (C6-5), but without involving the female steroid hormone receptor system (18).  
In C6-5 cells, the presence of functional β -AR's could be reasonable related to cell 
proliferation when exposed to different concentrations of clenbuterol, a β 2-AR agonist 
showed increased cell proliferation without involving significantly lower than that induced 
by oestradiol β adreno receptor-mediated inhibition of DNA synthesis was not shared by 
another cancer cell line, C6 rat glioma, that expresses a different β -receptor subtype a lower 
levels whereas found that MDA-MB-231 cells express β 2-receptors exclusively, C6 cell 
express primarily the β1 subtype (19). 
In mammary tissue there are data that support a role of catecholamines in the control of 
many cellular activities. Initial experiments indicate epinephrine sensitive adenylate cyclase 
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sensitivity of the tumoral β -adrenergic receptor is further confirmed by the high receptor 
concentration measured in progressing mammary tumors. 
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immunosuppression, all factors crucially involved in tumor growth. 
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tissues. COMT levels are significantly increased in the cytosol of malignant tumor cells than 
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The expression of β -adrenergic receptors has been correlated with the over-expression of 
the arachidonic acid-metabolizing enzymes cyclooxygenase-2 (COX-2) and lipoxygenases 
(LOX) in adenocarcinomas of lungs, colon, prostate and pancreas. Inhibitors of these 
enzymes have been identified as cancer preventive agents in animal models. 
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The effects of cAMP observed in malignant cells are involved in redifferentiation amounting 
to renormalization of number of properties including morphology, adhesive properties, 
lectin agglutination, cell movement and biochemical functions (17). 
A correlation between β adreno receptor (β -AR) stimulation and estrogen and progesterone 
receptor functions was found in human breast cancer (18). 
β 2-adrenergic stimulation induced cell proliferation in hormone-dependent human breast 
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proliferation when exposed to different concentrations of clenbuterol, a β 2-AR agonist 
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activities in 7, 12 - dimethylbenz (α) anthracene - induced mammary carcinoma. Two groups 
have demonstrated the presence of β -adrenergic receptors (β -AR) from mammary glands 
of lactating rats. β -adrenergic compounds stimulated the enzyme leading to the generation 
of cAMP and its activation was completely abolished by the β -AR blocking drug 
propranolol. 
β -adrenergic - related increases in cAMP formation undoubtedly influence lactose 
production by the acinar secretory end pieces. The initial response to β -AR is usually an 
increase in adenylate cyclase activity resulting in an increased cellular cAMP concentration. 
Among the epithelial, endocrine, and secretory cancer cell lines that express 
adrenoreceptors, MDA-MB-231 human breast cancer cells exhibit comparatively high 
concentrations. It is thus of critical interest that stimulation of these receptors leads to 
immediate inhibition of DNA synthesis and, with prolonged exposure, reductions in the 
total number of cancer cells: inhibition of DNA synthesis is a reliable predictor of 
chemotherapeutic responses in breast cancer cells. 
In prostate or breast cancer cells stimulated by EGF or androgen or estradiol, small peptides 
(6-10 amino acids) derived from ER or AR sequences involved in the receptor interaction 
with Src, prevent AR/ER/Src association, Src/Erk pathway stimulation, cyclin D1 
expression and DNA synthesis. The peptide action is restricted to cells expressing the 
steroid receptors and to signals mediated by these receptors. Remarkably, the peptides do 
not modify. Although there has been no systematic screening of breast cancer cell lines for β 
-adrenergic expression these receptors have identified in both estrogen-dependent type and 
estrogen-independent type, including C6-5, BF 20, T47-D, VHB-1 and MCF-7. Regardless of 
the ancillary mechanisms involved in β -receptor — mediated inhibition of mitosis in MDA-
MB-231 breast cancer cells, the fact that inhibition does not disappear with receptor down 
regulation and desensitization raises the possibility for therapeutic strategies employing 
receptor agonists, alone or in combination with glucocorticoids and phosphodiesterase 
inhibitors (20). 
Screening of human cancers for the presence of β -adrenoreceptors or other cAMP —linked 
neurotransmitter receptors may establish new treatment strategies. 
β -adrenergic receptors (β -AR's) were identified in CG-5 breast cancer cells using a 
radiometric assay. The total β -AR concentration was measured using the highly potent β -
adrenergic antagonist CGP 12 177, and the densities of β -AR subtypes were discriminated 
in the presence of highly selective unlabelled ligands (CGP 207 12A and ICI 118551). 
The second messenger cAMP was found to be a growth promoter for mouse, rat and human 
mammary epithelioma and its levels are elevated in several breast carcinomas. 
The effects of cAMP observed in malignant cells are often involved in redifferentiation, 
amounting to apparent renormalization of a number of properties including morphology, 
adhesive properties, lectin agglutination, cell movement and biochemical functions. A 
correlation between β -AR stimulation and estrogen and progesterone receptor functions 
was found in human breast cancer. 
It was observed that β2-adrenergic stimulation induced cell proliferation in a hormone-
dependent human breast cancer cell line (CG-5), but without involving the female steroid 
hormone receptor system. 
CG-5 cells (mammary breast cell cancer cell line) contain measurable concentrations of 
specific β AR's coupled to adenylate cyclase. The characteristics of these β -AR's, identified 
by binding and competition assays, are those of β 1-AR and β2 -AR subtypes. β 2-AR 
concentration is significantly higher than β 1-AR concentration in CG-5 cell membranes. 

 
Adrenoceptors and Breast Cancer: Review Article 

 

709 

Negligible concentrations of β -AR's were found in MCF-7 breast cancer cells from which 
CG-5 cells are derived. In C6-5 cells the presence of functional β -AR's could be reasonably 
related to cell proliferation when exposed to different concentrations of clenbuterol, a β 2-AR 
agonist, showed increased cell proliferation without involving steroid hormone receptors. 
Although the enhancement of CG-5 cell growth was significantly lower than that induced 
by estradiol the presence of functional β -AR’s (with the prevalence of the β 2-AR subtype) 
in tumor cell line suggests that β -adrenergic stimulation and resulting cAMP production 
may be responsible for CG-5 cell proliferation. 
Medroxyprogesterone acetate (MPA) is one of the most widely used compounds in the 
endocrine therapy of advanced breast cancer in women. The mechanisms underlying the 
antitumor activity of MPA are poorly understood. This steroid presents a high affinity for 
progesterone (PgR) as well as for androgen (AR) and glucocorticoid receptors (GR) in 
human mammary tumors. 
The most easily explained effects of MPA are related to its glucocorticoid-like action. 
Suppression of adrenal function by MPA is believed to be caused both by an inhibitory 
action at the pituitary level and by direct inhibition of steroidogenesis. 
In addition to ER and PgR, which are the most widely used markers of differentiated 
endocrine functions in breast cancer; AR and GR (Glucocorticoid receptors) are present in a 
substantial number of mammary tumors and established cell lines. The ZR-75-1 human 
breast cancer cell line is an unusually appropriate system to study the direct effect of MPA 
on cell growth. ZR-75-1 cells contain functional receptors for estrogens, androgens, 
progestins and glucocorticoids. Progestins inhibit ZR-75-1 cell proliferation exclusively in 
presence of estrogens and in absence of insulin.  
MPA further decreased the growth of ZR-75- 1 cells co-incubated with maximally inhibitory 
concentrations of either 5 alpha-dihydrotestosterone ((DHT) or dexamethasone (DEX) 
although at about 300-fold higher MPA concentrations with DHT-treated than with DEX-
treated ZR-75-1 cells, thus demonstrating a highly predominant androgenic effect. The main 
action of MPA on ZR-75-1 human breast cancer cell growth is due to its androgen receptor-
mediated inhibitory action. 
The majority of breast cancer are adenocarcinomas and many of them over express 
cyclooxygenase - 2 (COX-2) (9) and/or lipoxygenases (LOX). This raises the possibility that 
comparable to findings in adenocarcinomas of the lungs, pancreas, colon and prostate, and a 
subset of breast cancer may also be under beta adrenergic control. Studies have 
demonstrated that three estrogen-responsive and three non-estrogen responsive human cell 
lines derived from breast adenocarcinomas demonstrated a significant reduction in DNA 
synthesis in response to beta-blockers or inhibitors of the arachidonic acid metabolizing 
enzymes COX-2 (9) and LOX-5.  
Analysis by reverse transcription polymerase chain reaction (RT-PCR) revealed expression 
of β2-adrenergic receptors in all six breast cancer cell tested (MDA-MB- 361, ZR-75-1, MCF-7, 
MDA-MB -453, MDA-MB-468, MDA-MB-435S) whereas β1 receptors were not found in two 
estrogen non-responsive cell lines (MDA-MB-435S, MDA-MB-453). 
Expression of mRNA that encodes a G-protein coupled inward by rectifying potassium 
channel 1 (GIRK1) (7) has been shown in 40% breast cancer samples. This expression of 
GIRK1 was associated with a more aggressive clinical behavior. Previous studies indicated 
that the beta-adrenergic agonist isoproterenol stimulates growth. GIRK currents have been 
shown to be increased in cells stimulated with the beta-adrenergic agonist isoproterenol in 
rat atrial myocytes transferred with β1 or β2 receptors. Two po1ymorphisms in the β2 or β3 
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adrenergic receptors were found to be correlated with decreased risk for breast cancer, 
suggesting an important role of this receptor family in the genesis of breast cancer. 
In C6-5 cells (16, 19) the presence of functional β -AR's could be reasonable related to cell 
proliferation when exposed to different concentration of clenbuterol, a β 2-AR agonist 
showed increased cell proliferation without involving significantly lower than that induced 
by estradiol β adreno receptor-mediated inhibition of DNA synthesis was not shared by 
another cancer cell line, C6 rat glioma, that expresses a different β -receptor subtype a lower 
levels whereas (20) found that MOA-MB-23 1 cells express β 2-receptors exclusively, C6 cell 
express primarily the β1 subtype. 
There is increasing evidence that describes a histamine role in normal and cancer cell 
proliferation. To better understand the importance of histamine in breast cancer 
development, the expression of histamine H3 (H3R) and H4 (H4R) receptors and their 
association with proliferating cell nuclear antigen (PCNA), histidine decarboxylase (HDC) 
and histamine content were explored in mammary biopsies. Additionally, we investigated 
whether H3R and H4R were implicated in the biological responses triggered by histamine in 
MDA-MB-231(20) breast cancer cells. 
Centrally assess estrogen receptor (ER) and progesterone receptor (PgR) levels by 
immunohistochemistry and investigate their predictive value for benefit of chemo-
endocrine compared with endocrine adjuvant therapy alone in two randomized clinical 
trials for node-negative breast cancer. 
Low levels of ER and PgR are predictive of the benefit of adding chemotherapy to endocrine 
therapy. Low PgR may add further predictions among pre-and perimenopausal but not 
postmenopausal patient whose tumors express ER. 
The majority of all breast cancers are hormone responsive, traditionally defined by he 
expression of oestogen receptor (ER) alpha and/or progesterone receptors. In contrast to 
ERalpha, the clinical significance of the relatively recently identified ERbeta is still unclear. 
ERalpha and ERbeta seem to be differentially associated to clinicopathological parameters, 
and this would support the fact that they might have different functions in vivo. 
In prostate or breast cancer cells stimulated by EGF or androgen or estradiol, small peptides 
(6-10 amino acids) derived from ER or AR sequences involved in the receptor interaction with 
Src, prevent AR/ER/Src association, Src/Erk pathway stimulation, cyclin D1 expression and 
DNA synthesis. The peptide action is restricted to cells expressing the steroid receptors and to 
signals mediated by these receptors. Remarkably, the peptides do no modify! 
Epidermal growth factor (EGF), transforming growth factor-alpha (TGFalpha), 
amphiregulin (AREG), betacellulin (BTC), heparin-binding EGF-like growth factor (HB-
EGF),epiregulin (EREG) and neuregulins1-4 (NRG1-4) were quantified in 363 tumors by 
real-time reverse transcription-polymerase chain reaction using TaqMan probes. 
Paget's disease (PD) of the breast as well as the vulva is a rare condition, therefore anti-
hormonal therapy is not indicated. The high frequency of Her-2/neu and COX-2 
overexpression, however, suggests that these molecules could be therapeutically relevant in 
patients with PD. 
Epidemiological evidence indicates that the association between body weight and breast 
cancer risk may differ across menopausal status as well as the estrogen receptor (ER) and 
progesterone receptor (PR) tumor status.  
The relation between body weight and breast cancer risk is critically dependent on the 
tumor's ER/PR status and the woman's menopausal status. Body weith control is the 
effective strategy for preventing ER+PR+ tumors after menopause. 
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ErbB3 transactivation can make tumor cells resistance to ErbB1/ErbB2 targeting drugs. This 
urges for a reliable method to determine cel surface ErbB3 levels, but their hands iodinated 
NRG1 beta is unstable and tends to underestimate the umber of ErbB3 receptors in a radio-
receptor assay. 
Furthermore, they show by differential competition with unlabled NRG/YYDLL and 
betacellulin that the number of ErbB3 and ErbB4 receptors can be quantified separately on 
cultured human breast cancer cells. 
Esterogen receptor (ER) antagonists have been widely used for breast cancer treatment, but 
the efficacy and drug resistance remain to be clinical concerns. The purpose of this study 
was to determine whether the extracts of coptis, an anti-inflammatory herb, improve the 
anticancer efficacy of ER antagonists, Their results showed that the combined treatment of 
ER antagonists and the crude extract of coptis or its purified compound berberine conferred 
synergetic growth inhibitory effect on MCF-7 cells (ER+), but not on MDA-MB-231 cells (R-). 
Similar results were observed in the combined treatment of fulvestrant, a specific aromatase 
antagonist. Analysis of the expression of breast cancer related genes indicated the EGFR, 
HER2, bci-2, and COX-2 were significantly downregulated, while IFN-beta and p21 were 
remarkably upregulated by herberine.  
The negative association between he oestrogen receptor (ER) and the human epidermal 
growth factor 2 (HER-2) in breast cancer travels in both directions. ER+ tumors are less 
likely HER-2+ and HER-2+ are less likely ER+. Studies the age-related 
immunohistochemical (IHC) expression of ER, HER-2 in 2,227 tumors using age as a 
continuous variable (21). 
Estrogen receptors (ERs) are overexpressed in human breast cancers (BCs) and associated 
with differentiated tumors and with a more favorable prognosis (22-34). 
Paradoxically, ERs mediate the mitogenic action of estrogens in human BC cells and the 
efficacy of antiestrogens in adjuvant therapy of primary tumors. The exact mechanism 
underlying the ER protection against cancer progression to metastasis remains to be 
investigated. They show that ERs decrease invasiveness of BC cells. Detailed studies 
revealed that the unliganded and the E2-activated ERs decrease cancer cell invasion in vitro 
through two distinct mechanisms. In the presence of ligand, ERalpha inhibits invasion 
through a mechanism requiring the functional ERalpha domains involved in the 
transcriptional activation of target genes. 
Hormone receptors play important roles in breast cancer. The expression of hormone 
receptors in breast cancer was investigated to evaluate the importance of hormone receptors 
in the clinicopathology of breast cancer. 
Androgen receptor (AR), estrogen receptor (ER) and progesterone receptor (PR) expression 
characteristics were evaluated using immunohistochemistry stain, comparing patient age, 
tumor size and axillary lymph node status for 23 pure mucinous and 105 non-mucinous 
infiltrating ductal carcinomas in the human female breast. 
Findings revealed that mucinous carcinoma samples from the breast show distinct 
clinicopathologic and hormone receptor expression features compared to non-mucinous 
carcinoma.  
There is increasing evidence that describes a histamine role in normal and cancer cell 
proliferations. To better understand the importance of histamine in breast cancer 
development, the expression of histamine H3 (H3R) nad H4 (H4R) receptors and their 
association with proliferating cell nuclear antigen (PCNA), histidine decarboxylase (HDC) 
and histamine content were explored in mammary biopsies. Additionally, we investigated 
whether H3R and H4R were implicated in the biological MDA-MB-231 breast cancer cells. 
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β -adrenergic receptors (β -AR's) were identified in C6-5 breast cancer cells using a 
radiometric assay. The total β -AR concentration was measured using the highly potent β -
adrenergic antagonist CGP 12 177, and the densities of β -AR subtypes were discriminated 
in the presence of highly selective unlabelled ligands (CGP 20712A and ICI 118551). 
The second messenger cAMP was found to be a growth promoter for mouse, rat and human 
mammary epithelioma and its levels are elevated in several breast carcinomas. 
It was observed that β 2-adrenergic stimulation induced cell proliferation in a hormone 
dependent human breast cancer cell line (CG-5), but without involving the female steroid 
hormone receptor system. CG-5 cells (mammary breast cell cancer cell line) contain 
measurable concentrations of specific β AR's coupled to adenylate cyclase. The 
characteristics of these β -AR's, identified by binding and competition assays, are those of β 

1-AR and β 2-AR subtypes. β 2-AR concentration is significantly higher than β 1-AR 
concentration in CG-5 cell membranes. Negligible concentrations of β –AR's were found in 
MCF-7 breast cancer cells from which CG-5 cells are derived. 
Although the enhancement of CG-5 cell growth was significantly lower than that induced 
by estradiol the presence of functional β -AR’s (with the prevalence of the β2- subtype AR) in 
tumor cell line suggests that β -adrenergic stimulation and resulting cAMP production may 
be responsible for CG-S cell proliferation.  
Medroxyprogesterone acetate (MPA) is one of the most widely used compounds in the 
endocrine therapy of advanced breast cancer in women. 
The mechanisms underlying the antitumor activity of MPA are poorly understood. 
This steroid presents a high affinity for progesterone (PgR) as well as for androgen (AR) and 
glucocorticoid receptors (GR) in human mammary tumors. 
The most easily explained effects of MPA are related to its glucocorticoid-like action. 
Suppression of adrenal function by MPA is believed to be caused both by an inhibitory 
action at the pituitary level and by direct inhibition of steroidogenesis. 
In addition to ER and PgR, which are the most widely used markers of differentiated 
endocrine functions in breast cancer; AR and GR are present in a substantial number of 
mammary tumors and established cell lines. The ZR-75-1 human breast cancer cell line is an 
unusually appropriate system to study the direct effect of MPA on cell growth. ZR-75-1 cells 
contain functional receptors for estrogens, androgens progestins and glucocorticoids. 
Progestins inhibit ZR-75- 1 cell proliferation exclusively in presence of estrogens and in 
absence of insulin. 
MPA further decreased the growth of ZR-75-1 cells co-incubated with maximally inhibitory 
concentrations of either 5 alpha-dihydrotestosterone (DHT) or dexamethasone (DEX) at 
about 300-fold higher MPA concentrations with DHT-treated than with DEX-treated ZR-75- 
1 cells, thus demonstrating a highly predominant androgenic effect. The main action of 
MPA on ZR-75-1 human breast cancer cell growth is due to its androgen receptor-mediated 
inhibitory action. 

3. Summary 
In normal and malignant mammary tissues there are data supporting a role for 
catecholeamines in the control of many cellular activities. The presence of functional β-AR's 
in human mammary cell lines has been described. All six breast cell lines express either 
GIRK2 or GIRK4 indicating that functional GIRK potassium channels are possible in these 
cancer cell lines. The direct control of cell proliferation shown in vitro could eventually open 
new avenues for adjuvant therapies in the treatment of breast diseases. 
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1. Introduction  
Breast cancer is the most frequent malignancy and one of the leading causes to cancer 
related deaths in women. Most human breast cancers express the estrogen receptor (ER) 
which belongs to the family of nuclear receptors and is a ligand-regulated transcription 
factor. It is well established that the natural ligand of ER, estrogen, has pro-carcinogenic and 
growth promoting effects in the mammary epithelium by stimulating proliferation and 
leaving the cells prone to mutations during cell cycle progression (Foster et al., 2001). 
Endocrine treatment of hormone sensitive breast cancer targets the estrogen activity in 
breast cancer cells by blocking the ER with a selective ER modulator (SERM) such as 
tamoxifen or inhibiting estrogen synthesis using aromatase inhibitors such as anastrozole or 
letrozole. Endocrine treatment decreases mortality, prolongs disease-free survival and can 
even reduce the incidence of breast cancer in women at increased risk (Cuzick et al., 2003). 
Approximately 70 % of women with ER positive tumors respond to endocrine therapy, but 
resistance do occur, either de novo or develop over time. The molecular mechanism involved 
in endocrine resistance is one of the central areas of breast cancer research.  
The trancriptional activity of the ER is not only regulated by its ligands, but also by the level 
and activity of coregulator proteins. Nuclear receptor coactivators serve as adapters between 
the receptor and the trancriptional machinery. They possess diverse enzymatic acitivities 
such as histone acetyltransferase, histone methyltransferase, chromatin remodeling and 
ubiquitin-conjugation activity and are involved in every step of ER regulated transcription, 
from chromatin remodeling to transcriptional termination. The members of the p160 family 
of coactivators are some of the best studied coactivators. These steroid receptor coactivators 
(SRCs) are small proteins of 160 kDa with similar structural and functional properties, and 
include SRC-1, SRC-2/transcription intermediary factor-2 (TIF-2) and SRC-3/amplified in 
breast cancer 1 (AIB1). The SRCs are not only crucial to ER mediated effects in normal tissue. 
They have also been shown to be involved in the carcinogenic process and are 
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They have also been shown to be involved in the carcinogenic process and are 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

716 

overexpressed in breast cancer. In addition, the SRCs are of relevance to the tissue-specific 
effects of tamoxifen and data suggest that they may be important to the cellular sensitivity 
to endocrine treatment. The SRCs and their expression, regulation and functional role 
during endocrine treatment in breast cancer in vitro and in vivo are the focus of this chapter. 

2. Expression and functional role of SRCs in breast tissue 
The SRCs are genetically distinct, but have structural similarities with 40 - 55 % sequence 
homology (Xu & Li, 2003). Although the SRCs have similar functional properties, 
experimental evidence indicates different physiological functions for the SRCs, which in 
part can be explained by tissue-specific expression levels, different affinities for the various 
nuclear receptors and variations in post-translational modifications (Chauchereau et al., 
2003; Fenne et al., 2008; Hoang et al., 2004; Wu et al., 2004; Xu et al., 2009). In the classical 
activation of ER-mediated gene transcription, the ligand estradiol (E2) binds to the ER and 
promotes binding of the ER-E2 complex to the estrogen receptor element (ERE) of the target 
gene promoter. Here they recruit coregulatory proteins to a multi-subunit complex for gene 
transcription (Mangelsdorf et al., 1995; Pearce & Jordan, 2004). The ER has an activation 
function-1 (AF-1) domain in the N-terminus whereas the centrally located DNA-binding 
domain (DBD) is responsible for specific binding of the ER to EREs on target genes. The 
dimerization domain contains the ligand binding domain (LBD) and the AF-2. The AF-1 
contributes to the constitutive estrogen-independent activation by the receptor and is 
separated by a hinge region from the AF-2. The SRCs have a basic helix-loop-helix (bHLH) 
domain, a Per-Arnt-Sim (PAS) domain and a nuclear hormone interaction domain (NID) 
including three LXXLL-sequences where L is leucine and X any amino acid (Fig. 1).  
 

 
Fig. 1. Schematic presentation of the functional domains of the ER and the SRCs. 

Upon ligand binding, the helix 12 of the ER is positioned across the LBD, and together with 
helices 3-5 form a hydrophobic groove where the LXXLL motifs of coactivators can bind 
(Heery et al., 1997). The coactivators in the multi-subunit protein complex alter the 
chromatin structure and facilitate recruitment of the RNA polymerase II and the basal 
transcriptional machinery in a programmed cyclic manner to initiate transcription of the 
target gene (Metivier et al., 2003).    
The SRC family members are widely expressed and are detected in tissues such as placenta, 
testis, pancreas, lung, kidney, liver and brain (Xu & O’Malley, 2002; Xu & Li, 2003). The 
expression levels of the three SRC proteins in normal human breast epithelial cells are 
variable, but usually very low (Xu et al., 2009). SRCs are known to be overexpressed in  
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several types of human cancers, including breast cancer, where their overexpression is due 
to enhanced cellular amplification of their genes, and/or by a decrease in the intracellular 
degradation process of the coactivators (Xu et al., 2009). The SRCs are known to contribute 
to proliferation and development of breast cancers by mechanisms such as stimulation of 
the G1 to S phase transition during cell cycle by regulation of expression of mitogenic genes 
such as c-MYC and cyclin D1 (Dubik & Shiu, 1992; Sabbah et al., 1999). 

2.1 SRC-1 
SRC-1 was the first nuclear receptor coactivator to be cloned and identified (Onate et al., 
1995). The gene is located on the short arm of chromosome 2 at position 2p23 (Carapeti et 
al., 1998). SRC-1-/- mice show partial steroid hormone resistance and hepatic insufficiency 
(Xu et al., 1998; Louet et al., 2010). Noteworthy, ovariectomized female SRC-1-/- mice have 
decreased uterine growth and reduced mammary gland ductal side branching and alveolar 
formation in response to estrogen compared with wild-type mice, indicating a role of SRC-1 
in estrogen-regulated breast development (Xu et al., 1998; Xu & Li, 2003). We found higher 
SRC-1 mRNA levels by real-time RT-PCR in human breast cancer samples compared to 
normal breast tissue (Haugan Moi et al., 2010), and the same has been observed at the 
protein level (Hudelist et al., 2003; Fleming et al., 2004b; Myers et al., 2004).  SRC-1 protein 
expression in breast cancer has been reported to associate positively with human epidermal 
growth factor receptor 2/neu (HER-2/neu) and negatively with ERβ (Fleming et al., 2004b). 
In vitro studies indicate that SRC-1 plays an important role in ER-mediated growth of breast 
cancer cells. Overexpression of SRC-1 potentiates E2-stimulated growth of MCF-7 breast 
cancer cells in accordance with an increase in the expression of estrogen-responsive genes 
(Tai et al., 2000). SRC-1 has also been reported to specifically promote breast cancer 
metastasis, possibly by promoting migration and invasion by enhancing PEA3 mediated 
transcriptional activation of Twist, a master regulator of metastasis (Qin et al., 2009). 
Furthermore, SRC-1 may promote metastasis in mammary tumors by facilitating Ets-2 
mediated HER-2/neu expression and activating colony stimulating factor-1 expression to 
recruit macrophages to mammary tumors in mice (Wang et al., 2009).  

2.2 SRC-2/TIF-2 
The human SRC-2/TIF-2 gene is located on the long arm of chromosome 8 at position 8q21 
(Kalkhoven et al., 1998). Knock-out experiments indicate that SRC-2/TIF-2 are of special 
relevance to fertility and fat metabolism where SRC-2/TIF-2-/- mice have defective 
spermatogenesis, testicular degeneration, placenta hypoplasia, male and female 
hypofertility, higher lipolysis in white fat, higher energy expenditure in brown fat and 
resistance to obesity (Gehin et al., 2002; Picard et al., 2002). Increased levels of SRC-2/TIF-2 
mRNA have been observed in intraductal and invasive carcinoma compared to normal 
breast tissue (Kurebayashi et al., 2000; Haugan Moi et al., 2010). Knockdown of SRC-2/TIF-2 
has been shown to inhibit growth of MCF-7 breast cancer cells due to decreased cell 
proliferation, increased apoptosis and reduced ER mediated transcriptional activity 
(Cavarretta et al., 2002; Karmakar et al., 2009). However, overall SRC-2/TIF-2 is the least 
studied of the coactivators in breast cancer. 

2.3 SRC-3/AIB1 
The third member of the SRC family, SRC-3/AIB1, is located on the long arm of 
chromosome 20 at position 20q12 in humans and was first identified as a gene amplified and 
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overexpressed in several human breast cancer cell lines (Anzick et al., 1997). The SRC-3/AIB1 
gene is found to be amplified in 5-10% of breast cancer cases, and SRC-3/AIB1 are 
overexpressed at mRNA and protein level in 20-60 % of breast cancer patients (Anzick et al., 
1997; Takeshita et al., 1997; Bautista et al., 1998; Murphy et al., 2000; Bouras et al., 2001; List 
et al., 2001; Hudelist et al., 2003; Zhao et al., 2003). Female SRC-3/AIB1-/- mice have 
significantly lower levels of estrogen and delayed mammary gland development, indicating 
a proliferative role of this coactivator in breast tissue (Xu et al., 2000). In transgenic mice, 
overexpression of SRC-3/AIB1 leads to development of tumors in several organs including 
breast, in addition to increased expression of the insulin-like growth factor-1 (IGF-1) and 
activation of  intracellular pathways suggesting that SRC-3/AIB1 is acting as an oncogene 
(Torres-Arzayus et al., 2004). The oncogenic potential of SRC-3/AIB1 has been ascribed to 
mechanisms such as enhanced interaction between ER and the cyclin D1 promoter, hence 
leading to increased levels of cyclin D1 and stimulation of cell cycle progression (Planas-
Silva et al., 2001). Conversely, cyclin D1 expression has been shown to be reduced in SRC-
3/AIB1 knock-out cells (Karmakar et al., 2009), and mice with reduced SRC-3/AIB1 
expression have a decrease in epithelial proliferation  associated with a reduction in cyclin 
expression (Fereshteh et al., 2008). Overexpression of SRC-3/AIB1 also stimulates the Akt 
signaling pathway which promotes cell growth (Torres-Arzayus et al., 2004; Zhou et al., 
2003). Matrix metalloproteinases (MMPs) are zink-dependent enzymes involved in the 
degradation of extracellular matrix and are essential to the metastatic process. Experimental 
evidence suggests that SRC-3/AIB1 promotes breast cancer metastasis by stimulating the 
transcription factor PEA3 to enhance expression of MMP2 and MMP9 (Qin et al., 2008).  

2.4 Regulation of SRCs expression during endocrine treatment  
Most studies seem to indicate higher levels of the SRCs in malignant breast tumors compared 
to normal breast tissue. However, the expression levels of the SRCs have been shown to 
change during endocrine treatment in breast cancer. In a clinical study of preoperative 
tamoxifen treatment for 4 weeks using tamoxifen doses from 1 to 20 mg/daily, we found the 
mRNA levels of all three SRCs to be significantly upregulated in tamoxifen treated normal and 
malignant breast tissue compared to samples from untreated patients. The increase in 
coactivator mRNA expression was especially evident for SRC-3/AIB1 (Haugan Moi et al., 
2010).  In a clinical study on neoadjuvant treatment with aromatase inhibitors in locally 
advanced breast cancer, we also found the mRNA levels of coactivators in tumors to increase 
during treatment, especially for SRC-1 (Flågeng et al., 2009). This is in line with in vitro studies. 
E2 has been shown to repress SRC-3/AIB1 mRNA and protein expression in MCF-7 human 
breast cancer cells primarily by suppressing SRC-3/AIB1 gene transcription (Lauritsen et al., 
2002). Conversely, total SRC-3/AIB1 mRNA levels were increased when MCF-7 breast cancer 
cells were treated with the antiestrogen 4-hydroxytamoxifen. 4-hydroxtamoxifen has also been 
shown to increase the stability and hence steady-state levels of SRC-1 and SRC-3/AIB1 
proteins in a MCF-7 breast cancer-derived cell line (Lonard et al., 2004). We also found an 
increase in the mRNA levels of HER-2/neu and a positive correlation between SRC-1 and 
HER-2/neu in human breast tissue treated with aromatase inhibitors. This finding is 
interesting in light of in vitro assays suggesting that ER and HER-2/neu compete for the 
coactivator SRC-1. Under antiestrogenic conditions, SRC-1 will be released from the ER and 
may instead bind to the HER-2/neu enhancer and facilitate transcription of HER-2/neu, 
leading to increased expression of HER-2/neu under estrogen deprived conditions (Newman 
et al., 2000).  
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3. SRCs and endocrine treatment in breast cancer: Molecular mechanisms 
The regulation of SRCs during endocrine treatment is especially interesting since the 
coactivators are directly involved in the molecular mechanisms underlying the 
antiestrogenic effects. The natural ligand of ER, estrogen, is converted from androgens by 
the enzyme aromatase. Endocrine treatment of ER positive breast cancer includes aromatase 
inhibitors or the SERM tamoxifen. Aromatase inhibitors block the synthesis of estrogens by 
binding to and suppressing the aromatase enzyme that converts androgens to estrogens. 
Tamoxifen binds to the ER and functions as an antagonist in breast tissue and prevents 
estrogen from binding to the ER. The net effect of both therapeutic regiments is to block ER-
dependent transcriptional regulation of genes and prevent proliferation (Fig. 2). 
 

 
Fig. 2. Schematic presentation of the mechanisms of action of endocrine treatment in breast 
cancer using tamoxifen or aromatase inhibitors. 

3.1 The SERM tamoxifen 
Tamoxifen is a synthetic estrogen antagonist which has been in clinical use for over 30 years. 
While the success of tamoxifen in breast cancer therapy is based on its ER antagonistic 
effects in malignant breast tissue, tamoxifen demonstrates ER agonistic effects in other organ 
systems such as bone and liver. ER appears to bind to corepressors in the presence of SERMs 
in breast tissue, while coactivator recruitment is favored when E2 is bound to ER. Upon 
binding to ER, SERMs inhibit ER transcriptional activity by competing with E2 for the 
binding site and by blocking the AF-2 activity of ER (Shiau et al., 1998; Brzozowski et al., 
1997). The potent ER antagonistic metabolite 4-hydroxytamoxifen induces a displacement 
and rotation of the receptor’s helix 12. The helix 12 then binds to the hydrophobic pocket via 
a sequence resembling the NR box of the coactivators, and thereby inhibits coactivator 
recruitment (Brzozowski et al., 1997; Shiau et al., 1998). The binding of 4-hydroxytamoxifen 
instead favors recruitment of the two corepressors silencing mediator for retinoid and 
thyroid hormone receptor (SMRT) and nuclear receptor corepressor (NCoR). These 
corepressors are associated with histone deacetylase activity and inhibit ER regulated gene 
transcription (Webb et al., 2003; Fleming et al., 2004a).  
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overexpressed in several human breast cancer cell lines (Anzick et al., 1997). The SRC-3/AIB1 
gene is found to be amplified in 5-10% of breast cancer cases, and SRC-3/AIB1 are 
overexpressed at mRNA and protein level in 20-60 % of breast cancer patients (Anzick et al., 
1997; Takeshita et al., 1997; Bautista et al., 1998; Murphy et al., 2000; Bouras et al., 2001; List 
et al., 2001; Hudelist et al., 2003; Zhao et al., 2003). Female SRC-3/AIB1-/- mice have 
significantly lower levels of estrogen and delayed mammary gland development, indicating 
a proliferative role of this coactivator in breast tissue (Xu et al., 2000). In transgenic mice, 
overexpression of SRC-3/AIB1 leads to development of tumors in several organs including 
breast, in addition to increased expression of the insulin-like growth factor-1 (IGF-1) and 
activation of  intracellular pathways suggesting that SRC-3/AIB1 is acting as an oncogene 
(Torres-Arzayus et al., 2004). The oncogenic potential of SRC-3/AIB1 has been ascribed to 
mechanisms such as enhanced interaction between ER and the cyclin D1 promoter, hence 
leading to increased levels of cyclin D1 and stimulation of cell cycle progression (Planas-
Silva et al., 2001). Conversely, cyclin D1 expression has been shown to be reduced in SRC-
3/AIB1 knock-out cells (Karmakar et al., 2009), and mice with reduced SRC-3/AIB1 
expression have a decrease in epithelial proliferation  associated with a reduction in cyclin 
expression (Fereshteh et al., 2008). Overexpression of SRC-3/AIB1 also stimulates the Akt 
signaling pathway which promotes cell growth (Torres-Arzayus et al., 2004; Zhou et al., 
2003). Matrix metalloproteinases (MMPs) are zink-dependent enzymes involved in the 
degradation of extracellular matrix and are essential to the metastatic process. Experimental 
evidence suggests that SRC-3/AIB1 promotes breast cancer metastasis by stimulating the 
transcription factor PEA3 to enhance expression of MMP2 and MMP9 (Qin et al., 2008).  

2.4 Regulation of SRCs expression during endocrine treatment  
Most studies seem to indicate higher levels of the SRCs in malignant breast tumors compared 
to normal breast tissue. However, the expression levels of the SRCs have been shown to 
change during endocrine treatment in breast cancer. In a clinical study of preoperative 
tamoxifen treatment for 4 weeks using tamoxifen doses from 1 to 20 mg/daily, we found the 
mRNA levels of all three SRCs to be significantly upregulated in tamoxifen treated normal and 
malignant breast tissue compared to samples from untreated patients. The increase in 
coactivator mRNA expression was especially evident for SRC-3/AIB1 (Haugan Moi et al., 
2010).  In a clinical study on neoadjuvant treatment with aromatase inhibitors in locally 
advanced breast cancer, we also found the mRNA levels of coactivators in tumors to increase 
during treatment, especially for SRC-1 (Flågeng et al., 2009). This is in line with in vitro studies. 
E2 has been shown to repress SRC-3/AIB1 mRNA and protein expression in MCF-7 human 
breast cancer cells primarily by suppressing SRC-3/AIB1 gene transcription (Lauritsen et al., 
2002). Conversely, total SRC-3/AIB1 mRNA levels were increased when MCF-7 breast cancer 
cells were treated with the antiestrogen 4-hydroxytamoxifen. 4-hydroxtamoxifen has also been 
shown to increase the stability and hence steady-state levels of SRC-1 and SRC-3/AIB1 
proteins in a MCF-7 breast cancer-derived cell line (Lonard et al., 2004). We also found an 
increase in the mRNA levels of HER-2/neu and a positive correlation between SRC-1 and 
HER-2/neu in human breast tissue treated with aromatase inhibitors. This finding is 
interesting in light of in vitro assays suggesting that ER and HER-2/neu compete for the 
coactivator SRC-1. Under antiestrogenic conditions, SRC-1 will be released from the ER and 
may instead bind to the HER-2/neu enhancer and facilitate transcription of HER-2/neu, 
leading to increased expression of HER-2/neu under estrogen deprived conditions (Newman 
et al., 2000).  
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3. SRCs and endocrine treatment in breast cancer: Molecular mechanisms 
The regulation of SRCs during endocrine treatment is especially interesting since the 
coactivators are directly involved in the molecular mechanisms underlying the 
antiestrogenic effects. The natural ligand of ER, estrogen, is converted from androgens by 
the enzyme aromatase. Endocrine treatment of ER positive breast cancer includes aromatase 
inhibitors or the SERM tamoxifen. Aromatase inhibitors block the synthesis of estrogens by 
binding to and suppressing the aromatase enzyme that converts androgens to estrogens. 
Tamoxifen binds to the ER and functions as an antagonist in breast tissue and prevents 
estrogen from binding to the ER. The net effect of both therapeutic regiments is to block ER-
dependent transcriptional regulation of genes and prevent proliferation (Fig. 2). 
 

 
Fig. 2. Schematic presentation of the mechanisms of action of endocrine treatment in breast 
cancer using tamoxifen or aromatase inhibitors. 

3.1 The SERM tamoxifen 
Tamoxifen is a synthetic estrogen antagonist which has been in clinical use for over 30 years. 
While the success of tamoxifen in breast cancer therapy is based on its ER antagonistic 
effects in malignant breast tissue, tamoxifen demonstrates ER agonistic effects in other organ 
systems such as bone and liver. ER appears to bind to corepressors in the presence of SERMs 
in breast tissue, while coactivator recruitment is favored when E2 is bound to ER. Upon 
binding to ER, SERMs inhibit ER transcriptional activity by competing with E2 for the 
binding site and by blocking the AF-2 activity of ER (Shiau et al., 1998; Brzozowski et al., 
1997). The potent ER antagonistic metabolite 4-hydroxytamoxifen induces a displacement 
and rotation of the receptor’s helix 12. The helix 12 then binds to the hydrophobic pocket via 
a sequence resembling the NR box of the coactivators, and thereby inhibits coactivator 
recruitment (Brzozowski et al., 1997; Shiau et al., 1998). The binding of 4-hydroxytamoxifen 
instead favors recruitment of the two corepressors silencing mediator for retinoid and 
thyroid hormone receptor (SMRT) and nuclear receptor corepressor (NCoR). These 
corepressors are associated with histone deacetylase activity and inhibit ER regulated gene 
transcription (Webb et al., 2003; Fleming et al., 2004a).  
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However, tamoxifen may exert ER agonistic effects depending on the coactivator context. 
For example, it has been shown that overexpression of SRC-3/AIB1 and the growth factor 
HER-2/neu increases the ER agonistic properties of tamoxifen (Shou et al., 2004) and that 
tamoxifen resistance develops when SRC-3/AIB1 is high and the transcriptional repressor 
paired box 2 (PAX2) is low in breast cancer cells (Hurtado et al., 2008). Elevated expression 
of SRC-1 in the uterine derived Ishikawa cell line increases the agonist behavior of 4-
hydroxytamoxifen, whereas lower expression of SRC-1 in MCF-7 cells contributed to an ER-
antagonistic behavior of tamoxifen (Shang & Brown., 2002). Studies have shown that the 
estrogenic effects of tamoxifen can be mediated by the constitutive active AF-1 domain of 
ER which can be stimulated by several mechanisms, including high levels of coactivators 
(Webb et al., 1998). Hence, the levels of SRCs may determine the response to tamoxifen 
treatment, at least in vitro. 

3.2 Aromatase inhibitors 
Aromatase inhibitors work by blocking the estrogen synthesis and depriving the breast cancer 
cells of this important growth factor. In premenopausal women, estrogens are primarily 
synthesized by the granulose cells in the ovaries, but aromatase activity and conversion of 
androgens to estrogens also take place in tissues such as subcutaneous fat, breast tissue and 
bone which are the primary sources of estrogens after menopause. Aromatase is a cytochrome 
P450 enzyme where the haem protein binds the androgen and catalyzes the formation of the 
phenolic A-ring which is characteristic for estrogens. Type 1 aromatase inhibitors such as 
formestane and exemestane, also known as steroidal inhibitors, are analogues to 
androstenedione and work by competitive binding to the active site of aromatase. Type 2 
aromatase inhibitors include the first generation compound aminoglutethimide, the second 
generation drug fadrozole and the third generation compounds anastrozole and letrozole, 
which are widely used clinically. These non-steroidal aromatase inhibitors work by binding to 
an iron atom in the haem group of aromatase and have proved very effective in inhibiting 
aromatase activity. In the absence of agonist, the ER will be locacted in the cytoplasm 
associated with heat shock protein (hsp), and dimerization, conformational changes and 
coactivator recruitment will be inhibited, hence leading to reduced transcription of ER-
regulated genes. However, resistance to aromatase inhibitors does occur. In the frequently 
used cellular model system for resistance to aromatase inhibitors, breast cancer cells are grown 
in estrogen-deprived conditions for 1-6 months. These long-term estrogen deprived cells 
(LTED) develop enhanced sensitivity to E2 (Masamura et al., 1995; Santen et al., 2005). This 
hypersensitivity is associated with upregulation of ERα and the mitogen activated protein 
kinases (MAPKs) (Jeng et al., 1998; Jeng et al., 2000). The MAPKs are found downstream of 
several growth factor receptors including HER-2/neu and could phosphorylate and influence 
the activity of the SRCs, but also the ER. Accumulated evidence points to an important 
crosstalk between ER and growth factor pathways where posttranslational modifications of 
the SRCs are involved. These modifications could influence not only SRC activity, but also the 
effect of endocrine treatment in breast cancer over time.  

4. SRCs and growth factor signaling 
4.1 Posttranslational modifications of SRCs with functional aspects  
The SRCs are components and targets of multiple cell signaling pathways that modulate 
their activity. Extracellular stimuli such as hormones, growth factors and cytokines induce a 
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variety of posttranslational modifications of SRCs, including acetylation, methylation, 
phosphorylation, ubiquitination and sumoylation. These modifications influence the SRCs 
transcriptional activity and/or the SRC protein levels and stability (Baek & Rosenfeld, 2004; 
Li & Shang, 2007; Xu et al., 2009).  
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Fig. 3. Functional aspects of posttranslational modifications of the SRCs.  

Phosphorylation of coactivators modulates ER-dependent gene transcription by regulating 
coactivator function in various ways. Three SRC-1 phosphorylation sites with corresponding 
kinases have been identified (S395, T1179 and S1185), one SRC-2/TIF-2 (S736) and sixteen 
SRC-3/AIB1 phosphorylation sites (T24, S505, S543, S601, S857, S860, S867, S1033, S1042, 
S1048, T1059, S1062, T1064, T1067, T1114 and Y1357) (Bulynko & O'Malley, 2011). 
Comparison of these sites reveals little conservation of sequences among the SRCs, 
indicating that phosphorylation is a significant determinant of the specificity of the SRCs 
(Wu et al., 2005).  
Phosphorylation may influence the function and acitivity of the SRCs. It is shown in vitro 
using COS-1 cells that positions S395 and T1179/S1185 of SRC-1 are phosphorylated by the 
MAPK family members ERK1 and ERK2 (Rowan et al., 2000b) where MAPK-mediated 
phosphorylation on T1179 and S1185 has been shown to increase the affinity of SRC-1 for 
androgen receptor (AR) in prostate cancer cells (Ueda et al., 2002; Gregory et al., 2004). ERK2 
may also phosphorylate SRC-3/AIB1 in vitro which stimulates the recruitment of p300 and 
associated histone acetyltransferase activity (Font de Mora & Brown, 2000). cAMP regulated 
phosphorylation of SRC-1 occurs through an indirect pathway in which protein kinase A 
(PKA) induces the activity of ERK1 and ERK2 (Rowan et al., 2000a). SRC-3/AIB1 
phosphorylation-defective mutants exhibit reduced ability to interact with ER compared to 
wild type SRC-3/AIB1, both in the absence and presence of E2 (Wu et al., 2004). Epidermal 
growth factor (EGF)-induced activation of ER-, progesterone receptor (PR)- and AR-
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However, tamoxifen may exert ER agonistic effects depending on the coactivator context. 
For example, it has been shown that overexpression of SRC-3/AIB1 and the growth factor 
HER-2/neu increases the ER agonistic properties of tamoxifen (Shou et al., 2004) and that 
tamoxifen resistance develops when SRC-3/AIB1 is high and the transcriptional repressor 
paired box 2 (PAX2) is low in breast cancer cells (Hurtado et al., 2008). Elevated expression 
of SRC-1 in the uterine derived Ishikawa cell line increases the agonist behavior of 4-
hydroxytamoxifen, whereas lower expression of SRC-1 in MCF-7 cells contributed to an ER-
antagonistic behavior of tamoxifen (Shang & Brown., 2002). Studies have shown that the 
estrogenic effects of tamoxifen can be mediated by the constitutive active AF-1 domain of 
ER which can be stimulated by several mechanisms, including high levels of coactivators 
(Webb et al., 1998). Hence, the levels of SRCs may determine the response to tamoxifen 
treatment, at least in vitro. 

3.2 Aromatase inhibitors 
Aromatase inhibitors work by blocking the estrogen synthesis and depriving the breast cancer 
cells of this important growth factor. In premenopausal women, estrogens are primarily 
synthesized by the granulose cells in the ovaries, but aromatase activity and conversion of 
androgens to estrogens also take place in tissues such as subcutaneous fat, breast tissue and 
bone which are the primary sources of estrogens after menopause. Aromatase is a cytochrome 
P450 enzyme where the haem protein binds the androgen and catalyzes the formation of the 
phenolic A-ring which is characteristic for estrogens. Type 1 aromatase inhibitors such as 
formestane and exemestane, also known as steroidal inhibitors, are analogues to 
androstenedione and work by competitive binding to the active site of aromatase. Type 2 
aromatase inhibitors include the first generation compound aminoglutethimide, the second 
generation drug fadrozole and the third generation compounds anastrozole and letrozole, 
which are widely used clinically. These non-steroidal aromatase inhibitors work by binding to 
an iron atom in the haem group of aromatase and have proved very effective in inhibiting 
aromatase activity. In the absence of agonist, the ER will be locacted in the cytoplasm 
associated with heat shock protein (hsp), and dimerization, conformational changes and 
coactivator recruitment will be inhibited, hence leading to reduced transcription of ER-
regulated genes. However, resistance to aromatase inhibitors does occur. In the frequently 
used cellular model system for resistance to aromatase inhibitors, breast cancer cells are grown 
in estrogen-deprived conditions for 1-6 months. These long-term estrogen deprived cells 
(LTED) develop enhanced sensitivity to E2 (Masamura et al., 1995; Santen et al., 2005). This 
hypersensitivity is associated with upregulation of ERα and the mitogen activated protein 
kinases (MAPKs) (Jeng et al., 1998; Jeng et al., 2000). The MAPKs are found downstream of 
several growth factor receptors including HER-2/neu and could phosphorylate and influence 
the activity of the SRCs, but also the ER. Accumulated evidence points to an important 
crosstalk between ER and growth factor pathways where posttranslational modifications of 
the SRCs are involved. These modifications could influence not only SRC activity, but also the 
effect of endocrine treatment in breast cancer over time.  

4. SRCs and growth factor signaling 
4.1 Posttranslational modifications of SRCs with functional aspects  
The SRCs are components and targets of multiple cell signaling pathways that modulate 
their activity. Extracellular stimuli such as hormones, growth factors and cytokines induce a 
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variety of posttranslational modifications of SRCs, including acetylation, methylation, 
phosphorylation, ubiquitination and sumoylation. These modifications influence the SRCs 
transcriptional activity and/or the SRC protein levels and stability (Baek & Rosenfeld, 2004; 
Li & Shang, 2007; Xu et al., 2009).  
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Fig. 3. Functional aspects of posttranslational modifications of the SRCs.  

Phosphorylation of coactivators modulates ER-dependent gene transcription by regulating 
coactivator function in various ways. Three SRC-1 phosphorylation sites with corresponding 
kinases have been identified (S395, T1179 and S1185), one SRC-2/TIF-2 (S736) and sixteen 
SRC-3/AIB1 phosphorylation sites (T24, S505, S543, S601, S857, S860, S867, S1033, S1042, 
S1048, T1059, S1062, T1064, T1067, T1114 and Y1357) (Bulynko & O'Malley, 2011). 
Comparison of these sites reveals little conservation of sequences among the SRCs, 
indicating that phosphorylation is a significant determinant of the specificity of the SRCs 
(Wu et al., 2005).  
Phosphorylation may influence the function and acitivity of the SRCs. It is shown in vitro 
using COS-1 cells that positions S395 and T1179/S1185 of SRC-1 are phosphorylated by the 
MAPK family members ERK1 and ERK2 (Rowan et al., 2000b) where MAPK-mediated 
phosphorylation on T1179 and S1185 has been shown to increase the affinity of SRC-1 for 
androgen receptor (AR) in prostate cancer cells (Ueda et al., 2002; Gregory et al., 2004). ERK2 
may also phosphorylate SRC-3/AIB1 in vitro which stimulates the recruitment of p300 and 
associated histone acetyltransferase activity (Font de Mora & Brown, 2000). cAMP regulated 
phosphorylation of SRC-1 occurs through an indirect pathway in which protein kinase A 
(PKA) induces the activity of ERK1 and ERK2 (Rowan et al., 2000a). SRC-3/AIB1 
phosphorylation-defective mutants exhibit reduced ability to interact with ER compared to 
wild type SRC-3/AIB1, both in the absence and presence of E2 (Wu et al., 2004). Epidermal 
growth factor (EGF)-induced activation of ER-, progesterone receptor (PR)- and AR-
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dependent transcription is shown to be regulated through phosphorylation of SRC-2/TIF-2 
at S736 by the EGF-activated ERK MAPK and p38MAPK which stimulate SRC-2/TIF-2 
coactivator function (Lopez et al., 2001; Gregory et al., 2004; Frigo et al., 2006).  
Phosphorylation and dephosphorylation of proteins also regulate the nuclear import and 
export by modifying the nuclear localization signals (NLS) and nuclear export signals (NES) 
of the proteins (Whitmarsh & Davis, 2000). The sequence of the bHLH domain of the SRCs 
has been shown to be important for their nuclear localization. SRC-1 and SRC-3/AIB1 
contain a conserved bipartite NLS in their bHLH-PAS domain (Amazit et al., 2003; Li et al., 
2007). Furthermore, specific residues in the NLS of SRC-3/AIB1 are identified to signal 
proteasome-dependent turnover of SRC-3/AIB1 in the nucleus (Li et al., 2007). SRC-1 also 
contains a non-conserved sequence localized in its C-terminal region that is suggested to 
serve as a NES. The return of SRC-1 to the cytoplasm is proposed to be involved in 
termination of hormone action (Amazit et al., 2003).  
Phosphorylation does not only influence the activation and subcellular localization of the 
SRCs, but also regulate the ubiquitination and degradation of the coactivators. 
Phosphorylated SRCs are suggested to be targets for enzymes in the ubiquitin-proteasome 
pathway. The ubiquitin-proteasome degradation pathway is regarded as an important 
mechanism to control the steady state levels of SRCs, thereby modulating growth responses 
to various growth-promoting factors (Lonard & O'Malley, 2005). Retinoic acid-induced 
phosphorylation of SRC-3/AIB1 by p38MAPK at S860, and phosphorylation at S505 by 
Akt/protein kinase B (PKB)-activated glycogen synthase kinase-3 (GSK3) have been shown 
to mediate SRC-3/AIB1 degradation (Gianni et al., 2006; Wu et al., 2007). On the other hand, 
atypical PKC-induced phosphorylation of the C-terminal region of SRC-3/AIB1 was 
reported to increase its stabilization by protecting it from proteasome-mediated degradation 
leading to an increased estrogen-induced breast cancer cell growth (Yi et al., 2008).  
Growth factor pathways regulate SRC function not only through phosphorylation. We 
found activation of the cAMP/PKA pathway to stimulate association of SRC-2/TIF-2 with 
an ER-transcription complex prior to its degradation by the ubiquitin-proteasome system 
(Fenne et al., 2008). MCF-7 breast cancer cells were transfected with an expression plasmid 
encoding HA-GRIP1, the rodent homologue to SRC-2/TIF-2, along with the luciferase 
reporter construct ERE-TATA-luc. Cells were treated with cAMP analog and cAMP-
elevating agents for different time-lengths and after 48 hours the cells where lysed and 
subjected to luciferase assay. A time-dependent regulation of cAMP/PKA on SRC-2/TIF-2 
coactivator function was observed (Fig. 4A). PKA is activated when hormones bind to a G-
protein coupled receptor (GPCR). The activated receptor interacts with adenylyl cyclase 
(AC) which catalyses the conversion of ATP to cAMP, further activating the cAMP 
dependent PKA (Fig. 4b). PKA can regulate SRC-2/TIF-2 coactivator function in a time-
dependent matter. Short-term treatment stimulated SRC-2/TIF-2 coactivator function, 
whereas long-term treatments inhibited SRC-2/TIF-2 function due to ubiquitin-proteasome-
mediated degradation (Hoang et al., 2004;  Fenne et al., 2008). 
All three SRCs can also be modified by site-specific sumoylation of lysine residues in their 
respective NIDs (Kotaja et al., 2002; Chauchereau et al., 2003). Sumoylation of SRC-2/TIF-2 
has been shown to increase its coactivation of AR by enhancing their interaction (Kotaja et 
al., 2002). Conversely, sumoylation of SRC-1 increases its interaction with the PR and leads 
to prolonged retention of SRC-1 in the nucleus (Chauchereau et al., 2003). In contrast to 
SRC-1 and SRC-2/TIF-2, sumoylation of SRC-3/AIB1 seems to attenuate its coactivation 
function (Wu et al., 2006). 
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Fig. 4. cAMP-PKA signaling influence SRC-2/TIF-2 function in a time-dependent manner. 

4.2 SRCs, growth factor signaling and response to endocrine therapy 
The SRCs are regulated by post-translational modifications by kinases found downstream in 
growth factor signaling pathways often activated in cancers, such as the MAPKs operating 
downstream of HER-2/neu. Posttranslational modification can stabilize and functionally 
activate the SRC proteins, a mechanism which has been shown to contribute not only to ER-
agonstic effects of tamoxifen, but also to estrogen hypersensitivity and resistance to aromatase 
inhibitors. In vitro it has been shown that tamoxifen resistance with loss of ER antagonistic 
effects develops when SRC-3/AIB1 is high and the transcriptional repressor PAX2 is low in 
breast cancer cells (Hurtado et al., 2008). Conversely, dissociation of SRC-3/AIB1 from ER 
restores tamoxifen’s antagonistic effect in resistant breast cancer cells and inhibits further 
breast cancer cell growth (Planas-Silva et al., 2001; List et al., 2001).  
Clinically, studies have shown an association between SRC-1 and reduced disease-free 
survival in breast cancer patients with locally advanced disease treated with endocrine 
therapy (Al-azawi et al., 2008; Redmond et al., 2009). During neoadjuvant treatment with 
aromatase inhibitors, we found higher levels of SRC-1 mRNA levels during treatment, 
especially in tumors that responded to treatment (Flågeng et al., 2009). Low expression of 
SRC-1 combined with high ERβ expression has been found to be a good prognostic indicator 
to endocrine treatment in breast cancers (Myers et al., 2004). However, the clearest 
association between high levels of SRCs and poor clinical outcome has been found in tumors 
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dependent transcription is shown to be regulated through phosphorylation of SRC-2/TIF-2 
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coactivator function (Lopez et al., 2001; Gregory et al., 2004; Frigo et al., 2006).  
Phosphorylation and dephosphorylation of proteins also regulate the nuclear import and 
export by modifying the nuclear localization signals (NLS) and nuclear export signals (NES) 
of the proteins (Whitmarsh & Davis, 2000). The sequence of the bHLH domain of the SRCs 
has been shown to be important for their nuclear localization. SRC-1 and SRC-3/AIB1 
contain a conserved bipartite NLS in their bHLH-PAS domain (Amazit et al., 2003; Li et al., 
2007). Furthermore, specific residues in the NLS of SRC-3/AIB1 are identified to signal 
proteasome-dependent turnover of SRC-3/AIB1 in the nucleus (Li et al., 2007). SRC-1 also 
contains a non-conserved sequence localized in its C-terminal region that is suggested to 
serve as a NES. The return of SRC-1 to the cytoplasm is proposed to be involved in 
termination of hormone action (Amazit et al., 2003).  
Phosphorylation does not only influence the activation and subcellular localization of the 
SRCs, but also regulate the ubiquitination and degradation of the coactivators. 
Phosphorylated SRCs are suggested to be targets for enzymes in the ubiquitin-proteasome 
pathway. The ubiquitin-proteasome degradation pathway is regarded as an important 
mechanism to control the steady state levels of SRCs, thereby modulating growth responses 
to various growth-promoting factors (Lonard & O'Malley, 2005). Retinoic acid-induced 
phosphorylation of SRC-3/AIB1 by p38MAPK at S860, and phosphorylation at S505 by 
Akt/protein kinase B (PKB)-activated glycogen synthase kinase-3 (GSK3) have been shown 
to mediate SRC-3/AIB1 degradation (Gianni et al., 2006; Wu et al., 2007). On the other hand, 
atypical PKC-induced phosphorylation of the C-terminal region of SRC-3/AIB1 was 
reported to increase its stabilization by protecting it from proteasome-mediated degradation 
leading to an increased estrogen-induced breast cancer cell growth (Yi et al., 2008).  
Growth factor pathways regulate SRC function not only through phosphorylation. We 
found activation of the cAMP/PKA pathway to stimulate association of SRC-2/TIF-2 with 
an ER-transcription complex prior to its degradation by the ubiquitin-proteasome system 
(Fenne et al., 2008). MCF-7 breast cancer cells were transfected with an expression plasmid 
encoding HA-GRIP1, the rodent homologue to SRC-2/TIF-2, along with the luciferase 
reporter construct ERE-TATA-luc. Cells were treated with cAMP analog and cAMP-
elevating agents for different time-lengths and after 48 hours the cells where lysed and 
subjected to luciferase assay. A time-dependent regulation of cAMP/PKA on SRC-2/TIF-2 
coactivator function was observed (Fig. 4A). PKA is activated when hormones bind to a G-
protein coupled receptor (GPCR). The activated receptor interacts with adenylyl cyclase 
(AC) which catalyses the conversion of ATP to cAMP, further activating the cAMP 
dependent PKA (Fig. 4b). PKA can regulate SRC-2/TIF-2 coactivator function in a time-
dependent matter. Short-term treatment stimulated SRC-2/TIF-2 coactivator function, 
whereas long-term treatments inhibited SRC-2/TIF-2 function due to ubiquitin-proteasome-
mediated degradation (Hoang et al., 2004;  Fenne et al., 2008). 
All three SRCs can also be modified by site-specific sumoylation of lysine residues in their 
respective NIDs (Kotaja et al., 2002; Chauchereau et al., 2003). Sumoylation of SRC-2/TIF-2 
has been shown to increase its coactivation of AR by enhancing their interaction (Kotaja et 
al., 2002). Conversely, sumoylation of SRC-1 increases its interaction with the PR and leads 
to prolonged retention of SRC-1 in the nucleus (Chauchereau et al., 2003). In contrast to 
SRC-1 and SRC-2/TIF-2, sumoylation of SRC-3/AIB1 seems to attenuate its coactivation 
function (Wu et al., 2006). 
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Fig. 4. cAMP-PKA signaling influence SRC-2/TIF-2 function in a time-dependent manner. 

4.2 SRCs, growth factor signaling and response to endocrine therapy 
The SRCs are regulated by post-translational modifications by kinases found downstream in 
growth factor signaling pathways often activated in cancers, such as the MAPKs operating 
downstream of HER-2/neu. Posttranslational modification can stabilize and functionally 
activate the SRC proteins, a mechanism which has been shown to contribute not only to ER-
agonstic effects of tamoxifen, but also to estrogen hypersensitivity and resistance to aromatase 
inhibitors. In vitro it has been shown that tamoxifen resistance with loss of ER antagonistic 
effects develops when SRC-3/AIB1 is high and the transcriptional repressor PAX2 is low in 
breast cancer cells (Hurtado et al., 2008). Conversely, dissociation of SRC-3/AIB1 from ER 
restores tamoxifen’s antagonistic effect in resistant breast cancer cells and inhibits further 
breast cancer cell growth (Planas-Silva et al., 2001; List et al., 2001).  
Clinically, studies have shown an association between SRC-1 and reduced disease-free 
survival in breast cancer patients with locally advanced disease treated with endocrine 
therapy (Al-azawi et al., 2008; Redmond et al., 2009). During neoadjuvant treatment with 
aromatase inhibitors, we found higher levels of SRC-1 mRNA levels during treatment, 
especially in tumors that responded to treatment (Flågeng et al., 2009). Low expression of 
SRC-1 combined with high ERβ expression has been found to be a good prognostic indicator 
to endocrine treatment in breast cancers (Myers et al., 2004). However, the clearest 
association between high levels of SRCs and poor clinical outcome has been found in tumors 
also overexpressing HER-2/neu. Patients with tumors overexpressing HER-2/neu in 

 ATP

cAMP

GPCR 
Ligand 

AC 

PKA SRC-2/TIF-2

1-4 hours  
↑ activity 

4-24 hours  
↓ activity 

 

A 

B 



 
Breast Cancer – Carcinogenesis, Cell Growth and Signaling Pathways 

 

724 

combination with SRC-3/AIB1 or SRC-1 undergoing tamoxifen treatment show reduced 
sensitivity to endocrine therapy, greater risk of disease recurrence and reduced disease-free 
survival (Fleming et al., 2004b; Osborne et al., 2003). Overexpression of SRC-3/AIB1 and 
HER-2/neu in breast tumors is associated with disease recurrences and poor prognosis. This 
could be linked to the HER-2/neu-mediated activation of MAPK and Akt which causes 
phosphorylation of SRC-3/AIB1 and ER, resulting in transcriptional activation and cell 
proliferation. Activation of Akt has also been shown to stabilize SRC-3/AIB1 by inhibiting 
GSK3 (Wu et al., 2007) whereas PKA-induced resistance to tamoxifen is associated with an 
altered orientation between ER and SRC-1 (Zwart et al., 2007). Overall, the SRCs can be 
targeted by central growth factor pathways mediating pro-survival signals and stimulating 
proliferation. The SRCs close functional relationship with the ER makes posttranslational 
modifications of the SRCs important points of crosstalk between ER and growth factor 
signaling pathways during endocrine treatment in breast cancer (Fig. 5). 
 

 
Fig. 5. Cross-talk between growth-factor signaling pathways and SRCs in breast cancer. 
Ligand-activated growth factor receptor dimers including the human epidermal growth 
factor receptor-2 and -3 (HER-2/3) and the insulin-like growth factor-1 receptor (IGF-1R) are 
phosphorylated at intracellular domains and signal both through the MAPK and the 
phosphatidyl-inositol 3-kinase (PI3K) signaling pathway. ERK 1 and 2 may phosphorylate 
SRC-1, SRC-2/TIF-2 and SRC-3/AIB1. Akt may phosporylate SRC-2/TIF-2 and SRC-
3/AIB1. SRC-3/AIB1 is a modulator increasing the activity and signaling both through 
HER-2 and IGF-1R leading to cell growth. 

5. Conclusion 
Most human breast cancers express ER which belongs to the family of nuclear receptors and 
is a ligand-regulated transcription factor. Endocrine treatment involves blocking the ER 
with a selective ER modulator such as tamoxifen or inhibiting estrogen synthesis using 
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aromatase inhibitors. The SRCs are crucial to ER mediated effects and their expression level 
and activity have been shown to dictate the effect of ER on gene expression to a large extent. 
SRC-1, SRC-2/TIF-2 and SRC-3/AIB1 are expressed in normal and malignant breast tissue 
where SRC-3/AIB1 is now considered to be an oncogene. SRC-1 and SRC-3/AIB1 may 
promote metastasis in mammary tumors by enhancing the transcriptional activation of 
regulators of metastasis such as Twist and MMPs. The expression levels of the SRCs are 
influenced by endocrine treatment, an observation which may be of relevance to the 
treatment response to endocrine therapy over time. We found the mRNA levels of the SRCs, 
especially SRC-3/AIB1, to be significantly upregulated in both normal and malignant breast 
tissue after 4 weeks of tamoxifen in the 1-20 mg dose range. The mRNA expression of SRC-1 
has also been shown to increase significantly in a clinical study of neoadjuvant treatment 
with aromatase inhibitors for 14-16 weeks, especially in the subgroup of patients achieving 
an objective treatment response. This is in line with in vitro studies in MCF-7 cells showing 
that estrogens suppress the mRNA levels of SRC-3/AIB1 by suppressing SRC-3/AIB1 gene 
transcription whereas 4-hydroxytamoxifen increases the SRC-3/AIB1 mRNA expression 
level. The importance of the expression level and functional activation of the SRCs during 
endocrine treatment is evident from cellular assays on tamoxifen treatment. High levels of 
coactivators relative to corepressors may lead to ER agonistic effects by 4-
hydroxytamoxifen. Further, posttranslational modification of both coactivators and ER can 
lead to altered molecular conformations, intracellular relocation, stabilization and 
ubiquitination which would influence the activity and stability of the SRCs, as shown for the 
PKA-mediated regulation of SRC-2/TIF-2. In several clinical trials the levels of coactivators 
have been found of relevance, not only to the response to endocrine treatment, but also to 
long term clinical outcome. High protein levels of SRC-1 have been shown to be associated 
with reduced disease-free survival, both in untreated and tamoxifen treated patients, 
whereas elevated mRNA expression levels of SRC-3/AIB1 have been associated with high 
tumor grade and shorter disease-free and overall survival. Tumors undergoing tamoxifen 
therapy and overexpressing HER-2/neu in combination with SRC-3/AIB1 are more likely to 
be tamoxifen resistant and are associated with reduced disease-free survival. High 
expression of HER-2/neu in combination with SRC-1 has also been associated with a greater 
risk of recurrence on endocrine treatment. In summary, SRCs are expressed in normal and 
malignant breast tissue and they have a crucial role in mediating the effect of endocrine 
treatment in breast cancer. The expression levels of SRCs are regulated by endocrine 
treatment and their functional role is modified by posttranslational modifications mediated 
by growth factor pathways involved in breast cancer development and endocrine resistance.  
Further  research on SRCs and their role in the crosstalk between ER and growth factor 
pathways during endocrine treatment is important to  improve breast cancer therapy. 
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