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Preface

Cancer is the leading cause of death in most countries and continues to increase mainly be-
cause of the aging and growth of the world population as well as habitation of cancer-caus-
ing behaviors such as smoking and alcohol. Based on statistics of the GLOBOCAN 2012,
about 14.1 million cancer cases and 8.2 million cancer deaths are estimated to have occurred
in 2012 (Torre LA et al. Ca Cancer J Clin 65:87-108, 2015). Breast cancer is one of the most
frequently diagnosed cancer and the leading cause of cancer death, accounting for 25% of
the total cancer cases and 15% of the cancer deaths among females. Thus researches on can-
cer especially for breast cancer are important to overcome both economical and physiologi-
cal burden. The current book for breast cancer aims at providing information of recent
molecular researches in the field. The current book covers topics such as gene regulation
and abnormalities in DNA in breast cancer cells, role of miRNA and its potential use, impor-
tance of bioinformatics and co-association other cancer types with this cancer. We hope that
the book will provide concise recent developments for breast cancer and lead the scientists,
researchers and educators in the field.

Prof. Dr. Mehmet Gunduz
Turgut Ozal University Medical School,
Turkey






Chapter 1

Breast Cancer- It's All in the DNA

Somaira Nowsheen, Khaled Aziz, Asef Aziz and
Alexandros G Georgakilas

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60033

1. Introduction

Breast cancer is the leading cause of cancer death in women, the second most common cancer
worldwide, and the fifth most common cause of cancer-related deaths [1-3]. Not only are the
incidence rates of breast cancer increasing, partly due to improved screening and detection
techniques, but also the global burden of breast cancer exceeds all other cancers. So it is
imperative to improve the quality of life of these patients.

Our knowledge of the process of tumorigenesis has increased significantly over the last decade
thanks to continued funding from federal and private organizations, improved technologies
enabling affordable sequencing of the entire genome, analysis of large data sets as well as gene
expression profiles of human tumor samples, and improved animal models that attempt to
resemble tumor formation in humans. The predisposing risk factors, precancerous lesions, and
disease progression vary significantly across the tissues of origin. However, common themes
have been described that drive a normal cell to undergo transformation and generate a tumor.
We plan to lay the groundwork for our discussion utilizing the widely recognized models of
colorectal cancer by Bert Vogelstein, the two hit hypothesis by Alfred Knudson, and the
common characteristics of cancer cells described by Doug Hanahan and Robert Weinberg.

Furthermore, in this chapter we aim to discuss the early events that cause a normal breast
epithelial cell to initiate the process of tumor formation and delineate them from later stage
insults to the cell that cause it to progress to advanced metastatic disease. We particularly plan
to focus on the role of oxidative stress and one major environmental agenti.e. ionizing radiation
inducing DNA damage and chromosomal instability. At the same time we will discuss the cell
cycle changes that ensue and the implications of loss of a tumor suppressor gene. Concurrently,
there are morphological changes that can be witnessed in experiments performed with cancer
cells in vitro which we will tie in with the underlying molecular mechanisms. We will trace

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.
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the damaged cell along its course to metastasis by focusing on the molecular mechanisms that
cause loss of cell-cell adhesion, loss of cellular polarity, ability to migrate through the stroma
and gain access to the vascular or lymphatic system, resistance to anoikis and ability to seed
a tumor in a new environment. A myriad of hypotheses exists in literature that attempts to
explain the process of cancer formation and progression.

Next, we will classify breast tumors as malignant or non-malignant while describing the
subtypes of each in a concise manner. Since the therapeutic options available in the clinic are
targeted to particular genetic subtypes such as BRCA1 positive, estrogen receptor (ER) positive
or triple negative (Her2-/-, ER -/-, PR -/-) etc., we will also discuss these molecular signatures.
The clinical diagnosis criteria and imaging modalities will be mentioned concisely. A limited
number of clinical trials that have a promising premise behind the study and considered to be
ground breaking will be described.

Therapeutic options for breast cancer have expanded in the past 10 years to improve the
survival outcomes for the disease. Existing FDA approved pharmacologic agents, small
molecule inhibitors in clinical trials and drugs shown to have efficacy in preclinical studies
will be methodically described in the final section. In the process, we hope to summarize where
we are now with respect to this potent disease that affects millions.

2. How does cancer arise?

As a cell achieves a neoplastic phenotype, its genetic sequence is usually vastly altered and
multiple genes are mutated, amplified, or lost. Several models have been proposed regarding
what leads to tumorigenesis. One of the models proposed by Dr. Bert Vogelstein proposes the
loss of function of tumor suppressors [4-7]. According to his model, loss of function of tumor
suppressors such as p53 leads to genomic instability which eventually leads to tumorigenesis
via alterations in metabolism, loss of sensitivity to apoptotic signals, and increased invasive-
ness [8, 9]. Loss of function of the tumor suppressor, p53, is associated with the development
of most, if not all, tumor types [10-12]. An inactivating mutation in a tumor suppressor not
only leads to hyper-proliferation of epithelial cells, it may also inactivate DNA repair genes.
Mutations in proto-oncogene can either create an oncogene or lead to a cascade of inactivation
of several more tumor suppressor genes before resulting in cancer. Figure 1 shows this model
for colon carcinogenesis.

An alternate theory that accounts for both hereditary and non-hereditary cancer is the two-hit
theory of cancer causation proposed by Dr. Alfred Knudson [13, 14]. Normal cells have two
undamaged chromosomes, one inherited from each parent. People with a hereditary suscept-
ibility to cancer inherit a damaged gene on one of the chromosomes at conception which is
their ‘first hit’ or mutation. Others receive the ‘“first hit’ in their lifetime. Damage to the same
gene on the second chromosome in their lifetime may lead to cancer. An overview of this model
is given in Figure 2 and is seen in cancer such as retinoblastoma.

Weinberg and Hanahan have proposed the hallmarks of cancer which helps explain oncogen-
esis. These are biological capabilities acquired during the complex multistep development of
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Figure 1. The cascade of events that lead to oncogenesis.
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Figure 2. The two-hit model of carcinogenesis.

cancer. Figure 3 summarizes the 8 hallmarks of cancer. They include sustaining proliferative
signaling, evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, activating invasion and metastasis, reprogramming of energy metab-
olism, and evading immune destruction [15]. All these hallmarks lead to genomic instability
and persistent inflammation, possibly fueling further genetic diversity, as well as propagation,
acquisition and fostering of multiple hallmark functions.

A possible contributing factor that hasn’t gained much attention is the role of fragile sites.
Common fragile sites (CFSs) are regions of the genome with a predisposition to DNA double-
strand breaks in response to intrinsic (oncogenic) or extrinsic replication stress. CFS breakage
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Figure 3. The 8 possible hallmarks of cancer.

is a common feature in carcinogenesis from its earliest stages and through its evolutions. In a
recent article the association of several fragile sites stability with key DNA damage response
(DDR) and DNA repair proteins like breast cancer type 1 susceptibility protein (BRCA1),
Ataxia telangiectasia and Rad3 related (ATR), and Ataxia telangiectasia mutated (ATM) opens
another possibility for the induction and/or acceleration of instability in breast tissue [16]. For
example FRA3B, one of the most frequently expressed fragile sites in the human genome, is
located within the tumor suppressor gene FHIT region. Deletions within FHIT have been
associated with various human cancers including breast [17].

3. Events that cause a normal breast epithelial cell to start the process of
tumor formation and eventually progress to advanced metastatic disease

A proto-oncogene is a normal gene that can convert to an oncogene due to mutations (generally
dominant mutations) or increased expression [18-20]. Proto-oncogenes function in promoting
cell division and inhibiting cell differentiation. Oncogenes, however, promote all the markers
of a cancer cell such as increased cell division and replication stress, decreased cell differen-
tiation, and inhibition of cell death (usually apoptosis). A proto-oncogene can convert into an
oncogene due to various reasons including chromosomal translocation (such as BCR-ABL that
is seen in leukemia), gene amplification, point mutations, deletions, alterations in promoter
region leading to increased transcription, and insertions that lead to a hyperactive gene
product. Human epidermal growth factor receptor 2 (HER2) is a proto-oncogene that is
amplified in about 30% of breast cancer [18]. This is discussed in detail in a subsequent section.
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To balance the effect of oncogenes, tumor suppressors are present as well to regulate cell
growth and cell death but mutations in them can lead to tumor formation. The guardian of the
genome, p53, is the most commonly mutated tumor suppressor gene in human cancer [21,
22]. Itis involved in multiple pathways including maintenance of genomic stability by causing
cell cycle arrest as the cell attempts to repair the damaged DNA, apoptosis, tumor progression,
and metastasis [23]. Not surprisingly, a lot of breast cancers harbor mutations in this tran-
scription factor as well. Since p53 has been linked to how BRCAL1 dictates DNA repair and cell
death, it may have a role in tumor response to treatment as well [24].

Checkpoints are present throughout the cell cycle that halt further progression of DNA
replication and cell division, either permanently (senescence) or transiently, when damaged
DNA is detected. This activates specific DNA repair pathways (discussed below). ATM and
ATR are key proteins in the DNA damage response pathway. ATM is recruited to and activated
by DNA double strand breaks while ATR is recruited to and activated by replication protein
A-coated double stranded DNA. Two of the best studied ATM/ATR targets are the protein
kinases checkpoint kinase 1 (CHK1) and checkpoint kinase 2 (CHK2). Together with ATM and
ATR, these proteins reduce cyclin dependent kinase (CDK) activity which slows down or
arrests cell-cycle progression at the G1-S, intra-S and G2-M cell cycle checkpoints allowing
more time for DNA repair before progression of replication or mitosis. Moreover, ATM/ATR
can promote DNA repair by a variety of methods including induction of DNA repair proteins
transcriptionally or post-transcriptionally, by recruiting repair factors to the damage-site, and
by activating DNA-repair proteins by modulating their post-transcriptional modifications
such as phosphorylation, acetylation, ubiquitylation or SUMOylation.

Continuous DNA damage checkpoint activation may lead to selective suppression of the
DNA-damage response-induced antitumor barriers. This may be due to inactivating muta-
tions. This process promotes genomic instability and tumor progression [25-28]. Prolonged
overexpression of licensing factors such as hCdt1l and hCdc6 prevent cell death and lead to a
more aggressive phenotype. Overexpression of the replication licensing factor Cdc6 led to
phenotypic changes with mesenchymal features and loss of E-cadherin. Analysis in various
types of human cancer revealed a strong correlation between increased Cdc6 expression and
reduced E-cadherin levels [29]. Cells possessing re-replicated DNA above a critical threshold
are typically neutralized by cell death mechanisms but cells with re-replicated elements below
a critical threshold are prone to recombination processes leading to genomic instability. As a
result these cells are much more resistant to therapy [30].

DNA can be damaged spontaneously during replication stress and cell division as well as due
to exogenous/environmental agents. This leads to thousands of DNA lesions/cell per day. In
some cases of high oxidative or environmental stresses, repair resistant complex DNA damage
can be induced as analytically discussed in a recent review by Kryston et al. 2011 [31]. As little
as one unrepaired DNA double strand break can be lethal to the cell. Thus, the DDR and DNA
repair pathways are in place to maintain the genomic integrity. This response pathway detects
the DNA damage, signals their presence to recruit repair factors and halt cell cycle progression,
and promote DNA repair. DNA lesions can block genomic replication and transcription and
lead to mutations. Most of the time, cells undergo death in the form of apoptosis or necrosis
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when there is unrepaired DNA. Cells defective in DNA repair are hypersensitive towards
DNA damaging agents. For example, breast cancer cells with defective BRCA proteins are
sensitive to poly ADP ribose polymerase (PARP) inhibitors. This is an active area of research
with promising results thus far. This is discussed further in a later section. DNA repair
pathways include base excision repair (BER), nucleotide excision repair (NER), double strand
break repair via homologous recombination (HR) or non-homologous end joining (NHE]), and
mismatch repair (MMR) [32-34]. Frequently, multiple proteins are involved in the repair of the
damaged DNA. The repair pathways are briefly described below.

In MMR-mediated repair, nuclease, polymerase and ligase enzymes fix a single-strand cut that
is induced upon detection of mismatches and insertion/deletion loops. DNA glycosylase
detects a damaged base in BER-mediated repair. This is subsequently removed before
nuclease, polymerase and ligase proteins complete the repair. NER-mediated repair recognizes
helix-distorting base lesions. The damage is excised as a 22-30-base oligonucleotide, producing
single-stranded DNA that is a substrate for DNA polymerases and associated factors. The
process ends with ligation. There are 2 major DNA double strand break repair pathways. NHE]
is predominantly used in the repair of radiation induced DNA damage. It is highly efficient
but error-prone. The Ku proteins recognize and bind to the damaged site and activate the
protein kinase DNA-PKcs, leading to recruitment and activation of end-processing enzymes,
polymerases and DNA ligase IV. In contrast, HR uses sister-chromatid sequences as the
template to mediate faithful repair. It is used in repair of replicative stress-induced lesions,
stalled replication forks, and inter-strand DNA crosslinks. HR starts with single strand DNA
generation, which is promoted by various proteins including the MRE11-RAD50-NBS1
(MRN) complex. In events catalyzed by RAD51 and the breast-cancer susceptibility proteins
BRCA1 and BRCA2, the single strand DNA then invades the undamaged template and,
following the actions of proteins mentioned above such as polymerases, nucleases, helicases,
etc., the DNA is repaired.

One of the most famous mutations in cancer is the BRCA family of genes which are critical for
HR-mediated repair of DNA double strand breaks [35, 36]. Mutations in the BRCA genes lead
to an increased risk for breast cancer as part of the hereditary breast-ovarian cancer syndrome.
Women with mutated BRCA1 or BRCA2 gene have up to a 60% risk of developing breast cancer
[37, 38]. Hypermethylation of the BRCA1 promoter may be an inactivating mechanism for
BRCAT1 expression [39, 40]. Many of the mutations in BRCA1 or BRCA2 that predispose to
breast cancer cause premature termination of the amino acid coding sequences, resulting in a
truncated, dysfunctional protein.

Mutations in ATM, a critical DNA repair protein, lead to Ataxia Telangiectasia (AT). As
mentioned above, ATM is a serine/threonine protein kinase that is recruited and activated by
DNA double strand breaks and phosphorylates proteins that initiate activation of the DNA
damage checkpoint, leading to cell cycle arrest, DNA repair or apoptosis. Several of these
targets, including p53, CHK2 and H2AX are tumor suppressors which explains why AT
sufferers are predisposed to breast cancer and are hypersensitive to radiation [41, 42]. Another
example is the Werner syndrome which is marked by mutations in Werner syndrome ATP-
dependent helicase (WRN) and Rad51 genes leading to deficiency in HR- and NHE] mediated
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DNA double strand break repair which, as expected, leads to increased incidence of breast
cancer.

Breast cancer often metastasizes to bones, lungs, liver and brain [43-47]. The metastatic cascade
is a series of biological steps that tumor cells must complete to exit the primary tumor and
develop a new tumor at a distant site. One of the most critical steps involves invasion of the
basement membrane and surrounding tissue and enter the bloodstream or lymphatic system.
Cells that survive, eventually move into the tissue and establish a new colony that may form
a tumor down the line. The host defense system is able to fend off millions of cancer cells that
enter the blood stream but a few may escape nonetheless. Invasion involves the loss of cell-
cell adhesion which may be mediated by matrix metalloproteinases and urokinases which
break down integrins which attach tumor cells to their microenvironment and plasminogen
respectively [48-54]. Cadherins are an intricate part of cell-cell adhesion and so downregulation
of e-cadherin and upregulation of n-cadherin, involved in epithelial and mesenchymal
phenotypes respectively, can promote metastasis [55-60].

Circulating tumor cells (CTCs) which like breast cancer is a heterogeneous population on cells,
have a crucial role in the metastatic cascade, tumor dissemination and progression. Epithelial-
to-mesenchymal transition (EMT) has an important role in the generation of CTCs and the
acquisition of resistance to therapy [61-63]. Fibroblasts and myofibroblasts represent the
majority of stromal cells within breast cancer. These cells promote the growth of cells by
creating the perfect environment for cell survival and proliferation including enhanced
angiogenesis. Tumor cells can express chemokine receptors that not only help direct migrating
tumor cells to specific sites, they also determine if the cells will thrive and colonize at those
sites. The bloodstream is highly unfavorable to tumor cells owing not only to the presence of
immune cells, but also physical forces and anoikis, which combats metastasis. Interestingly,
binding of tumor cells to coagulation factors, including tissue factor, fibrinogen, fibrin and
thrombin, creates an embolus and facilitates arrest in capillary beds followed by the estab-
lishment of metastasis [64].

EMT is an important process in metastasis. Here, epithelial cells lose cell-to-cell contacts and
cell polarity, downregulate epithelial-associated genes, upregulate mesenchymal-genes, and
undergo major changes in their cytoskeleton. This confers greater motility and invasiveness.
Expression of stem-cell markers and acquisition of stem-cell characteristics are important
processes in this pathway as well. Once the tumor cells seed at the secondary site, they undergo
redifferentiation to an epithelial phenotype [65]. One of the factors involved in EMT is
epithelial derived growth factor (EGFR) which induces tissue factor which in turn promotes
tumor seeding via the process described above. The transcription factor Twist-related protein
1 (TWIST1), the receptor ligand tumor derived growth factor 3 (TGF), Hypoxia-inducible
factor 1 (HIF1), HER2, and Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/ Protein
kinase B (AKT) signaling pathways have also been implicated in metastases. In preclinical
models, expression of TWIST reduces metastasis and number of CTCs. CTCs often express
NOTCH1 which confers self-renewal abilities. Some cells also express Aldehyde dehydrogen-
ase 1 (ALDHI1), another gene associated with stem cell like properties. Interleukin 6 (IL6) and
Interleukin 8 (IL8) attract CTCs while Matrix metalloproteinase-1 (MMP1)—collagenase 1 and
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the actin cytoskeleton component fascin 1 help CTCs infiltrate into tumors. Overexpression of
the chemokine receptor C-X-C chemokine receptor type 1 (CXCR1) in CTCs is associated with
decreased metastases and may be a therapeutic target.

4. Risk factors for breast cancer

Risk factors for malignant breast tumors include increased estrogen exposure which can be
due to a number of reasons. For example, a woman can be exposed to increased estrogen due
to increased total number of menstrual cycles, older age at 1°live birth, and obesity (increased
estrogen exposure as adipose tissue converts androstenedione to estrone). BRCA1 and BRCA2
gene mutations also increase the risk of breast cancer and much research has been done in this
avenue. Interestingly, increased incidence of triple negative breast cancer is seen in the African
American population. Breast cancer risk is also increased with increased alcohol intake.
Research suggests alcohol stimulates tumor growth by fuelling the production of growth
factors that promote angiogenesis and by suppressing the immune system [66].

5. Classification of breast tumors as malignant or non-malignant

The breast is an organized organ and diseases may arise at any of its structural subunits. The
stroma provides a supporting environment and this is where fibroadenoma and phyllodes
tumor can arise. The smallest subunit is the lobule where we can see lobular carcinoma. Lobules
give rise to terminal ducts where we can see tubular carcinoma. Next are major ducts where
fibrocystic changes, DCIS, and invasive ductal carcinoma are often seen. These join to form the
lactiferous sinus where intraductal papilloma may arise. Finally, Paget disease can be seen at
the nipple. Figure 4 summarizes the different breast pathologies.

Stroma
Lobules 4
| Fibroadenoma,
Terminal dllL't-‘ [——— | Phyllodes tumor
. = aobular
Lactiferous Major duct___.- carcinoma
R £ Tubular
sinus 4 carcinoma
-~ Fibrocystic
Nipp]t‘ E—— changes,
‘ Intraductal Ductal
i B papilloma, =% carcinoma in
Paget disease, Abscess, situ, Invasive
Breast abscess M: ) ductal
reast abscess Mastitis carcinoma

Figure 4. Pathologies that can affect the different breast tissues.
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Not all breast tumors are malignant. Fibroadenoma are small, mobile, firm mass with sharp
edges. They are most common in those <35 years old and increase in size and tenderness in
response to estrogen as is seen in pregnancy and prior to menstruation. As mentioned, it does
not lead to breast cancer. Similarly, intraductal papillomas are small benign tumors that grow
in lactiferous ducts, typically beneath the areola. They can cause serous (faintly yellow and
thin) or bloody nipple discharge. Of note, they do increase the risk for carcinoma be approxi-
mately 2-fold [67]. Phyllodes tumor are large bulky mass of connective tissue and cysts with
leaf-like projections. They are most common in the 6" decade of life and similar to intraductal
papilloma, can become malignant.

Malignant breast tumors are more common in postmenopausal women. They usually arise
from terminal duct lobular unit. Overexpression of different proteins such as HER2 and EGFR
are often seen. As discussed in a later section, receptor status can affect the therapy and
prognosis. Since approximately 70% of the breast is drained by the axillary lymph node,
involvement of this node indicating metastasis is the single most important prognostic factor.
Since there is more tissue in the upper outer quadrant of the breast, tumors often arise here.

Malignant breast tumors can be subdivided into noninvasive and invasive tumors. Noninva-
sive tumors include ductal carcinoma in situ (DCIS), Paget disease, and comedocarcinoma.
Comedocarcinoma is a subtype of DCIS where ductal caseous necrosis is seen. DCIS fills the
ductal lumen and arises from ductal atypia. They are often seen as microcalcification on
mammography due to necrosis. Paget disease results from underlying DCIS and results in
eczematous patches on the nipple. Invasive breast tumors include invasive ductal and lobular
cancer. A firm, fibrous mass with sharp margins and small, glandular, duct-like cells are seen
in invasive ductal tumors. They are the worst and most invasive of the tumors as well as the
most common, comprising of over 70% of all breast cancer. Invasive lobular cancer often
presents bilaterally with multiple lesions in the same location. Pathologically, they present as
an orderly row of cells. Fleshy, cellular lymphocytic infiltrate is seen with medullary breast
carcinoma and it has a good prognosis. Finally, inflammatory breast tumor presents with
dermal lymphatic invasion and has approximately 50% survival at 5 years. Due to blockage
of the lymphatic drainage, Peau d’orange is often seen with this condition.

The classification is important because treatment varies based on the type of cancer. When a
tumor is diagnosed as benign, it is often left alone. With malignant tumors, biopsy is performed
to determine the severity and aggressiveness of the tumor.

5.1. Subtypes of breast cancer

Molecular subtypes of breast cancer may be useful in planning treatment and developing new
therapies and so a lot of research is being conducted in this field. Figure 5 depicts some of the
more common subtypes. Most studies divide breast cancer into six major molecular subtypes:

i. Luminal A
ii. Luminal B

iii. Triple negative/basal-like



10 A Concise Review of Molecular Pathology of Breast Cancer

iv. HER2 positive
V. Claudin low

vi. Normal-like

Figure 5. Subtypes of breast cancer.

Some of the less common subtypes include apocrine molecular type. Molecular apocrine breast
cancers are aggressive estrogen receptor negative tumors overexpressing either HER2 or gross
cystic disease fluid protein-15 (GCDFP15) [68]. Breast cancers that do not fall into any of these
subtypes are often listed as unclassified.

i. Luminal A

Most breast cancers are luminal tumors. Luminal tumor cells look the most like the cells of
breast cancers that start in the inner (luminal) cells lining the mammary ducts. Luminal A
tumors tend to be ER+ and/or PR+, HER2-, and tumor grade 1 or 2. Less than 15% of luminal
A tumors have p53 mutations. Hence, luminal A tumors tend to have the best prognosis, with
fairly high survival rates and fairly low recurrence rates. Since luminal A tumors tend to be
ER+, treatment often includes hormonal therapy which is discussed in a subsequent section.

ii. Luminal B

As mentioned above, luminal tumors have cells that look like those of breast cancers that start
in the inner (luminal) cells lining the mammary ducts. Luminal B tumors tend to be ER+ and/
or PR+. Since they have highly mitotically active cells, they are positive for Ki67. They are often
HER2+ as well. Interestingly, women with luminal B tumors are often diagnosed at a younger
age than those with luminal A tumors and have a poorer prognosis due to poorer tumor grade,
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larger tumor size and lymph node involvement. About 30% of the tumors also have mutations
in p53.

iii. Triple negative/basal-like

Triple negative breast cancers are: ER-, PR-, and HER2-; hence the name triple negative. There
are several subsets of triple negative breast cancer. One subset is referred to as basal-like
because the tumors have cells with features similar to those of the outer (basal) cells surround-
ing the mammary ducts. Most basal-like tumors have mutations in p53. About 15 to 20% of
breast cancers are triple negative or basal-like. These tumors tend to occur more often in
younger and African American women. Of note, most BRCA1 breast cancers are both triple
negative and basal-like. Triple negative/basal-like tumors are often aggressive and have a
poorer prognosis. These tumors are usually treated with some combination of surgery,
radiation therapy and chemotherapy.

iv. HER?2 type

The molecular subtype HER2 type is not the same as HER2+ and is not used to guide treatment.
Although most HER?2 type tumors are HER2+ (and named for this reason), about 30 percent
are HER2-. HER? type tumors tend to be ER-, PR-, with lymph node involvement and poor
tumor grade. About 10% to 15% of breast cancers fall under this category and about 75% of
HER2 type tumors contain p53 mutations. HER2 type tumors have a fairly poor prognosis and
are prone to early and frequent recurrence and metastases. Women with HER2 type tumors
appear to be diagnosed at a younger age than those with luminal A and luminal B tumors.
HER2/neu-positive tumors can be treated with the drug trastuzumab (Herceptin) and this is
discussed in further detail in a subsequent section.

V. Claudin-low

Claudin low is often triple-negative, but distinct in that there is low expression of cell-cell
junction proteins including E-cadherin and frequently there is infiltration of lymphocytes. It
is also enriched in mesenchymal and stem cell features [69].

vi. Normal-like

About 6 to 10% of all breast cancers are classified as normal-like. These tumors are usually
small and tend to have a good prognosis.

6. Clinical diagnosis criteria and imaging modalities for breast cancer

Breast cancer is divided into different stages. Table 1 summarizes these stages.

The extent of cancer can be used to stratify patients. Patients with clinical stage I, IIA, or a
subset of stage IIB disease (T2N1 where T=tumor, N=node) are classified as having early-stage
breast cancer. Patients with a T3 tumor without nodal involvement or stage IIIA to IIIC disease
are classified as having locally advanced breast cancer. Stage IV is when there are distant
metastases present and is seen in about 5% of newly diagnosed patients.
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Stage Description

0 Restricted to membrane of the milk duct (DCIS, LCIS)

1 <2cm tumor restricted to the breast

2 2-5 cm tumor +/- metastasis to draining lymph node

3 Metastasis to the lymph nodes +/- superficial skin and surrounding muscles
4 Metastasis to other parts of the body

Table 1. Stages of breast cancer

i. Early-stage breast cancer

The surgical approach to the primary tumor depends on the size of the tumor, whether or not
multifocal disease is present, and the size of the breast. Options include breast-conserving
therapy or mastectomy and both have similar outcomes.

The risk for metastatic disease in the regional nodes is related to tumor size, histologic grade,
and the presence of lymphatic invasion within the primary tumor. As mentioned above, the
axillary nodes drain most of the breast tissue. Tumor characteristics are used to select adjuvant
treatment for patients with breast cancer. Patients with hormone receptor-positive breast
cancer should receive adjuvant endocrine therapy. For patients with triple-negative breast
cancer, treatment option includes adjuvant chemotherapy if the tumor size is >0.5 cm. Patients
with HER2-positive breast cancer >1 cm in size typically receive a combination of chemother-
apy plus HER2-directed therapy. Following chemotherapy, patients with ER-positive disease
generally receive adjuvant endocrine therapy.

ii. Locally advanced breast cancer

Most patients with locally advanced, inoperable breast cancer should receive neoadjuvant
systemic therapy rather than proceeding with primary surgery in an attempt to shrink the
tumor. Typically, these patients are usually not candidates for breast conservation. Neoadju-
vant treatment improves the rate of breast conservation without compromising survival
outcomes and so most patients get chemotherapy in the neoadjuvant setting rather than
endocrine therapy. Due to its greater toxicity to cancer cells, chemotherapy is associated with
higher response rates in a faster time frame. As mentioned earlier, HER2-directed agent (ie,
trastuzumab) should be added to the chemotherapy regimen for tumors that are HER2-
positive. Following surgery, all patients who undergo breast-conserving surgery generally
undergo adjuvant radiation therapy (RT) to maximize locoregional control. Some patients
treated by a mastectomy should receive postmastectomy RT in order to kill any cancer cells
that may have escaped during the procedure.

Patients with hormone receptor-positive breast cancer should receive adjuvant endocrine
therapy. The selection of endocrine therapy is made according to menopausal status. In
patients with ER-positive breast cancer, in whom surgery is not an option or life expectancy
is limited, primary hormonal treatment with either tamoxifen or an aromatase inhibitor
without surgery is generally used.
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Figure 6. Different treatments available for breast cancer.
7. Therapeutic options for breast cancer

The heterogeneity of breast cancers makes it a challenge to diagnose and treat this solid tumor.

The main types of treatment for breast cancer are:

i Surgery

ii. Radiation therapy
iii. Chemotherapy
iv. Hormone therapy
\2 Targeted therapy

Treatments can be classified into broad groups (Figure 6), based on how they work and when
they are used.

a. Local and systemic therapy

As the name implies, local therapy is intended to treat a tumor at the site without affecting the
rest of the body. Examples include surgery and radiation therapy. Systemic therapy refers to
drugs which can be given by mouth or directly into the bloodstream to reach cancer cells
anywhere in the body. Chemotherapy, hormone therapy, and targeted therapy are systemic
therapies that are widely used.
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b. Adjuvant and neoadjuvant therapy

Since even in the early stages of breast cancer, cancer cells may break away from the primary
breast tumor and begin to spread, adjuvant therapy is often given to patients with no detectable
cancer after surgery. A small number of cells can't be ‘felt’ on a physical exam or seen on X-
rays or other imaging tests, and they cause no symptoms until they reach a certain number
but, menacingly, they can go on to become new tumors in nearby tissues, other organs, and
bones. Hence, adjuvant therapy is a mainstay following surgery. Both systemic therapy like
chemotherapy, hormone therapy, and targeted therapy, and radiation can be used as adjuvant
therapy.

In neoadjuvant therapy, patients are treated with chemotherapy or hormonal therapy prior to
surgery. The goal of this treatment is to shrink the tumor in the hope it will allow a less extensive
operation to be done. This also lowers the chance of the cancer coming back later.

i Surgery

For both DCIS and early-stage invasive breast cancer, doctors generally recommend surgery
to remove the tumor. To make sure that the entire tumor is removed, the surgeon will also
remove a small area of normal tissue around the tumor until a negative margin is achieved. A
lumpectomy is the removal of the tumor and a small cancer-free margin while a mastectomy
is the removal of the entire breast. It is important to lower the risk of recurrence and to get rid
of any remaining cancer cells that can lead to both local and distant recurrence of cancer.
Adjuvant therapies include radiation therapy, chemotherapy, targeted therapy, and/or
hormonal therapy which are described below. Surgical treatment for breast cancer involves
removal of the lymph nodes and can also include resection of the surrounding axillary nodes.

ii. Radiation therapy

This involves killing the cancer cells by inducing clustered DNA damage using ionizing
radiation. By overwhelming the cell with DNA damage, the cell undergoes apoptosis. As
little as one DNA double strand break can be lethal to the cell. By giving multiple doses
of radiation broken up into fractions, the hope is to prolong survival. Some of the side
effects include dermatologic issues, fibrosis, nausea etc. due to the radiation. Although most
side effects usually go away after radiation therapy has been concluded, some long-term
side effects may occur months or even years after treatment ends. These late effects which
usually associate with persistent inflammation and oxidative stress may include develop-
ing a secondary primary cancer. However, we must mention that the risk of developing a
second cancer because of radiation therapy is relatively low, and this risk is generally
outweighed by the benefit of treating the primary, existing cancer and offering survival to
the patient.

iii. Chemotherapy

This involves using drugs and small molecules to selectively kill the cancer cells. Examples
include: carboplatin, cisplatin, cyclophosphamide, docetaxel, doxorubicin, fluorouracil (5-FU),
gemcitabine, methotrexate, paclitaxel, etc. A patient may receive one drug at a time or
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combinations of different drugs at the same time. Research has shown that combinations of
certain drugs are sometimes more effective than single drugs for adjuvant treatment and so
combinations are often used. Carboplatin and cisplatin are alkylating agents and belong to the
group of platinum-based antineoplastic agents. They interact with DNA to interfere with DNA
repair. These drugs cross-link with the DNA strands, mostly to guanine groups. This causes
intra- and inter-strand DNA cross-links, resulting in inhibition of DNA, RNA and protein
synthesis. Antimetabolites, such as methotrexate, are more active against S-phase cells where
they block DNA synthesis whereas vinca alkaloids are more active in the M-phase where they
inhibit spindle formation and alignment of chromosomes. Antimetabolites are compounds
that bear a structural similarity to naturally occurring substances such as vitamins, nucleosides
or amino acids. They compete with the natural substrate for the active site on an essential
enzyme or receptor. Methotrexate competitively inhibits dihydrofolate reductase, which is
responsible for the formation of tetrahydrofolate from dihydrofolate. This plays an important
role in the synthesis of, among others, purines and methionine. Anthracyclines such as
doxorubicin intercalate with DNA and affect the topoisomerase II enzyme. This DNA gyrase
splits the DNA helix and reconnects it to overcome the torsional forces that would interfere
with replication. The anthracyclines stabilize the DNA topoisomerase II complex and thus
prevent reconnection of the strands. Paclitaxel promotes assembly of microtubules and inhibits
their disassembly which interferes with cell division.

One of the more recent treatment options for breast are PARP inhibitors which showed initial
promise in patients with tumors that have BRCA1 or BRCA2 mutations and therefore deficient
double strand break repair. PARP inhibitors achieve an enhanced or synthetic lethality for
tumor cells by blocking DNA repair pathways. PARP, which has multiple family members,
detects single strand DNA breaks and participates in BER. It forms poly (ADP-ribose) polymers
on itself and a number of substrates which can alter a number of pathways including DNA
repair. Inhibition of PARP leads to persistent single strand break which converts to a double
strand break as the cell attempts to replicate the DNA. Normal cells have an intact HR-
mediated repair pathway and so are able to repair the DNA double strand break. However,
in the absence of intact HR-mediated repair pathway which can happen with loss of or
mutation in BRCA proteins, the cell is unable to repair the double strand break. As a result,
typically, the cell undergoes apoptosis. A phase II study of the PARP inhibitor olaparib in
patients with advanced breast cancer with BRCA1 or BRCA2 mutations has shown promising
results with a response rate of 11/27, a progression-free survival of 5.7 months, and a median
objective response duration of 144 days [70]. Phase Ill trials are currently in progress to evaluate
olaparib in breast cancer [71]. TNBC also demonstrates BRC Aness and so PARP inhibitors may
be useful in this setting as well. Data from clinical trials have not been conclusive in this regard
thus far.

Phosphatase and tensin homolog (PTEN) regulates RAD51 mediated DNA repair to maintain
genomic stability. PTEN mutations, which occur in 30-50% of breast cancers, cause genomic
instability similar to that seen in BRCA-deficient cells and so may be targets of PARP inhibitors
as well [72].
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iv. Hormonal therapy

Hormonal therapy is widely used in breast cancer treatment. These are used in the setting of
ER+ and PR+ tumors. Since these tumors use hormones to fuel their growth, blocking the

hormones can help prevent or at least slow down the growth of the tumor.

Selective estrogen receptor modulators (SERMs) are a class of compounds that act on the
estrogen receptor. Tamoxifen blocks estrogen from binding to breast cancer cells. It is effective
for not only lowering the risk of recurrence in the breast that had cancer, it also reduces the
risk of developing cancer in the other breast, and the risk of distant recurrence. It is also
approved to reduce the risk of breast cancer in women at high risk for developing breast cancer
and for lowering the risk of a local recurrence for women with DCIS who have had a lumpec-
tomy. Tamoxifen is also an effective treatment for metastatic hormone receptor-positive breast
cancer. However, chronic Tamoxifen use has been linked with some toxicity and adverse

effects like persistent oxidative stress and others as reviewed in [73].

Aromatase inhibitors (Als) decrease the amount of estrogen made by tissues other than the
ovaries in postmenopausal women by blocking the aromatase enzyme, which converts
androgens into estrogen. These drugs include anastrozole and exemestane. Similar to Tamox-

ifen, Als are also an effective treatment for metastatic hormone receptor positive breast cancer.

Fulvestrant, a SERM, is an additional hormonal therapy approved for patients with metastatic
breast cancer. Fulvestrant is an estrogen-receptor targeting therapy that is used for the
treatment of advanced-stage breast cancer in postmenopausal women with endocrine-

sensitive cancer [74-77].
v. Targeted therapy

Targeted therapy is a treatment that targets specific genes or proteins. One of the advantages
of this is that it limits damage to healthy cells. Trastuzumab, a monoclonal antibody, is
approved for both the treatment of advanced breast cancer and as an adjuvant therapy for
early-stage HER2+ breast cancer. Trastuzumab does have cardio toxic effects. Pertuzumab is
a monoclonal antibody marketed by Genentech for the treatment of HER2+ breast cancer, in
combination with trastuzumab and docetaxel. It inhibits the dimerization of HER2 with other
HER receptors, which reduces tumor growth. Lapatinib, a dual tyrosine kinase inhibitor which
interrupts the HER2/neu and epidermal growth factor receptor (EGFR) pathways, is com-
monly used for women with HER2-positive metastatic breast cancer when trastuzumab and
pertuzumab in combination with docetaxel are no longer effective at controlling the cancer’s
growth. Lapatinib decreases tumor-causing breast cancer stem cells and inhibits receptor
signal processes by binding to the ATP-binding pocket of the EGFR/HER?2 protein kinase

domain, preventing auto-phosphorylation and subsequent activation of the signal mechanism.

Table 2 lists some of the current trials evaluating different therapies for breast cancer.
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ClinicalTrials.gov Identifier

Description

NCT00065325

Compare the efficacy of Faslodex (fulvestrant) to Aromasin (exemestane) in hormone

receptor positive postmenopausal women with advanced breast cancer.

NCT00103181

Compare whole breast radiation therapy to partial breast radiation therapy in treating
women who have undergone surgery for ductal carcinoma in situ or stage I or stage II

breast cancer.

NCT00176488

Evaluate epirubicin (an anthracycline) together with vinorelbine (an anti-mitotic drug)

in treating patients with stage II, stage 111, or stage IV breast cancer.

NCT00281697

Evaluate the efficacy and safety of bevacizumab when combined with standard
chemotherapy compared with chemotherapy alone in subjects with previously treated

metastatic breast cancer.

NCT00372710

Evaluate the safety and efficacy of zoledronic acid (a bisphosphonate) when added to

standard therapies in breast cancer patients with metastatic bone lesions.

NCT00399529

Examine combination therapy with Trastuzumab, Cyclophosphamide, and an
allogeneic Granulocyte-macrophage colony-stimulating factor (GM-CSF)-secreting
whole cell breast cancer vaccine in patients with stage IV HER2/neu-overexpressing

breast cancer.

NCT00454532

Assess the toxicity, maximum tolerated dose, safety and preliminary efficacy of
BZL101, an aqueous extract from herba Scutellaria Barbata D. Don of the Lamiaceae

family, for the treatment of advanced metastatic breast cancer.

NCT00466102

Determine whether RAD001 can inhibit growth of tumor cells and/or stop the

formation and activity of bone degrading osteoclasts.

NCT00494234

To see if the drug KU 0059436 (olaparib) is effective and well tolerated in treating
patients with measurable BRCA1- or BRCA2-positive advanced breast cancer and for

whom no curative therapeutic option exists.

NCT00503841

How well does erlotinib work in treating women undergoing surgery for stage I, stage

II, or stage III breast cancer?

NCT00629616

Efficacy of Anastrozole with fulvestrant in treating postmenopausal women with stage

II or stage III breast cancer that can be removed by surgery.

NCT00817362

Efficacy and safety of IPI-504 (heat shock protein 90 inhibitor) with Trastuzumab in

pretreated, locally advanced or metastatic HER2+ breast cancer

NCT00817531

Efficacy of Dasatinib in locally advanced triple negative breast cancer patients

NCT01031446

Evaluate cisplatin and paclitaxel together with everolimus and to see how well it works

in treating patients with metastatic breast cancer

NCT01132664

Assess the safety and efficacy of BKM120 (PI3K inhibitor) in combination with
trastuzumab in patients with relapsing HER2 overexpressing breast cancer who have

previously failed trastuzumab.
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ClinicalTrials.gov Identifier

Description

NCT01351597

Evaluate the efficacy and safety of combination chemotherapy with DoceTaxel

(Detaxel) and Oxaliplatin (Oxalitin) in recurrent or metastatic breast cancer

NCT01509625

Assess the response to treatment with fulvestrant at a dose of 500 mg/month with a
loading dose of 500 mg, in terms of progression free survival, overall survival, and
clinical benefit rate, in post-menopausal women with advanced breast cancer and
estrogen receptor positive, who were treated with this medicinal product and at said

dose after having progressed with a previous anti-estrogen therapy.

NCT01534455

Compare the efficacy and tolerability of two dose-schedules of eribulin (a ketone
analog) plus lapatinib in HER2-positive breast cancer, pre-treated with trastuzumab in

the adjuvant and/or metastatic setting.

NCT01880385

Evaluating the treatment of bevacizumab in association with pre-operative
chemotherapy, followed by surgery, adjuvant chemotherapy and radiotherapy in

patients with inflammatory breast cancer.

NCT01881230

Compare the safety and efficacy of nab-paclitaxel in combination with either
gemcitabine or carboplatin to the combination of gemcitabine and carboplatin as first
line treatment in female subjects with triple negative metastatic breast cancer or

metastatic triple negative breast cancer.

NCT02000622

Assess the efficacy and safety of single agent olaparib, a PARP inhibitor, vs standard of
care based on physician's choice of capecitabine (that is converted to 5-FU during
metabolism), vinorelbine (anti-mitotic drug) or eribulin (a ketone analog) in metastatic

breast cancer patients with germline BRCA 1/2 mutations.

NCT02202746

Determine whether lucitanib, a potent tyrosine kinase inhibitor, is safe and effective in
the treatment of patients with fibroblast growth factor aberrant metastatic breast

cancer.

Table 2. Current clinical trials evaluating therapies for breast cancer

8. Conclusion

Breast cancer continues to be a threat and a challenge to treat. While a lot has been accom-

plished in the past decade, there is more that can be done. Further understanding of tumor

evolution will lead to the eradication and effective prevention of this disease. At the same time

delineating the breast oncogenic mechanisms like DNA damage response, conversion of DNA

lesions to mutations, etc. will help us target initiating events and further optimize personalized

therapies and possibly develop new ones. Therefore we believe that it is the ‘DNA’ which plays

the dominant role and holds the key for effective treatment of the whole phenomenon of breast

carcinogenesis.
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1. Introduction

DNA methylation is a major epigenetic modification that is strongly involved in the physio-
logical control of genome expression. Developmental processes and proper biological func-
tions are tightly dependent on hierarchical and regulated gene expression patterns. Numerous
molecular processes control gene expression. DNA methylation is a physiological epigenetic
process that leads to long term-repression of gene expression. DNA methylation is a common
epigenetic modification involving the methylation of 5'-cytosine residues and is often detected
in the dinucleotides of CpG sequences. Methylation is often localized in promoter regions and
occasionally in transcriptional regulatory regions in mammals, plants and even prokaryotes.
DNA methylation may be classified as hyper-and hypomethylation, according to increased
and decreased levels of genomic modification, respectively. Hypermethylation is an epigenetic
alteration often leading to gene-inactivating deletions and translocations. Hypermethylated
cells may exhibit a phenotype of drug-resistance or malignant proliferation. Aberrant meth-
ylation in eukaryotic cells may lead to silencing of important genes, such as tumour suppressor
genes, affecting their related transcriptional pathways and ultimately leading to the develop-
ment of disease such as cancer. Therefore, it is considered to be a hallmark of cancer, it is
detected in several types of cancer cells, including colon, breast, ovarian and cervical cancer
cells and is associated with alterations in specific gene expression.

Hypermethylation of tumour suppressor gene promoters and global disruption of many
histone modifications are characteristic features of cancer. Deregulation of the epigenetic
profile alters the transcription profile of many genes. In the case of tumour suppressors DNA
methylation reduces gene expression and subsequently removes regulatory proteins required
for normal cell growth and development. Therefore, DNA methylation in cancer would be
predicted to influence multiple gene networks rather than single genes. Because of heteroge-
neity of breast cancer at both histological and molecular levels staging breast cancer fails to
predict prognosis or therapeutic response of the disease, therefore, DNA methylation targeted
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therapies, in recent years, play an increased role in the treatment of breast cancer. DNA
methylation targeted therapies, in recent years, play an increased role in the treatment of breast
cancer. Two groups of agents targeting epigenetic modifications have been studied previously,
namely histone deacetylase inhibitors and DNA methyl transferase inhibitors. The associations
between DNA methylation mechanism and breast cancer classification and prognosis will be
reviewed in this chapter in detail by describing the DNA methylation mechanism and gene
expression in breast cancer, as well as functional genomics and genome wide DNA methyla-
tion in breast cancer.

2. What is epigenetics?

The term epigenetic was introduced by Conard Waddington in 1942 as a concept of environ-
mental influence in inducing phenotype modification. His work on developmental plasticity
states that the environmental influences during development could induce alternative
phenotypes from one genotype, one of the clearest examples is polyphenisms in insects. He
showed that exposing the pupae of wild type Drosophila melanogaster to heat shock treat-
ment, results in altered wing vein patterns [1,2]. Breeding individuals who have been exposed
to these environmentally induced changes led to a stable population exhibiting the phenotype
without the environmental stimulus. The concept of epigenetics was not clarified until the late
1990s when Wolffe and Matzkeset the modern definition, which was ‘the study of heritable
changes in gene expression that occur without a change in DNA sequence’[4]. Bird came with
a wider definition of epigenetic which is ‘the structural adaptation of chromosomal regions so
as to register, signal or perpetuate activity states’ [5]. The term epigenome has emerged to
describe the epigenetic modifications all over the epigenome, thus, the epigenome controls the
genome in both normal and abnormal cellular processes and events [6]. Epigenetic mecha-
nisms include; DNA methylation, histone modification and non-coding RNAs, which work
cooperatively to control gene expression.

3. DNA methylation

DNA methylation is a well conserved process that occurs in eukaryotes and prokaryotes [7].
DNA methylation refers to the covalent addition of a methyl group to carbon number five in
the nitrogenous base cytosine at the DNA strand. Only cytosine residues where adjacent to
guanine are targets for the methylation by the methyltransferases enzymes and the distribution
of methylated and unmethylated CpGs is tissue-specific which leads to cell-specific pattern of
DNA methylation [8]. The CpG may occur in multiple repeats which are known as CpG islands
[9]. These regions are often associated with the promoter regions of genes. Almost half of the
genes in our genome have CpG rich promoter regions. In the whole genome, about 80% of the
CpG dinucleotides not associated with CpG islands are heavily methylated [10]. In contrast,
the CpG islands associated with gene promoters are usually unmethylated [11].
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There are a number of factors that may maintain the undermethylated state of CpG islands,
such as sequence feature, SP1 binding sites, specific acting enhancer elements, as well as
specific histone methylation mark H3K4me3, which prevents the binding of de novo methyl-
ation complexes [12]. Methylation of the CpG islands in the promoter region silences gene
expression, and the absence of methylation is associated with active transcription. Thus
unmethylated CpG islands are associated with the promoters of transcriptionally active genes,
such as housekeeping genes and many regulated genes, such as genes showing tissue specific
expression [13]. DNA methylation information at every cytosine can be determined, but it was
targeted at few candidate genes using methylation-sensitive restriction enzymes or gene-
specific DNA methylation mapping by sequencing bisulfite-converted DNA. In contrast,
development of advance technology in DNA methylation mapping, including high-density
oligonucleotide arrays, illumina bead arrays and next-generation high-throughput sequenc-
ing, together with advances in bioinformatics, have enable examination of broad regions of
the genome and provide high-content profiles of DNA methylation.

3.1. DNA Methyltransferases (DNMTs)

The methylation process is catalysed by the DNA methyltransferases enzymes (DNMTs)
which are known as DNMTs; DNMT1, DNMT3A, DNMT3B, and DNMT3L [14]. DNMT3A
and DNMT3B are the de novo methyltransferases while DNMT1 maintains the methylation
patterns during DNA replication (mitosis) [15]. However, the actual function of DNMT?2 is not
clear, bur several forms of DNMT1 have been detected which differ in their translation start
sites and prefer hemimethylated DNA. Overexpression of DNMT1 has been reported in
human tumours and may contribute to the global methylation abnormalities seen in cancer
cells although increased expression of the DNMTs is likely to be only partially responsible for
the observed methylation abnormalities since not all tumours overexpress these enzymes [10].
Cytosine (C°)-DNA methyltransferases catalyze the transfer of a methyl group from S-
adenosyl-methionine onto cytosine residues in specific sequences of duplex DNA, with
production of 5-methyl cytosine and S-adenosyl-homocystein (SAMe) (Figurel). For most
proteins, cytosine (C°)-DNA methyltransferases have up to 10 conservative regions arranged
in a strictly defined sequence [16]. Comparison of the primary structures of cytosine (C°)-DNA
methyltransferases reveals the association of their major functions with their conservative
motifs, whereas the site-specific recognition belongs to a variable region of the target-recog-
nizing domain (TRD) [17]. Among ten conservative blocks of amino acids in cytosine (C°)-DNA
methyltransferases, the N-terminal domain of DNMT1 contains varied specific functional
sequences, such as the nuclear localization signal (NLS), the cysteine—enriched zinc-binding
motif, and a special sequence directing the methylase into the area of DNA replication. In
addition, DNMT1 interact with the proliferating cell nuclear antigen (PCNA) which is required
for DNA replication, and the DNMT1-PCNA interaction allow rapid remethylation of the
newly synthesised daughter strands before packed into chromatin [18]. A null mutation of the
mouse methylase DNMT1 gene resulted in a significant (up to 70%) decrease in the genome
methylation and death of developing embryos [19]. The remaining 30% level of DNA meth-
ylation and the ability of embryonic stem cells deprived of the DNMT1 methylase for de novo
methylation of DNA suggest that these functions were performed by other DNA methylases
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[19]. Such methylases were searched for in animals, and new enzymes of the DNMT2 and
DNMT3 families were found [20]. Cell-cycle regulators p21 and retinoblastoma gene product
Rb can bind to DNMT1 and inhibit its methyltransferase activity during DNA replication in
the cell cycle [18]. This observations show complex interaction between DNMT1 and cellular
proteins involved in gene regulation and epigenetic signalling during cell replication [21].

The DNMT3 family consists of two genes, DNMT3a and DNMT3b, which are highly expressed
inundifferentiated ES cells but downregulated after differentiation and expressed atlow levels
in adult somatic tissues and are overexpressed in tumour cells [22]. Both DNMT3a and
DNMT3b are required for genome-wide de novo methylation and are essential for mammalian
development [22]. Both DNMT3a and DNMT3b had been mapped by the unigene consortium
via polymorphisms in 3' —untranslated region sequences. DNMT3b mapped to the region of
chromosome 20q that contains the trait for ICFNS (immunodeficiency centromeric instability,
facial ubnormalities) syndrome. This syndrome presents with variable combined immunode-
ficiency, mild facial anomalies and extravagant cytogenetic abnormalities which largely affect
the pericentric region of chromosomes 1, 9 and 16. These pericentric regions contain a type of
satellite DNA termed classical satellite, or satellites 2 and 3. It is normally heavily methylated,
but is nearly completely unmethylated in the DNA of ICF patients. It was found that immu-
nodeficiency centromeric instability (ICF) patients had mutations in the C-terminal DNA
methyltransferase domain of DNMT3b. DNMT3b remains the only DNA methyltransferase
shown to be mutated in a human disease [15]. DNMT3b has been shown to play a crucial role
in hypermethylation of promoter CpG-rich regions of tumour suppressor genes and thus its
inactivation within human cancer cells [22].

3.2. How does demethylation occur?

The key question is how the enzymes know where to methylate? Two theories have been
suggested. Firstly, it has been suggested that all genes are methylated by default except for
active genes [23]. Actively transcribed genes have a preponderance of attached transcriptional
factors, giving no physical access to the methyltransferses to reach their targets. On the other
hand, inactive DNA is susceptible to the methyltransferases and subsequently become
methylated. This model was confirmed by the study of the transcription factor SP1. It has been
shown that as long as SP1 is attached to its site, no methylation could occur in the adjacent
CpG sites, and removal of the SP1 leads to de novo methylation at this site [24]. The second
theory is that methylation is directed by sequence specific binding proteins so the methyl-
transferases bind with certain proteins such as a histone deacetylases (HDACs) and other
transcription repressors, and form a complex would bind to specific sequence on the DNA [23].

Methylated genes may need to be activated in response to environmental signals and thus
demethylation is an important dynamic epigenetic mechanism and it was originally thought
that demethylation only occured through passive demethylation (Figure 2). However, the
rapid demethylation of the paternal genomes upon fertilization and examples of rapid
demethylation of genes in post-mitotic neurons suggest that an active demethylase must exist
[23,25]. A number of enzymes have been suggested to have demethylase activity these include
MBD2b, MBD4, the DNA repair endonucleases XPG (Gadd45a) and a G/T mismatch repair
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DNA glycosylase which is glycosidase dependent. In this mechanism, the methylated cytosine
is recognized by glycosidase which cleaves the bond between the DNA back bone and base.
The base is subsequently removed and replaced with unmethylated cytosine by the DNA
repair system.

4. Histone Deacetylases (HDACs)

Histones are five basic nuclear proteins that form the core of the nucleosome and the histone
octamer contains two molecules each of histones H2A, H2B, H3 and H4. Histone H1 the linker
histone is located outside the core and involve in the packing of DNA [26]. Histone modifica-
tions play a major role in regulating gene expression and extend the information potential of
the DNA which explains the growing interest of the ‘Histone Code” [27]. Modifications to
amino acids on the N-terminal tails of histones protruding from the nucleosome core can
induce both an open or closed chromatin structure and these affect the ability of transcription
factors to access promoter regions to activate transcription. The covalent modification can be
acetylation, methylation, phosphorylation and ubiquitination. Methylation of some residues
is associated with both transcriptional repression, such as methylation of histone 3 lysine 9 (H3
K9) and others with transcriptional activation, such as methylation of histone 3 lysine 4 (H3
K4) [28,29].

Histone methylation is performed by histone methltransferase (HMTs) which can transfer up
to three methyl groups to lysine residues within the tails of the histones with different effects
on gene activity. Acetylation which occurs at lysine residue is associated with transcriptional
activation [30]. This modification is performed by histone acetylases (HATs) and removed by
the HDACs [31]. The HDACs are critical in the regulation of expression of genes important for
cell survival, proliferation, differentiation, and apoptosis [32]. HDACs also act as members of
a protein complex responsible for recruitment of transcription factors to the promoter region
of genes, including those of tumour suppressors, and regulation of acetylation status of specific
cell cycle regulatory proteins [33]. High HDAC expression and histone hypoacetylation have
been observed in cancer with associated transcriptional repression of genes, providing a
rationale for the investigation of HDAC inhibitors in cancer therapeutics [34].

Additionally, acetylation of histones has been extensively studied as one of the key regulatory
mechanisms of gene expression [35]. Histone acetylation was found to affect RN A transcription
as early as the 1960s [36]. The highly conserved lysine residue at the N-terminal of H3 at
position 9, 14, 18 and 23, and H4 lysine 5,8,12 and 16, are frequently targeted for modification
[37]. Acetylations of the lysine residues neutralize the positive charge of the histone tails.
Therefore, decrease their affinity for DNA which results in open chromatin conformation
allowing the transcriptional machinery to reach its target [38]. The acetyltransferases added
the acetyl groups from acetyl coenzyme A (acetyl-CoA) to the epsilon-amino group of specific
lysine residues [39]. There are eighteen HDAC enzymes in mammalian cells which are divided
into two families: a) zinc metalloenzymes that catalyses the hydrolysis of acetylated specific
residues on histone tails and include class I, Il and 1V HDACs, and b) NAD-dependent Sir2
deactylases which are considered as class IIl HDACs [40,41].
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Figure 1. Methylation of DNA by DNA methyltransferases enzymes (DNMTs) DNMT1, DNMT3A, DNMT3B. A meth-
yl group transfer from S-adenosyl-methionine onto cytosine residues leading to production of 5-methyl cytosine and S-
adenosyl-homocystein (SAMe).
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Figure 2. DNA demethylation appears to be a shared attribute of reprogramming events, and understanding DNA
methylation dynamics is thus of considerable interest. Some enzymes such as MBD2b and MBD4 convert 5-methylcy-
tosine (5mC) to 5-hydroxymethylcytosine (5hmC).

Class I is a group of four enzymes known as HDAC1, 2, 3 and 8 and this class is associated
with gene regulation. They are expressed ubiquitously and they function exclusively in the
nucleus [40]. Class II is subdivided into class IIA, which includes HDAC 4, 5, 7 and 9 and class
1B that includes HDAC 6 and 10. Class II enzymes shuttle between cytoplasm and nucleus,
and they involve mainly in cell differentiation and are highly expressed in certain tissues [40].
Class III includes the NAD-dependent deacetylases which is a group of seven enzymes that
are involved in maintaining the chromatin stability. They can remove the acetyl groups from
histones besides other proteins [42]. Class IV contains one member which is HDAC11 which
is closely related to class I thus some reviewers consider it as a member of that class. The
function of HDAC11 has not been characterized yet [43], however, there is increasing evidence
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showing that changes in chromatin structure would alter DNA methylation patterns. The
targeting of DNA methylation enzymes to gene promoters is guided by chromatin modifying
enzymes. The fact is that chromatin configuration is dynamic and that chromatin modifying
enzymes are activated by cellular signalling pathways. This provides a link between the
extracellular environment and the state of DN A methylation [44]. Evidence of the link between
chromatin modelling and DNA methylation in humans and mice arises from mutations of the
SWI-SNF proteins which are involved in chromatin remodelling. These mutations result in
defects in DNA methylation [44]. A number of histone methyltransferases, such as G9a,
SUV39H1 and EZH2, a member of the multi-protein polycomb complex PRC2 can regulate
DNA methylation by either recruiting or regulating the stability of DNMTs. DNMTs in turn
can recruit HDACs and MBPs to achieve chromatin condensation and gene silencing [45]. This
relationship between the epigenetic machinery makes the epigenetic mechanisms of genome
expression a tightly regulated process.

5. DNA methylation and breast cancer

During the last decade, the study of epigenetic mechanisms in cancer, such as DNA methyla-
tion, histone modification, nucleosome positioning, and micro RNA expression, has provided
extensive information about the mechanisms that contribute to the neoplastic phenotype
through the regulation of expression of genes critical to transformation pathways. Regarding
DNA methylation, the low level of CpG methylation in tumours compared with that in their
normal-tissue counterparts was one of the first epigenetic alterations to be found in human
cancer this let us to think that the cancer cells have a specific epigenome [46]. Hypomethylation
in cancer cells is associated with a number of adverse products, including chromosome
instability, activation of transposable elements, and loss of genomic imprinting [47].

Breast cancer has traditionally been staged by histopathological standards that are based on
size, level of invasiveness and lymph node infiltration, and by immunochemical characteri-
zation of cell surface receptors, including oestrogen receptor (ER), the progesterone receptor
(PR) and the human epidermal growth factor receptor 2 (HER2). However, in many instances
staging breast cancer fails to predict prognosis or therapeutic response because of the hetero-
geneity of the disease. Changes in gene expression that reset a cell program from a normal to
a diseased state involve multiple genetic circuitries, creating a characteristic signature of gene
expression that defines the cell's unique identity and to classify subtypes of breast cancers [48].
Detailed knowledge of the DNA methylation status of all cytosines (the methylome) is
paramount for understanding the mechanisms and functions underlying DNA methylation
and led to extend our ability to classify breast cancer and the outcome prediction. DNA
methylation is a forceful biomarker, greatly more stable than proteins or RNA, and is therefore
a promising target for the development of new approaches for diagnosis and prognosis of
breast cancer and other diseases. Because DNA methylation is critical in gene expression
programming, a change in methylation from a normal to diseased state should be similarly
reflected in a signature of DNA methylation that involves multiple gene pathways. Whole-
genome approaches have been used with different levels of success to distinguish breast-
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cancer-specific DNA methylation signatures, and to test whether they can classify breast cancer
and whether they could be associated with specific clinical outcomes [48].

Application of DNA methylation profiling becomes important for breast cancer diagnosis and
prognosis only if it provides additional classification value to other currently used methods
like immunohistochemistry and mRNA expression analysis. A recent whole-genome DNA
methylation analysis by using the Illumina 27 K arrays suggests that DNA methylation
profiling might expand current classifications of breast cancer subtypes [49,50]. The analysis
of 248 breast cancer tumour samples, comprising a 'main set' of 123 samples (4 normal and 119
infiltrating ductal carcinomas (IDCs)), and a 'validation set' of 125 samples (8 normal and 117
IDCs), revealed an immune 'signature’ in a mixed tumour stromal population, as also reported
[51]. Methylome analysis performed on frozen primary tumour samples, led to the identifica-
tion of six different methylation clusters [52]. It was shown for the first time that DNA
methylation profiles can reflect the cell-type composition of the tumour microenvironment,
with a T lymphocyte infiltration of these tumours in particular in HER2-enriched and basal-
like tumours. High expression of certain immune-related genes were found to be associated
with improved relapse-free survival providing further insight into the importance of the
immune system and tumour microenvironment in certain breast cancer subtypes [53].

Furthermore, aberrations in DNA methylation patterns of the CpG islands in the promoter
regions of tumour-suppressor genes are accepted as being a common feature of human cancer
[54]. CpG island promoter hypermethylation affects genes from a wide range of cellular
pathways, such as cell cycle, DNA repair, toxic catabolism, cell adherence, apoptosis, and
angiogenesis, among others [54], and may occur at various stages in the development of cancer
[55]. The CpG-island-containing gene promoters are usually unmethylated in normal cells to
maintain euchromatic structure, which is the transcriptionally active conformation allowing
gene expression. Yet, during cancer development, many of these genes are hypermethylated
at their CpG-island-containing promoters to inactivate their expression by changing open
euchromatic structure to compact heterochromatic structure [56,57]. These genes are selec-
tively hypermethylated in tumourigenesis for inactivation owing to their functional involve-
mentin various cellular pathways that prevent cancer formation. Some of the methylated genes
identified in human cancers are classic tumour suppressor genes in which one mutationally
inactivated allele is inherited. According to Knudson's (2000) two-hit model, complete
inactivation of a tumour suppressor gene requires loss-of-function of both gene copies [58].
Epigenetic silencing of the remaining wild-type allele of the tumour suppressor gene, thus,
can be considered as the second hit in this model. For example, some well-known tumour
suppressor genes, such as the cyclin-dependent kinase inhibitorp16INK4a, APC and BRCA1,
are mutationally inactivated in the germline occasionally lose function of the remaining
functional allele in breast epithelial cells through DNA hypermethylation [59].These advances
in the knowledge of the breast methylome strongly indicate that DNA hypermethylation
mechanism plays a crucial role in initiation, promotion and maintenance of breast carcino-
genesis, which cooperatively and synergistically interact with other genetic alterations to
promote the development of breast cancer. In addition to cell-cycle regulatory genes, DNA
methylation-mediated silencing of DN A repair genes, such as BRCA1 and MGMT, could result
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in further inactivation of tumour suppressor genes or activation of oncogenes, which further
drive breast tumourigenesis [60]. The genes that function as inhibitors of WNT oncogenic
pathway such as SFRP1 and WIF1 have been found to be frequently hypermethylated in
primary breast tumours [61]. Accordingly, epigenetic gene silencing is another mechanism
that fosters malignant transformation of the mammary gland by aberrantly activating onco-
genic signalling pathways in addition to the genetic mutation-mediated mechanism [62].

In vitro experiments showed that decreased BRCAlexpression in cells led to increased levels
of tumour growth, while increased expression of BRCALI led to growth arrest and apopto-
sis. The magnitude of the decrease of functional BRCA1 protein correlates with disease
prognosis [63]. Phenotypically, BRCAl-methylated tumours are similar to tumours from
carriers of germline BRCA1 mutations. BRCA1 promoter hypermethylation was observed
in one of two tumours from BRCA1 carriers lacking LOH [64]. In other study of population-
based ovarian tumours, two of eight tumours with germline BRCAlmutations showed
neither LOH nor promoter methylation [65]. Another study of 47 breast tumours from
hereditary breast cancer families identified three BRCA1 carriers of which two showed
BRCA1 promoter methylation in their tumours [66]. All these investigated studies sug-
gest that methylation of BRCA1 may be serve as a second hit in tumours from a subset of
BRCA1 mutation carriers [67].Tumours with BRCA1 mutations are usually more likely to
be higher-grade, poorly differentiated, highly proliferative, ER negative, and PR negative,
and p53 mutations. BRCA1 mutated breast cancers are also associated with poor survival
in some studies [68]. BRCA1 promoter methylation was more frequent in invasive than in
situ carcinoma and there were no correlation between BRCA1 promoter methylation and
ER/PR status in a subset population [69]. However, they also found a higher prevalence of
BRCA1 promoter methylation in cases with at least one node involved and with tumour
size greater than 2cm. Based on their findings higher methylation levels may correlate with
more advanced tumour stage at diagnosis. They also observed a 45% increase in mortali-
ty of individuals with BRCA1 methylation positive tumours compared those who had
unmethylated BRCA1 promoters [69]. Another study conducted a familial breast cancer
based study and found contradicting results. They found no overall correlation of ER, PR,
or grade with hypermethylation of BRCA1 in the tumours from BRCA1 mutation nega-
tive families. However, seven individuals had both promoter hypermethylation and LOH;
the majority of these tumours had a basal-like phenotype and were triple negative [70].

In addition, discriminate between tumour and normal or histologically non-malignant breast
tissue has been applied widely by genome wide DNA methylation. One of the first genome
wide DNA methylation studies in breast cancer developed methylation-specific digital
karyotyping (MSDK) to assess epithelial, myoepithelial, and stromal fibroblasts from normal
abreast and cancer tissues [71]. Furthermore, genome wide DNA methylation studies in breast
cancer identified gene families that were commonly identified as differentially methylated
between non-malignant and tumour included transcription factors (FOX, KLF, PRDM, ZBTB,
and ZNF) and gene families involved in cell transport of proteins or vesicles(RAB and SLC)
or involvement in cell adhesion (CDH and PCDH)) [71-74]. The pathways and gene families
do not appear to have a strong link to hormone metabolism or signalling, it is likely that these
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genes are not drivers of cancer but rather are secondary events that occur as part of the
tumourigenic process [75,76].

Genome wide DNA methylation studies have supported correlation between DNA methyla-
tion and gene expression, particularly the association between CpG islands DNA hyperme-
thylation and gene repression [49,74,77,78]. Using familial breast cancers and BRCA1/2-
mutated tumours combined DNA methylation profiles that alone predicted BRCA status, with
gene expression and copy number variation (CNV) and found that genes with reduced
expression were more likely to be in genomic regions with loss of heterozygosity and/or high
levels of DNA methylation. It has also been shown that the combination of gene dosage in
breast cancer cell lines, allelic status, and DNA methylation explains more gene expression
changes than either genomic element alone [79]. Combining DNA methylation profiling with
CNV and gene expression can be promising tool to facilitate the identification of critical genes
involved in tumourigenesis. In genome wide methylation analysis, several platforms have
been recently developed to allow genome wide methylation analysis. The Golden Gate
methylation array was the first platform which allowed methylation of 1536 CpG loci to be
investigated. The Infinium Human Methylation 27 increased CpG investigation with the use
of 27,578 probes. Most recently was the Infinium Human Methylation 450K array, designed
by lllumina. This array utilises florescence microarray hybridisation technique, often associ-
ated with expression studies, to provide a methylation profile of 485,764 CpG loci including
CpG associated in CpG islands, shores, shelves and the isolated loci in the open sea regions of
the genome and promoter regionshave used Illumina Infinium Human Methylation 27 Bead
Chip to analyse normal breast tissues from ten healthy individuals and compared this to 62
breast tumour samples (19 were inflammatory breast cancer) [73].

Further studies have also compared tumour to non-malignant tissue and the number of genes
identified that discriminates the two depends on the filtering or analyses utilized. For instance,
Kim et al. (2012) used several filtering processes to identify six genes [80], whereas, Faryna et
al, (2012) identified 214 CpG islands but only one CpG island (TAC1) was methylated in all
ten cancer samples [81]. The DNA methylation profiles divided the samples into three groups
based on high, intermediate, and low DNA methylation levels, with the normal samples
having low DNA methylation levels. When comparing DNA methylation between normal and
tumour samples, 1352 CpG loci (1134 genes) were differentially methylated [73]. There was
significantly greater methylation in tumours compared with normal and 77% of these are CpG
loci. Another study using the same technology found 6309 CpGs differentially methylated
between 119 tumours and four normal breast tissue samples identified several hundred
differentially methylated loci between 11 adjacent non-malignant breast tissues and 108
tumours [49;74]. Kim et al, (2011) pooled DNA from ten cancers and ten non-malignant
matched adjacent tissues and identified 1181 differentially methylated CpGs (corresponding
to 1043 genes) with the vast majority (972) hypermethylated [82]. Another study found 291
probes (264 genes) hypermethylated in breast cancer (n=39) compared with non-malignant
breast tissue (n=4) after removal of imprinted genes and X chromosome genes [83].

In addition, numbers of studies have investigated whether genome wide DNA methylation
profiling can cluster breast cancers into hormone receptor status (ER/PR positive or negative)
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or subtype (luminal A or B, basal or HER2). These investigations differentiate hormone
receptor-positive breast cancers from hormone receptor-negative cases using DNA methyla-
tion profiles [49,77,83-85]. The majority of genome wide DNA methylation studies have found
that ER+PR+tumours have higher levels of DNA methylation compared with ER-PR-tumours
[77,82,85,86]. Li et al, (2010) found 148 altered CpG sites (93 hypermethylated and 55 hypo-
methylated) in ER+PR+breast cancers relative to ER-PR- tumours [85]. Other study have
identified 40 CpG probes that had an overall specificity of 89% and sensitivity of 90% for
classifying ER+from ER- tumours [86].

Moreover, Hill et al, (2011) have used cluster analysis to show that ER+PR+tumours had high
methylation, whereas triple-negative breast cancers had low methylation status [83]. Breast
cancer cell lines have also shown clustering according to hormone receptor status based on
DNA methylation levels [78]. Thus, all these genome wide DNA methylation studies demon-
strate that an adequately results of appropriate clinical samples should identify methylation
differences based on hormone receptor status. These studies may serve with additional future
studies as a basis for the development of an improved clinical test to identify the hormone
status of breast cancers.

In addition, in DNA methylation cluster analysis found that one cluster was predominantly
luminal A (22/30 samples), the second cluster was highly correlated with basal-like (7/8
samples), and the third cluster contained a mixture of subtypes [74]. Recently, the Cancer
Genome Atlas (TCGA) [87] and genome-wide profiling of DNA methylation has been also
performed in primary breast tumours and revealed genes whose hypermethylation was
significantly correlated with relapse-free survival, including RECK, SFRP2 and ACADL.
Tumour specificity of methylation was confirmed for these genes by sequencing of an
independent set of normal/breast tumour samples. Other investigation observed that the
reduction of RECK methylation has been associated with worst prognosis in other tumours
[88]. Genome-wide analysis has also been employed to characterize the DNA methylation
profile of primary breast cancer with different metastatic potential. A global breast CpG island
methylation phenotype (B-CIMP) was identified as an epigenetic profile associated with low
risk of metastasis. Parallel gene expression analyses identified genes with both significant
hypermethylation and down-regulation in B-CIMP tumours, including those involved in
epithelial-mesenchymal transition (EMT), such as LYN, MMP7, KLK10 and WNT6 and the
genes in the B-CIMP repression signature showed genes whose differential expression
correlated with prognosis across several BC cohorts [89].

6. HDAC inhibitors and breast cancer

As we mentioned previously, abnormal HDAC activity has been documented in a variety of
tumour types and led to the development of HDAC inhibitors as anticancer therapeutics.
Currently available HDAC inhibitors target a variety of HDAC isoenzymes with class 1
(HDAC 1, 2, 3 and 8), class 2 (HDAC 4-7 and 9-10), and class 4 (HDAC 11) activity. Modest
clinical benefits were previously reported with relatively weak HDAC inhibitors such as
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valproic acid and phenylbutyrate in advanced solid tumours or hematologic malignancies [89].
Laboratory research conducted to date supports the investigation of HDAC inhibitors for the
treatment of breast cancer. Recently, vorinostat as HDAC inhibitor induces differentiation or
arrests growth of a wide variety of human carcinoma cells including breast cancer cells
[90].Vorinostat also reduced tumour incidence in NMU-induced rat mammary tumourigene-
sis by 40 % [91]. In vitro studies demonstrated that vorinostat inhibits clonogenic growth of
both ER-positive and ER-negative breast cancer cell lines by inducing G1 and G2/M cell cycle
arrest and subsequent apoptosis [92].

The ability of the HDAC inhibitors to relieve transcriptional repression in preclinical breast
cancer models has also been investigated. The accumulation of acetylated H3 and H4 histone
tails in conjunction with re-expression of a functional ER in ER-negative breast cancer cell lines
has been observed with a novel HDAC inhibitor known as scriptaid [93].Treatment of ER-
negative breast cancer cell lines with vorinostat is associated with reactivation of silenced ER,
as well as down regulation of DNMT1 and EGFR protein expression [94]. The significance of
an epigenetically reactivated ER was demonstrated when tamoxifen sensitivity was restored
in the ER-negative MDA-MB-231 breast cancer cells following treatment with both HDAC
(trichostatin A) and DNMT inhibitors (DAC) [95]. Entinostat has been shown to induce not
only re-expression of ERa, but also the androgen receptor and the aromatase enzyme (CYP19)
both in vitro and in triple-negative breast cancer xenografts [96]. In addition, the combination
ofletrozole and entinostat resulted in a significant and durable reduction in the xenograft
tumour volume when compared to treatment with either agent alone. These experiments have
provided the strong rationale for combining epigenetic modifiers with hormonal therapy in
breast cancer clinical trials [96]. Interestingly, many of these studies also indicate that a strategy
which combines HDAC and DNMT inhibitors is more efficacious than either agent alone with
respect to both re-expression of silenced genes and restoration of response to tamoxifen and
aromatase inhibitors [93.97].

Moreover, pretreatment of various tumour cell lines with HDAC inhibitors increases the
cytotoxicity of chemotherapy. Administering the HDAC inhibitor after chemotherapy did not
achieve the same results, suggesting that pretreatment with these agents may open the
chromatin structure and thus facilitate an enhanced anti-cancer effect of chemotherapy drugs
that target DN A [98]. In breast cancer cell lines with amplification and overexpression of HER2,
HDAC inhibitor use depleted HER2 by attenuation of its mRNA levels and promotion of
proteosomal degradation. HDAC inhibition also had been reported to enhance apoptosis
induction by trastuzumab, docetaxel, epothilone B, and gemcitabine [99]. HDAC inhibitors
also significantly enhance trastuzumab-induced growth inhibition in trastuzumab-sensitive,
HER2-overexpressing breast cancer cells, providing a strong rationale for clinical studies with
this combination in patients with HER2-positive disease [100].

Additionally, HDAC inhibitors such as entinostat or valproic acid, have been tested in breast
cancer cells and efficiently restored both ERat expression and letrozole sensibility in ER'BC in
vitro and in vivo [101,102].The association of HDAC inhibitors or 5-azadeoxycytidine with a
treatment inducing overexpression of TFAP2C might improve ESR1 expression in ERpatients.
A combined HDAC inhibitors and 5-azadeoxycytidine treatment induces the most significant
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increase in ERa content. Surprisingly however, addition of tamoxifen does not produce a
tumourigenic response in ER BC cells demonstrated that a better response to tamoxifen in BC
cells, correlated with a lower level of the RNA-stabilizing HuR protein [103]. Tamoxifen
treatment increased HuR content, and contributed to its own resistance while HDAC inhibi-
tors /5-azadeoxycytidine decreased HuR. Preliminary treatment with HDAC inhibitors /5-
azadeoxycytidine was given before delivering tamoxifen to attempt to obtain the best
tamoxifen sensitivity. The precise roles of tamoxifen are complex: although it competes with
17B-estradiol to bind to ERat, ERat bound to tamoxifen is still able to target the TFF1 (also called
pS2) promoter without constitutive activation of gene transcription. The loss of transcriptional
activity of the tamoxifen-ERa complex is mediated by changes in the balance of co-activators/
co-repressors and ERa-interacting partners [104].

7. DNMTs inhibitors and breast cancer

The human DNMTs 1, 3A, and 3B coordinate mRNA expression in normal tissues and
overexpression in tumours and the expression levels of these DNMTs are reportedly
elevated in breast cancer [105,106]. The mean levels of DNMT1, DNMT3a, and DNMT3b
overexpression have turned out to be quite similar among different tumour types. The
DNMT3b gene has shown the highest range of expression (81.8 for DNMT3a compared
with 16.6 and 14 for DNMT1 and DNMT3a, respectively). About 30% of patients revealed
overexpression of DNMT3b in the tumour tissue as compared to normal breast tissue.
Taking only these overexpressing tumours into account, the DNMT3b expression change
was 82-fold, thus being significantly higher [106]. Interestingly, DNMT1 and DNMT3a were
overexpressed in only 5 and 3% of breast carcinomas [107]. As a result of these studies,
DNMT3b plays the predominant role over DNMT3a and DNMT1 in breast tumourigene-
sis. This is consistent with a recent study in breast cancer cell lines, which demonstrated a
strong correlation between total DNMT activity and overexpression of DNMT3b, but not
with the expression of DNMT3a or DNMT1 [107,108].

Cancer was the first group of diseases to be associated with DNA methylation and to be
considered for DNA-methylation-targeted therapeutics, and it serves as a prototype for
determining the role of DNA methylation and DNA-methylation-targeted therapeutics in
other diseases [109]. As we mentioned previously, several types of aberration in DNA
methylation and in the proteins involved in DNA methylation occur in cancer: hypermethy-
lation of tumour suppressor genes, aberrant expression of DNMT1 and other DNMTs, and
hypomethylation of unique genes and repetitive sequences [110,111]. Silencing of tumour
suppressor genes by DNA methylation provides a powerful molecular mechanism by which
DNA methylation can trigger cancer, and also provides a rationale for therapeutics aimed at
inhibition of DNA methylation and re-expression of silenced tumour suppressor genes.
Multiple genes are hypermethylatedin breast cancer compared to non-cancerous tissue [112].
These include genes involved in evasion of apoptosis (RASSF1A, HOXA5, TWIST1), limitless
replication potential (CCND2, p16, BRCA1, RAR), growth (ERa, PGR), and tissue invasion
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and metastasis (CDH1) [113]. These genes are not only hypermethylated in tumour cells, but
show increased epigenetic silencing in normal epithelium surrounding the tumour site.

Unlike genetic alterations which are almost impossible to revert, DNA methylation is a
reversible event. Reactivation of hypermethylated tumour-suppressor genes can be consid-
ered as a possible therapeutic target which will lead to develop pharmacological inhibitors of
DNA methylation. Moreover, the use of DNMT inhibitors is good tools for cancer treatment
because the restoration of expression of tumour-suppressor genes could restore the protective
effect of these genes on tumour divisions [114]. The nucleoside analogues, 5-azacytidine
(vidaza or AZA,) and 5-aza-2’-deoxycytidine (decitabine or DAC) are two DNMT inhibitors
that are effective hypomethylating agent that inhibit cell proliferation [115]. These two drugs
represent the two most prominent DNMT inhibitors being under preclinical and clinical
investigation for over 30 years [116]. Moreover, these agents are pro-drugs that need to be
incorporated into DNA to act as inhibitors of DNMTs [116]. The nucleoside analogues are first
phosphorylated to the triphosphate nucleotide and incorporated into DNA during DNA
synthesis. DNMT1 forms a covalent bond with the carbon at position 6 of the cytosine as well
as 5-aza-cytosine ring. Under normal conditions, as mentioned previously, the enzyme
transfers the methyl group from SAMe to the fifth carbon position of the cytosine ring. This
enables the release of the enzyme from its covalent bond with cytosine. When a 5’-aza-cytosine
ring replaces cytosine in the DNA, the methyl transfer does not take place and the DNMT is
trapped on the DNA (Figure 3). The replication fork progresses in the absence of DNMT1
resulting in passive loss of DNA methylation in the nascent strand but not the template [116].

Because they are cytidine analogues, both agents are incorporated into DNA after activation
to a triphosphate moiety. After formation of an irreversible complex with DNMT1, degrada-
tion of the enzyme occurs [117]. This prevents methylation of daughter DNA in CpG islands
during DNA replication. In addition, AZA (but not DAC) is converted into a ribonucleoside
moiety and is incorporated into RNA, interfering with protein translation. At low concentra-
tions (e.g. 30nM DAC, 300nM AZA), these inhibitors exhibit potent DNA hypomethylation
properties, whereas high concentrations (=3-10 uM) are cytotoxic [119]. The doses of AZA and
DAC that were employed in many of the early clinical trials in solid tumours were cytotoxic,
reflecting maximum tolerated doses, which likely accounts for the excessive toxicity, and
possibly also to lack of overall efficacy, observed in these studies [120]. Previous study
indicated that the DNMT inhibitors were associated with response rates as high as 18% in
breast cancer [120]. The doses of AZA that were employed in these studies, however, were far
higher than doses used in clinical trials today and likely exerted cytotoxic activity as opposed
to relief of transcriptional repression as an anti-cancer strategy [120].

Current clinical studies with administration of DNMT inhibitors at the presumed optimal
epigenetic dose aim to elucidate the biological effects of these agents, and to assess clinical
efficacy, alone or in combination with other anti-cancer agents. The ability of single agent AZA
to induce expression of the ER and PR genes in patients with triple-negative breast cancer who
are awaiting definitive breast cancer surgery is under investigation using a 75 mg/m?*day
dosing schedule [121]. Based on the preclinical evidence previously described which suggests
that a combination of epigenetic modifiers may be more successful in re-expression of silenced



DNA Methylation
http://dx.doi.org/10.5772/59467

genes and restoration of hormonal therapy responsiveness, patients with advanced triple-
negative and hormone-resistant breast cancer are being enrolled in an ongoing multi-center
phase 2 clinical trial and receive the combination of low dose AZA (40 mg/m?) on days 1-5 and
8-10, and entinostat 7 mg on days 3 and 10 of a 28 day cycle. Tumour biopsies prior to and
after therapy are collected to assess modulation of candidate gene methylation and expression,
such as the ER gene. Patients may transition to an optional continuation phase at the time of
disease progression in which the same epigenetic therapy is administered with the addition
of hormonal therapy [122].

The DNMT inhibitors combination with standard chemotherapy has not been extensively
evaluated in the breast cancer setting and preclinical evidence have shown the AZA could
overcome platinum resistance through DNA hypomethylation, patients with both platinum
resistant and refractory ovarian cancer received the combination of AZA and carboplatin after
being enrolled [122,123]. Since DNMT inhibitors like AZA and DAC are known to be effective
in the clinic for diseases like myelodys plastic syndromes that may result in part from tran-
scriptional dysregulation due to epigenetic changes, there is interest in developing novel
DNMT inhibitors that would be more effective and less toxic. One such putative agent is
zebularine, a cytidine which has been reported to prevent early tumour development and also
to inhibit growth of mammary gland tumours and breast cancer cells lines [124,125]. Zebular-
ine is a novel DNMT inhibitor, which was developed as a more stable and less toxic drug [126].
Zebularine, similar to AZA-CR and 5-AZA-CdR, incorporates into DNA and forms a covalent
irreversible complex with DNMT preventing the enzyme from methylating position 5 of
cytosines clustered in regulatory CpG islands [127]. Recent studies showed the ability of
zebularine to sustain the demethylation state of the 5" region of the tumour suppressor gene
CDKN2A/p16 and other methylated genes in T24, HCT15, CFPAC-1, SW48, and HT-29 cells
[127]. It was also reported that zebularine inhibits growth of cancer cell lines but not normal
cells [128].

Zebularine acts as a cytidine analogue containing a 2-(1H)-pyrimidinone ring that was
originally developed as a cytidine deaminase inhibitor to prevent deamination of nucleoside
analogues [129,130]. Zebularine is also a versatile starting material for the synthesis of complex
nucleosides and is a mechanism based DNA cytosine methyltransferase inhibitor [131]. It acts
primarily as a trap for DNMT protein by forming tight covalent complexes between DNMT
protein and zebularine-substituted DNA [132]. In contrast, to other DNMT inhibitors, it has
low toxicity in most tested cell lines and is quite stable with a half-life of 510 h at pH 7.4 [131,
133,134]. Because of its low toxicity, continuous administration of effective doses of zebularine
alone or in combination with other DNMT inhibitors is feasible and this can result in the
enhanced re-expression of epigenetically silenced genes in cancer cells [128].

Zebularine treatment led to increased p21 protein expression coupled with decreased cyclin
B and D protein expression in MCF-7 cells and an increased percentage of cells in S-phase that
indicates a zebularine induced S-phase arrest [135].This finding suggests errors in chromatin
assembly that contribute to genome instability [136]. S-phase arrest can also be triggered by
repression of histone synthesis in human cells [137]. The genomic instability induced by
DNMT1 down regulation and repression of histone synthesis triggers the activation of S-phase
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Figure 3. Activation of gene expression by nucleoside analogues, 5-azacytidine (vidaza or AZA,) and 5-aza-2’-deoxycy-
tidine (decitabine or DAC), both are DNMTs inhibitors. (A) In active transcription is characterized by the presence of
methylated cytosines within CpG dinucleotides (CH;) which is sustained by DNMTs. (B) When a 5’-aza-cytosine ring
replaces cytosine in the DNA, the methyl transfer does not take place and the DNMT is trapped on the DNA and the
gene expression could restored again.

check point proteins like p21 (in MCE-7 cells) and/or down regulates cyclin-D to permit DNA
repair before entering G2 phase.

The zebularine-mediated decrease in expression of global acetylated histones observed in our
studies further supports our hypothesis. Several preclinical studies have evaluated zebularine
as a possible therapeutic in cancer cell lines. Zebularine preferentially incorporates into DNA,
leading to cell growth inhibition and increased expression of cell cycle regulatory genes in
cancer cell lines compared with normal fibroblasts [135]. Additionally, to determine the ability
of zebularine to prevent or treat breast cancer, Min et al, 2012 tested if daily oral treatment with
zebularine affects mammary tumour growth in these MMTV-PyMT mice [124]. They observed
a significant delay in tumour growth and a reduction of total tumour burden in the zebularine-
treated mice. They have reported that the depletion of DNMTs in tumours excised from
zebularine-treated mice and identified upregulation of 12 genes previously characterized as
silenced by DNA hypermethylation. Zebularine treatment was shown to be associated with a
dose-dependent depletion of DNMT1, DNMT3a, and DNMT3b proteins in the breast cancer
cell lines MCF-7 and MDA-MB-231 [124]. Zebularine also depletes DNMT1 in T24 bladder
carcinoma cells after 24 hours of treatment and partially depletes DNMT3b after 3 days of drug
exposure [128]. Recently, Chen et al, (2012) have proofed in in vivo study that DNMT1 was
depleted, and DNMT3b was significantly lowered (50% depletion) in the mammary tumours
derived from zebularine-treated mice as compared with untreated mice [138]. Regardless of
the mechanism of tumour growth inhibition, tumour cells eventually develop resistance to
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zebularine treatment. Because it has been shown that zebularine and the HDAC inhibitor
depsipeptide have a synergistic effect on the inhibition of breast cancer growth a combinatorial
treatment with DNMT inhibitors and a combinatorial treatment with DNMT inhibitors and
HDAC inhibitors may be warranted to overcome resistance to single-drug therapy.

Moreover, zebularine have been reported to depleted expression of all three DNMT proteins
post-transcriptionally in both breast cancer cell lines at most doses tested. It has been reported
that human cancer cells lacking DNMT1 or DNMT3Db retain significant global methylation and
gene silencing, but those lacking both DNMT1 and DNMT3b had >95% reduction in genomic
DNA methylation and virtually absent DNMT activity [135]. The zebularine treatment
specifically targets DNMT1, and reduced DNMT 3a and 3b protein expression, implying that
treated cells may still retain substantial methylation [139]. Another study observed similar
results in T24 bladder cancer cells continuously treated with zebularine for 40 days. In these
cells zebularine had no effect on the expression of DNMT1, 3a or 3b mRNA but complete loss
of DNMT1 and partial depletion of DNMT 3a and 3b protein were observed [128].

Previous findings observed that ER can be epigenetically silenced in some human breast cancer
cell lines and HDAC or DNMT inhibitors could reexpress functional ER in ER negative breast
cancer cells [140,141]. Further investigation demonstrated that treatment of ER negative MDA-
MB-231 breast cancer cells with zebularine results in functional ER reactivation as manifested
by expression of ER mRNA and its target gene, PR. This has been reported with a dose as low
as 50uM, far lower than doses that induced apoptosis. Chromatin immunoprecipitation
analysis of the ER promoter in zebularine-treated cells showed characteristics of an active
chromatin as manifested by accumulation of acetylated H3 and H4 and release of DNMT1, 3a
and 3b from the ER promoter region. Although reexpression of ER with zebularine was not as
robust as with 5-azaDc, the low toxicity could enable continuous administration for sustained
re-expression of ER cells [141].

However, several studies have shown that zebularine has some potential limitations such as
less potent than the two FDA-approved DNMT inhibitors, azaC and 5-azaDc [133]. It is
hypothesized that the reduced inhibitor potency is due to sequestration of the drug by cytidine
deaminase, competitive inhibition of zebularine incorporation into DNA by increased cytidine
and deoxycytidine that accumulate as a consequence of its cytidine deaminase properties, and
preferential incorporation of zebularine into RNA over DNA [142]. For these reasons, the drug
is effective only at very high doses, making administration more problematic. Its efficacy
combined with a low toxicity profile makes it an attractive agent for combination or sequential
therapy with other DNMT or HDAC inhibitors [143].

8. Combination of DNMT inhibitors

Based on the preclinical evidence previously described which suggests that a combination of
epigenetic modifiers may be more successful in re-expression of silenced genes and restoration
of hormonal therapy responsiveness, we have mentioned previously that the patients with
advanced triple-negative and hormone-resistant breast cancer are being enrolled in an ongoing
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multi-center phase 2 clinical trial and receive the combination of low dose of AZA [122].
Tumour biopsies prior to and after therapy are collected to assess modulation of candidate
gene methylation and expression, such as the ER. Patients may transition to an optional
continuation phase at the time of disease progression in which the same epigenetic therapy is
administered with the addition of hormonal therapy [123]. Indeed, in a recently published trial
exploring the combination of AZA and entinostat in advanced non-small cell lung cancer
patients, investigators observed that the regimen was well tolerated and associated with a
number of objective responses [144]. These included a complete response as well as a partial
response in a patient without progression of disease for 2 years after completing the clinical
trial. Interestingly, a number of patients were found to have unexpected major objective
responses to subsequent anti-cancer strategies, raising the question as to whether these agents
may prime tumour cells to respond to subsequent therapies. A phase 1/2 Canadian trial
investigating the combination of decitabine and vorinostat in patients with advanced solid
tumours or hematologic malignancies has also indicated clinical activity. Stabilization of
disease for 4 or more cycles was observed in 29 % evaluable patients; two of these patients had
metastatic breast cancer [145].

Moreover, cytidine deaminase destabilizes DNMT inhibitors like 5-azaDc, resulting in
complete loss of their antineoplastic ability [146]. Hence administration of cytidine deaminase
inhibitors like zebularine should theoretically potentiate therapeutic effects of 5-azaDc by
slowing its degradation and stabilizing activity. Indeed, the combination of 5-aza-Dc and
zebularine produced greater inhibition in cell proliferation and clonogenicity than either drug
alone in leukemic L1210 and HL-60 cell lines [147]. Similarly, treatment of the AML-193 acute
myeloid leukemic cell line, which has a densely methylated p15INK4B CpG island, with
zebularine followed by the HDAC inhibitor, trichostatin-A, synergistically enhanced
p15INK4B expression [134]. Consistent with these results, the combination of 50pMzebularine
and 1puM 5-azaDcin breast cancer cells significantly inhibited cell proliferation compared with
either drug alone. Similarly, zebularine significantly inhibited cell proliferation and colony
formation in combination with low doses of vorinostat. Cheishvili et al, (2014) have investi-
gated the combination of methylated DNA binding protein 2 (MBD2) depletion and DNMT
inhibitor 5-azaCdR in breast cancer cells results in a combined effect in vitro and in vivo,
enhancing tumour growth arrest on one hand while inhibiting invasiveness triggered by 5-
azaCdR on the other hand. The combined treatment of MBD2 depletion and 5-azaCdR
suppresses and augments distinct gene networks that are induced by DNMT inhibition alone.
These data point to a potential new approach in targeting the DNA methylation machinery by
combination of MBD2 and DNMT inhibitors [148].

The combination of DNMT inhibitors with standard chemotherapy has not been extensively
evaluated in the breast cancer setting. Based on strong preclinical evidence that the addition
of AZA could overcome platinum resistance through DNA hypomethylation, patients with
both platinum resistant and refractory ovarian cancer received the combination of AZA and
carboplatin after being enrolled into a phase 1b/2 study. The overall response rate of 22 % was
observed in the platinum-resistant patients (disease progression within 6 months of platinum,
n=18) suggesting that further evaluation of the combination was warranted [149]. Whether
combining DNMT inhibitors with standard therapies or novel agents will result in clinical
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benefit for patients with breast cancer remains to be seen. In the meantime, robust preclinical
data should support the development of new concepts in order to maximize the chance of
success with these agents in the solid tumour arena.

9. Conclusion

Future studies need to include a more detailed investigation of the methylation differences
between breast cancer subtypes to determine whether there is a methylation signature that can
identify breast cancer subtypes. It is also possible that DNA methylation subtypes are different
to the subtypes identified by gene expression and may provide additional information that
assists in the clinical setting. Further research is required to delineate these options and
determine how subtypes identified by DNA methylation profiling differ to subtypes identified
by gene expression. Laboratory studies have shown that AZA and DAC optimally inhibit DNA
methylation when used at lower than cytotoxic doses with prolonged exposures. The exact
impact of using epigenetic modifiers at an optimally epigenetic dose instead of a cytotoxic dose
is yet unknown in solid tumours, despite the supposition that anti-cancer activity will be
enhanced. Ongoing clinical trials in breast cancer patients aim to elucidate this question.
Optimizing the use of the clinically available epigenetic modifiers is clearly important. An oral
form of AZA is currently in development which may be far more convenient for patients than
the intravenous and subcutaneous routes employed at this time. A number of new agents are
also in development which may circumvent some of the limitations of the currently available
drugs such as their in vivo deamination by cytidine deaminase and tendency to be subject to
drug resistance.
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1. Introduction

Breast cancer is the most common cancer in women in the world [1]. According to the most
recent estimates from GLOBOCAN published by the International Agency for Research on
Cancer (IARC) [2], there were nearly 1.7 million new breast cancer cases diagnosed in 2012
(25.2% of all cancers in women) and 6.3 millions have been diagnosed with breast cancer in
2007-2012. Breast cancer incidence has been increasing by more than 20% and mortality
increased by 14% since 2008 and is the most common cause of cancer death in women in less
developed regions (324,000 deaths, 14.3% of total). Breast cancer is less favorable in the under-
developed countries due to less advanced medical diagnosis and treatments. Therefore a good
diagnosis/prognosis would help to prevent as well as provide effective clinical treatments.

Biomarker testing is an essential step in the evaluation of breast cancer and help medical
doctors and patients in deciding the best treatment strategy. There are several commercial
products or services developed towards this purpose. The Oncotype DX (Genomic Health)
measures the expression levels of 21 genes and is most helpful for patients of early stage breast
cancer with estrogen receptor (ER) positivity and no cancer cells in the lymph node. The
HERmark assay (Monogram Biosciences) can quantitatively measure the HER2 total proteins
with greater sensitivity than immunohistochemistry (IHC) which is an important indicator of
predicting response of HER2-positive breast cancer patients to trastuzumab therapy. There are
also tests for BRCA1 and BRCA2 mutations for the hereditary breast cancer patients. The
targeted sequencing-based breast cancer panels such as BreastNext (Ambry Genetics) and
BROCA (University of Washington) can be used to screen for mutations and copy number
variants in genes implicated in breast cancer, including BRCAI and BRCA2.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Despite the relative success of these tests, there is a need for more efficient biomarkers in
specific groups of breast cancer, such as lobular carcinoma [3, 4], triple-negative breast cancer
[5] and early-onset breast cancers [6, 7] for diagnostic and/or prognostic application. We believe
the discovery of more useful markers using the wealth of gene expression data available
publicly nowadays would help medical doctors in the decision of the best way to help breast
cancer patients, especially if the markers are correlated with specific therapeutic interventions.
In the past decade, the high throughput microarray technique has been widely used to identify
potential biomarkers for various cancers [8-12]. Recent years, the employment of RNA
sequencing (RNA-seq) allows researchers to obtain transcriptome information and differential
gene expression profiling ata much higher resolution. With the huge amount of data generated
by these technologies, we are able to study the association of genes with cancer survival and
identify novel potentially prognostic biomarkers for cancers with improved estimation.
Traditionally, genetic search identifies genes that correlate with poor or good prognosis of
patients. However, it is important to consider the epistatic gene-gene interactions underlying
gene expression in complex diseases such as cancer. The epistatic (second or higher order)
information would allow more refined prognostic evaluation that may help clinical treatments.
Furthermore, epistatic analysis could be useful for identifying hub genes involved in prognosis
and help to identify the major genetic risk factors and pathways in breast cancer.

In this work, we utilized the breast tumor RNA-seq data from The Cancer Genome Atlas
(TCGA) as well as microarray-based expression datasets from Gene Expression Omnibus
(GEO) to detect differentially expressed genes in various subsets of breast cancer patients, to
identify genes whose expression profile is associated with survival of breast cancer patients
and to examine the influence of co-expression of a second gene in the survival of patients. This
analysis identifies specific gene groups differentially expressed between early-onset vs. late-
onset breast cancer, between ductal vs. lobular carcinoma, between early vs. advanced stage
breast tumors and tumor of various receptor status. Furthermore, epistatic interactions among
these genes demonstrate the gene-gene interactions in patient survival and identify several
hub genes that may be important determinants of breast cancer.

2. Statistical analysis of gene expression data

A global change in gene expression is a common theme in many human cancers. High-
throughput techniques such as microarrays and next generation sequencing allow investiga-
tors to observe and compare the transcriptional landscapes of tumor cells in different biological
states [13-18]. In this work, we integrated multiple gene expression data from several large-
scale breast cancer studies to improve the assessment of differential gene expression in breast
tumor cells and to effectively increase statistical power.

We collected 3,188 breast cancer related Affymetrix expression microarray data from GEO
(http://www.ncbi.nlm.nih.gov/geo) from the following 16 series: GSE2603, GSE4922, GSE2990,
GSE3494, GSE6532, GSE9195, GSE7390, GSE20194, GSE20271, GSE20685, GSE25066,
GSE16391, GSE19615, GSE42568, GSE45255 and GSE50948. We also obtained 1,172 breast
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invasive carcinoma (BRCA) RNA-seq Level 3 data from TCGA Data Portal (http://tcga-
data.nci.nih.gov/). The demographic and clinicopathological characteristics of the breast
cancer patients from each study were also retrieved.

2.1. Processing of gene expression data and differential gene expression analysis

The CEL files obtained from microarray experiments were pre-processed by subjecting to
quality check using Bioconductor in the R environment to ensure comparability between the
different series and microarray platforms. The following quality measurements from the
simpleaffy and affy packages were performed: average background (avbg), scale factor (sfs),
percent present (percent.present), and possible RNA Degradation (AffyRNAdeg) of the array.
Additionally, the relative log expression (RLE) and normalized unscaled standard error
(NUSE) was also estimated using the affyPLM package. 466 arrays that did not pass the quality
control tests were removed. For the 2,722 arrays that had sufficient quality, the quantile
normalization and background correction were performed using the justRMA (robust multi-
array average) algorithm of the affy package and the gene (probe set)-level log2-transformed
expression values were summarized with Custom CDF file annotations (version 18.0.0. ENSG)
[19]. Lastly, the COMBAT method available in the inSilicoMerging package was used to remove
batch effect when combining the final expression data from the HG-U133A and HG-U133 Plus
2.0 arrays [20]. The RMA-normalized expression values from microarrays and the raw count
data from RNA-seq datasets were then analyzed using the edgeR package [21]. The differen-
tially expressed genes were selected with a threshold of FDR adjusted P-value < 0.05.

2.2. Chinicopathological characteristics of breast cancer patients

We include 2,722 breast cancer patients from various microarray-based studies (referred as
GEO cohort) and 1,052 breast cancer patients from the TCGA project (referred as TCGA cohort)
following differential gene expression analyses (Table 1). All patients were women in the GEO
cohort with a median age of 53 years. The patients from the TCGA cohort were older with a
median age of 58 years and approximately 96% of patients were women. There was a signifi-
cant amount of clinicopathological data not available from the GEO cohort as noted in Table
1. In both cohorts, there were more stage I/II breast cancer cases than advanced stage cases,
and invasive ductal carcinoma (IDC) being the major histological subtype diagnosed. The data
also contained status of tumor receptors such as the estrogen receptor (ER), progesterone
receptor (PR) and HER2 which are frequently used prognostic factors to aid therapeutic
decisions. Many patients were positive for the ER and/or PR, and/or negative for the HER2
receptor.

No. of Patients
Characteristic

Microarray (n = 2722), % RNA-seq (n =1052), %

Sex

Male 0 0.0% 11 1.0%
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No. of Patients

Characteristic
Microarray (n = 2722), % RNA-seq (n =1052), %
Female 2722 85.4% 1005 95.5%
Missing data 0 0.0% 36 3.4%
Median Age (range) 53 (24-93) 58 (26-90)
Younger than 40 300 11.0% 71 6.7%
40 to 55 1184 43.5% 365 34.7%
Older than 55 1224 45.0% 580 55.1%
Missing data 14 0.5% 36 3.4%
Stage
Early (Stage I and II) 1236 45.4% 751 71.4%
Late (Stage III and 1V) 370 13.6% 246 23.4%
Missing data 1116 41.0% 55 5.2%
Histologic Subtype
IDC 500 18.4% 754 71.7%
ILC 32 1.2% 168 16.0%
Mixed 47 1.7% 29 2.8%
Others 6 0.2% 64 6.1%
Missing data 2137 78.5% 37 3.5%
ER Status
ER positive 1710 62.8% 749 71.2%
ER negative 647 23.8% 222 21.1%
Missing data 365 13.4% 81 7.7%
PR Status
PR positive 1017 37.4% 650 61.8%
PR negative 684 25.1% 318 30.2%
Missing data 1021 37.5% 84 8.0%
HER?2 Status

HER?2 positive 202 7.4% 150 14.3%
HER?2 negative 946 34.8% 524 49.8%
Missing data 1574 57.8% 378 35.9%
Female patients with a least one type of survival o B - S

data

Table 1. Patient characteristics of the GEO and TCGA cohorts.
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2.3. Differentially expressed genes in patients from different age groups

Differential gene expression analysis was performed to identify over- and under-expressed
genes specific to tumors derived from young, middle-aged and elderly breast cancer patients.
As presented in Figure 1, there were very few middle-aged-specific expression signatures,
indicating that the gene expression pattern of middle-aged patients was not significantly
different from the young adults and/or elderly patients. In contrast, the elderly breast cancer
patients possessed a high number of differentially expressed genes specific to this age group.
IPA analysis of the differentially expressed genes from tumor cells obtained from older patients
have decreased cell proliferation, movement, migration and cell cycle progression (activation
z-score between -2.677 and -1.611) and increased cell death (activation z-score = 1.321). On the
contrary, tumor cells from young patients were predicted to have increased proliferation of
cells and DNA synthesis (activation z-score between 2.000 and 2.117) and decreased cell death
and apoptosis (activation z-score between -0.586 and -0.299).

Young-Dn

Sizeof gach st
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Figure 1. Number of significantly over- and under-expressed genes in the three age groups presented with the jvenn
Venn diagram viewer [22].

It is interesting to note that 14 genes that were over-expressed in young patients were under-
expressed in elderly patients, and conversely, 15 genes under-expressed in young patients
were over-expressed in elderly patients (Table 2). Several of these genes such as BIRC5
(survivin), KPNA2, PLACS8 (onzin), TFPI2, CITED2, NKX3-1, PIP and ZNF395 have been found
to play a role in cancer cell proliferation and cancer progression [23-28].

Type Symbol Entrez Gene Name Location Typel(s)
BIRC5 baculoviral IAP repeat containing 5 Cytoplasm Other
Young-Up DCX doublecortin Cytoplasm Other
Elderly-Dn Extracellular
GAL galanin/GMAP prepropeptide Other

Space
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Type Symbol Entrez Gene Name Location Typel(s)
HN1 hematological and neurological expressed 1 Nucleus Other
KPNA2  karyopherin alpha 2 Nucleus Transporter
NOL11 nucleolar protein 11 Nucleus Other
NUP85  nucleoporin 85kDa Cytoplasm Other
PLACS8 placenta-specific 8 Nucleus Other
polymerase (RNA) III (DNA directed)
POLR3G Nucleus Enzyme
polypeptide G
PSMA4  proteasome alpha 4 subunit isoform 1 Cytoplasm Peptidase
RAPGEFL1 Rap guanine nucleotide exchange factor Other Other
Extracellular
TFPI2 tissue factor pathway inhibitor 2 Other
Space
UCHL1 ubiquitin carboxyl-terminal esterase L1 Cytoplasm Peptidase
XDH xanthine dehydrogenase Cytoplasm Enzyme
ATP-binding cassette, sub-family C, member Plasma
ABCCé6 Transporter
6 Membrane
ACAA1  acetyl-CoA acyltransferase 1 Cytoplasm Enzyme
CCDC28A  coiled-coil domain containing 28A Other Other
Transcription
CITED2  Cbp/p300-interacting transactivator Nucleus
regulator
CLMN calmin (calponin-like, transmembrane) Cytoplasm Other
CTDSPL  small CTD phosphatase 3 isoform 1 Nucleus Other
CTSF cathepsin F Cytoplasm Peptidase
Young-Dn FMO5 flavin containing monooxygenase 5 Cytoplasm Enzyme
Elderly-Up Plasma Transmembrane
GPC4 glypican 4
Membrane receptor
KIF13B kinesin family member 13B Cytoplasm Other
NDST1  N-deacetylase/N-sulfotransferase (heparan) Cytoplasm Enzyme
Transcription
NKX3-1 ~ NK3 homeobox 1 Nucleus
regulator
Extracellular
PIP prolactin-induced protein Peptidase
Space
ZNF385D  zinc finger protein 385D Nucleus Other
ZNF395  zinc finger protein 395 Cytoplasm Other

Table 2. Concordant differentially expressed genes identified in the young and elderly breast cancer patients.

2.4. Differentially expressed genes in patients with early stage versus advanced stage breast
cancer

We compared the gene expression profile of patients diagnosed with early stage (stage I and
II) breast cancer with those with advanced stage (stage III and IV) breast cancer. We identified
79 over-expressed and 140 under-expressed genes in early stage breast cancer. IPA analysis
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showed 121 of the total 219 differentially expressed genes were associated with cancer (P-value
= 4.81E-02), and 24 were specifically associated with breast cancer (P-value = 3.25E-03, Table
3). Also, there were 17 under-expressed genes in early stage breast cancer (i.e. over-expressed
in advanced stage tumors) that were found to be cancer recurrence-associated (ADORA3, FLT4,
GSR, HSP90AA1, TEK and TXNRD1) and metastasis-associated (ACP5, FLT4, FTL, GSR,
HSP90AA1, MAPK11, MMP9, NRAS, PGF, SCD and TEK). Interestingly, we detected over-
expression of the DNA methyltransferase DNMT1 in early stage tumors. In cancer cells, the
over-expression of this gene can lead to hypermethylation of CpG islands and epigenetically
silences multiple tumor suppressor genes and hence promotes tumorigenesis in early stage
cancers [29-31].

Symbol Entrez Gene Name Location Type(s) DE Status
ACP5 acid phosphatase 5, tartrate resistant Cytoplasm phosphatase Down
APOE apolipoprotein E Extracellular Space transporter Down
ARRB1 arrestin, beta 1 Cytoplasm other Down

CDKN1A  cyclin-dependent kinase inhibitor 1A Nucleus other Down
ETV1 ets variant 1 Nucleus transcription regulator Down
FLT4 fms-related tyrosine kinase 4 Plasma Membrane  transmembrane receptor Down
GPC3 glypican 3 Plasma Membrane other Up

GPR126 G protein-coupled receptor 126 Plasma Membrane G-protein coupled receptor ~ Down

HBB hemoglobin, beta Cytoplasm transporter Down

HIC1 hypermethylated in cancer 1 Nucleus transcription regulator Down

HSPI0AA1 heat shock protein 0kDa alpha Cytoplasm enzyme Down
(cytosolic)

HSPB7 cardiovascular heat shock protein Cytoplasm other Down

MMP15 matrix meta?loproteinase 5 Extracellular Space peptidase Down

preproprotein

MMP28 matrix metalloproteinase 28 isoform 1~ Extracellular Space peptidase Down
MMP9 matrix meta?loproteinase ’ Extracellular Space peptidase Down

preproprotein
NOS3 nitric oxide synthase 3 (endothelial cell) Cytoplasm enzyme Down

PPM1D protein phosphatase 1D Cytoplasm phosphatase Down

PSIP1 PC4 and SFRSI interacting protein 1 Nucleus other Up
PXN paxillin Cytoplasm other Down

S100A2 5100 calcium binding protein A2 Nucleus other Down
SELL selectin L Plasma Membrane transmembrane receptor Down
TAL1 T-cell acute lymphocytic leukemia 1 Nucleus transcription regulator Down

TEK TEK tyrosine kinase, endothelial Plasma Membrane kinase Down
TNC tenascin C Extracellular Space other Up

Table 3. The 25 differentially expressed genes associated with breast cancer in the early versus advanced stage
analysis.
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2.5. Differentially expressed genes in patients with Invasive Ductal Carcinoma (IDC) versus
Invasive Lobular Carcinoma (ILC)

The invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC) are the two major
histological subtypes of breast cancer. They also represented the main types of breast cancer
cases gathered in this study. We compared the gene expression profiles of patients with IDC
and ILC and identified 216 over-expressed and 126 under-expressed genes in IDC as compared
to patients with ILC. IPA analysis showed 66 genes were related to breast cancer (Table 4),
including 12 transcription regulators (ATF3, BTG2, EGR1, EZH2, FOS, FOSB, JUN, JUNB,
MTDH, STAT1, ZFP36 and ZNF423) and a translation regulator (EIF4EBP1). There were also
12 genes annotated as tumor suppressor genes in the TSGene database [32], where CDH],
DKK1 and S100A2 were over-expressed in IDC and BTG2, CAV1, EGR1, GPC3, MUC1, NR4A1,
SLIT2, TGFBR2 and ZFP36 were under-expressed in IDC. IPA predicted common upstream
regulators KDM5B, STUB1, CDKN1A, HIF1IA and TGFBI1 to be inhibited whereas FOXM1,
IFNB1, IFNG and PPARG were in activated states. Additionally, the activities of several disease
functions such as cell proliferation, invasion and DNA replication were predicted to be
increased in IDC (activation z-score between 1.342 and 3.092).

Symbol Entrez Gene Name Location Type(s) DE Status
ACACB  acetyl-CoA carboxylase beta Cytoplasm enzyme Down
aldehyde dehydrogenase 1 family,
ALDHI1A1 Cytoplasm enzyme Down
member Al
apolipoprotein B mRNA editing enzyme,
APOBEC3B Cytoplasm enzyme Up
catalytic
ATF3 activating transcription factor 3 Nucleus transcription regulator Down
BIRC5 baculoviral IAP repeat containing 5 Cytoplasm other Up
BTG2 BTG family, member 2 Nucleus transcription regulator Down
Plasma
CAV1 caveolin 1, caveolae protein, 22kDa transmembrane receptor Down
Membrane
Extracellular
CCL21 chemokine (C-C motif) ligand 21 cytokine Down
Space
Plasma
CD34 CD34 molecule other Down
Membrane
Plasma
CD69 CD69 molecule transmembrane receptor Down
Membrane
CDC20  cell division cycle 20 Nucleus other Up
Plasma
CDH1 cadherin 1, type 1, E-cadherin (epithelial) other Up
Membrane
Plasma
CDH3 cadherin 3, type 1, P-cadherin (placental) other Up
Membrane
Plasma
CDH5 cadherin 5, type 2 (vascular endothelium) other Down
Membrane

CDK1 cyclin-dependent kinase 1 Nucleus kinase Up
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Symbol Entrez Gene Name Location Type(s) DE Status
Extracellular
CXCL14  chemokine (C-X-C motif) ligand 14 cytokine Down
Space
Extracellular
CXCL2 chemokine (C-X-C motif) ligand 2 cytokine Down
Space
Extracellular
CYR61 cysteine-rich, angiogenic inducer, 61 other Down
Space
dickkopf WNT signaling pathway Extracellular
DKK1 growth factor Up
inhibitor 1 Space
DNA replication and sister chromatid
DSCC1 Nucleus other Up
cohesion 1
DUSP1 dual specificity phosphatase 1 Nucleus phosphatase Down
EGR1 early growth response 1 Nucleus transcription regulator Down
EIF4EBP1  eukaryotic translation initiation factor 4E Cytoplasm translation regulator Up
EZH2 enhancer of zeste homolog 2 (Drosophila) Nucleus transcription regulator Up
FABP7 fatty acid binding protein 7, brain Cytoplasm transporter Up
FBJ murine osteosarcoma viral oncogene
FOS Nucleus transcription regulator Down
homolog
FBJ murine osteosarcoma viral oncogene
FOSB Nucleus transcription regulator Down
homolog B
Plasma
GPC3 glypican 3 other Down
Membrane
Plasma
GRB7 growth factor receptor-bound protein 7 other Up
Membrane
HSPBS8 heat shock 22kDa protein 8 Cytoplasm kinase Up
IER2 immediate early response 2 Cytoplasm other Down
insulin-like growth factor 1 (somatomedin  Extracellular
IGF1 growth factor Down
Q) Space
insulin-like growth factor binding protein ~ Extracellular
IGFBP6 other Down
6 Space
ITIH5 inter-alpha trypsin inhibitor heavy chain Other other Down
JUN jun proto-oncogene Nucleus transcription regulator Down
JUNB jun B proto-oncogene Nucleus transcription regulator Down
KPNA2  karyopherin alpha 2 Nucleus transporter Up
KRT6B  keratin 6B Cytoplasm other Up
Extracellular
MMP1 matrix metalloproteinase 1 preproprotein 5 peptidase Up
pace
Extracellular
MMP9 matrix metalloproteinase 9 preproprotein . peptidase Up
pace
MRPL13  mitochondrial ribosomal protein L13 Cytoplasm other Up
MRPL15  mitochondrial ribosomal protein L15 Cytoplasm other Up
MTDH  metadherin Cytoplasm transcription regulator Up
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Symbol Entrez Gene Name Location Type(s) DE Status
Plasma
MUCI mucin 1, cell surface associated other Down
Membrane
nuclear receptor subfamily 4, group A, ligand-dependent nuclear
NR4A1 Nucleus Down
member 1 receptor
Extracellular
ORM1 orosomucoid 1 other Up
Space
PCNA proliferating cell nuclear antigen Nucleus enzyme Up
PDK4 pyruvate dehydrogenase kinase, isozyme 4  Cytoplasm kinase Down
PGK1 phosphoglycerate kinase 1 Cytoplasm kinase Up
RFC4 replication factor C (activator 1) 4, 37kDa Nucleus other Up
RRM2 ribonucleotide reductase M2 Nucleus enzyme Up
S§100A2  S100 calcium binding protein A2 Nucleus other Up
Extracellular
SLIT2 slit homolog 2 (Drosophila) other Down
Space
Extracellular
SPP1 secreted phosphoprotein 1 cytokine Up
Space
SQLE squalene epoxidase Cytoplasm enzyme Up
signal transducer and activator of
STAT1 o Nucleus transcription regulator Up
transcription
TCP1 t-complex 1 Cytoplasm other Up
transforming growth factor, beta receptor Plasma
TGFBR2 kinase Down
I Membrane
Extracellular
TIMP4 TIMP metallopeptidase inhibitor 4 other Down
Space
TOP2A topoisomerase (DNA) II alpha 170kDa Nucleus enzyme Up
TPD52 tumor protein D52 Cytoplasm other Up
TYMS thymidylate synthetase Nucleus enzyme Up
UBE2C ubiquitin-conjugating enzyme E2C Cytoplasm enzyme Up
Extracellular
VEGFA  vascular endothelial growth factor A 5 growth factor Up
pace
ZFP36 ZFP36 ring finger protein Nucleus transcription regulator Down
ZNF423  zinc finger protein 423 Nucleus transcription regulator Down

Table 4. The 66 differentially expressed genes associated with breast cancer in the IDC versus ILC analysis.
2.6. Differentially expressed genes in patients with different receptor status

In the last part of the differential gene expression analysis, we sought to examine the differ-
entially expressed genes of breast cancer patients of different receptor status: (1) estrogen
receptor positive (ER+) versus ER negative (ER-), (2) progesterone receptor positive (PR+)
versus PR negative (PR-), (3) HER2 receptor positive (HER2+) versus HER2 negative (HER2-),
and (4) triple-negative breast cancer (TNBC, also known as basal-like breast cancer) versus
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non-TNBC. The Venn diagram in Figure 2 summarized the intersections between the differ-
entially expressed genes identified in the four assays. There were 57% and 65% of breast cancer
patients that were both ER+ and PR+ in the GEO and TCGA cohorts respectively; hence the
patient pools divided by the ER positivity for gene expression assays are similar to that divided
by the PR positivity. Because of this fact, it is not surprising to observe genes that were found
over- or under-expressed in the ER assay were also differentially expressed in the same
direction in the PR assay. Likewise, genes that were over-expressed in TNBC were under-
expressed in the ER and PR assays (n =74) and ER, PR and HER2 assays (n =35), and vice versa
for the under-expressed genes in TNBC (n =87 and 2 respectively).

FR-Up HE-Un PR MERL-Daan

Size of asch kst

Figure 2. Number of differentially up- and down-regulated genes in the ER, PR, HER2 or TNBC receptor status assays.

The GALNTG6 (polypeptide N-acetylgalactosaminyltransferase) and SCGB2A2 (secretoglobin)
are the two genes consistently over-expressed in ER+, PR+, HER2+ breast tumors but under-
expressed in TNBC. There were also 87 genes over-expressed in ER+ and PR+ breast tumors
and under-expressed in TNBC, including seven transcription regulators (EGR3, FOXAI,
GATA3, INSM1, NRIP1, TBX3 and XBP1) and 11 breast cancer associated genes (ABAT, AGR2,
CXCL14, GSTM3, HSPB8, MUC1, NR4A2, PGR, PIP, PLAT and PSD3). On the other hand, there
were more under-expressed genes (n = 35) shared among ER+, PR+ and HER2+ breast tumors
that were over-expressed in TNBC. Among these are four transcription regulators (ELF5, EN1,
FOXC1 and ZIC1) and 12 extracellular proteins (CHI3L1, CHI3L2, COL2A1, COL9A3, CRLF1,
KLK6, KLK7, MMP12, MMP7, PTX3, SERPINB5 and SOSTDC1), and some of these genes are
known TNBC-associated markers [33-37].
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3. Identifying survival-related genes of patients with breast cancer

In cancer survival analysis, survival time is often defined as the period of time from the
beginning of the medical process (treatment, surgery, etc.) until the death (or some other events
such as development of a particular symptom or to relapse after the remission of disease) of
the observed patient or until the end of observation. The goal of such analysis is to link the
time to event (i.e. survival time) to certain explanatory variables. New methodologies were
developed for calculating the survival probabilities using gene expression profiles when
genome-wide expression data becomes increasingly available in the past two decades [38-42].

In this work, we analyzed associations between breast cancer patient survival and gene
expression of breast tumors from published microarray and the RNA-seq datasets, denoted as
the GEO and TCGA cohorts respectively. Survival analysis was performed separately for each
cohort and the median times from diagnosis to death or last follow-up were 99.5 and 21.4
months in the GEO and TCGA cohorts respectively. We transform the expression values into
gene expression status (i.e. 0 for low expression and 1 for high expression) using the modified
auto_cutoff function of the R script available from the Kaplan Meier-plotter website (http://
kmplot.com/). The survival probability is calculated using the “survival” package and
modified kmplot function (http://biostat.mc.vanderbilt.edu/wiki/Main/TatsukiRcode#kmplot)
is used to plot Kaplan-Meier curves. The hazard ratio with 95% confidence intervals and log-
rank P-value are estimated using the Cox proportional hazards model. All analyses were
conducted within the R statistical environment.

3.1. Univariate gene selection and survival analysis

We extract the gene expression profiles of 1,694 genes that were found differentially expressed
(consistently in microarray and RNA-seq datasets) in any one type of the assays discussed in
section 2.3 to 2.6. We calculated the overall survival (OS), relapse-free survival (RFS) and the
distant metastasis-free survival (DMFS) of breast cancer patients with respect to the expression
status. DMFS is not calculated for the TCGA cohort due to unavailability of the time to distant
metastases information from patients in this cohort. The log-rank P-values were adjusted for
multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) method and
were used to select genes expression profiles significantly associated with survival.

We summarized the survival statistics, including the hazard ratios (an estimate of the ratio of
the hazard rate in the highly versus the lowly expressed patient group) and the estimated 2-
and 10-year survival rates in Table 5. There were about 24% OS-associated, 48% RFS-associated
and 51% DMFS-associated genes that have adjusted log-rank P-value <0.01 in the GEO cohort.
There were 23% OS-associated genes but only 1.3% RFS-associated genes in the TCGA cohort,
due to much fewer relapse/recurrence information in this cohort (adjusted log-rank P-value <
0.05). The breast cancer patients in the TCGA cohorts have lower overall survival (10-year)
than those from the GEO and both cohorts have similar RFS rates. In the DMFS analysis, 51%
of the differentially expressed genes were significant predictor of DMFS.
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Statistics GEO TCGA
Adjusted log-rank P-value cutoff 0.01 0.05
Overall survival (OS)
No. of genes associated with OS 414 (24.4%) 386 (22.8%)
Hazard Ratio > 1
No. of genes 192 134
2-year survival (low / high expression) 0.969, 0.923 0.968, 0.947
10-year survival (low / high expression) 0.798, 0.658 0.562, 0.369
Hazard Ratio <1
No. of genes 222 252
2-year survival (low / high expression) 0.918, 0.968 0.945, 0.970
10-year survival (low / high expression) 0.654, 0.787 0.382, 0.558
Relapse-free survival (RES)
No. of genes associated with RFS 811 (47.8%) 22 (1.3%)
Hazard Ratio > 1
No. of genes 344 7
2-year survival (low / high expression) 0.901, 0.840 0.949, 0.829
10-year survival (low / high expression) 0.685, 0.586 0.754, 0.555
Hazard Ratio <1
No. of genes 467 15
2-year survival (low / high expression) 0.845, 0.900 0.826, 0.946
10-year survival (low / high expression) 0.588, 0.684 0.538, 0.749
Distant metastasis-free survival (DMES)
No. of genes associated with DMFS 856 (50.5%) NA
Hazard Ratio > 1
No. of genes 384
2-year survival (low / high expression) 0.923, 0.863 NA
10-year survival (low / high expression) 0.755, 0.663
Hazard Ratio <1
No. of genes 472
2-year survival (low / high expression) 0.858, 0.926 NA
10-year survival (low / high expression) 0.667, 0.754

Table 5. Survival statistics according to gene expression profiles of breast cancer patients.

3.2. Cox regression analysis using the expression profiles of two genes

From the three survival data, i.e. OS, RES and DMFS, we selected the top 500 most significantly
survival associated gene expression profiles consistent in both cohorts to generate 124,750 two-
gene combinations and perform Cox regression analysis with two covariates (i.e. using the
expression status of each gene as a covariate).

There were 81,902 (65.7%) and 78,136 (62.6%) pairs whose expression signatures of both genes
remained predictors of OS in the GEO and TCGA cohorts respectively (P-value of the coeffi-
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cient estimates < 0.05). Of these, 31,189 pairs were mutual in the two cohorts and 234 gene-
pairs (consisting of 131 genes) had survival probability patterns greatly shifted compared with
the previous single-gene model. The strongest predictor pairs were COL16A1-ARHGEF3,
IGF1R-LTB, IGFIR-PTGDS, NPYIR-ARHGEF3 and SERPINA1-ACADSB, where the lower
expression of both genes in each pair was associated with lowest survival probabilities in all
five cases. The results were presented as Kaplan Meier plots in Figure 3A to E.

Figure 3. The Kaplan Meier plots of five OS-associated gene-pairs that also gained most changes in survival probabili-
ties compared to the matching univariate approach.
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The same analysis was also performed for RES in the GOE and TCGA cohorts, and 85,244 (68.3%)
and 64,049 (51.3%) pairsweresignificant predictors of RESrespectively (P-value of the coefficient
estimates <0.05). We found 22,165 significant pairs common in the two cohorts and 1,130 gene-
pairs (consisting of 276 genes) whose survival probability patterns had greatly shifted com-
pared with the single-gene model. The most significant RFS-associated pairs were ADM-
MYBPC1, DIRAS3-TANC2, KIFC1-ADORA3, PDSS1-DIRAS3, STMN1-ADORAS (Figure 4).
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Figure 4. The Kaplan Meier plots of five RFS-associated gene-pairs that also gained most changes in survival probabili-
ties compared to the matching univariate approach.
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Lastly, we also make use of the DMFS data available from the GEO cohort to demonstrate the
improvement of epistatic gene-pair approach in predicting survival probabilities. Of the
124,750 two-gene combinations, 122,751 (98.4%) were significant predictors of DMFS in breast
cancer patients. The high percentage of strong two-gene predictors derived from the DMFS

analysis was most likely due to the already high numbers of strong single-gene predictors as
shown in Table 5. We further distinguished 228 gene-pairs (consisting of 138 genes) whose
survival probability patterns had greatly shifted compared with the single-gene model. Six
most significantly improved DMFS-associated pairs were MMP15-SPDEF, TRIB3-ETV1,
TRIB3-PLD1, TRIB3-TRIM2, TRIM2-KRT14 and XBP1-TRIB3 (Figure 5).
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Figure 5. The Kaplan Meier plots of six DMFS-associated gene-pairs that also gained most changes in survival proba-
bilities compared to the matching univariate approach.
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3.3. Differentially expressed survival-associated hub genes and gene-pair candidates

As mentioned in the section 3.2, we have identified 234, 1,130 and 228 OS-, RFS- and DMFS-
associated gene-pairs (consisting of 131, 276 and 138 genes respectively) that showed improved
predictive performance. Some of these genes may be paired with many partners while
remaining highly significant. In Table 6, we list five genes that have high number of pairing
possibilities and also common in OS, RES and DMFS analysis.

No. of Gene-pairs GEO RFS log-rank P
Genes oS RFS DMFS single covariate multiple covariates
MEOX1 6 18 0 4.94E-08 3.43E-11 (C30rf18) ~ 4.02E-08
PPAP2B 37 14 0 1.27E-04 1.07E-10 (ADM) ~ 7.17E-05
PRPF38B 8 49 0 3.41E-02 1.04E-12 (DIRAS3) ~ 1.17E-02
SERPINA1 7 20 22 3.21E-05 2.30E-12 (CDT1) ~ 2.34E-05
XBP1 0 11 5 1.97E-03 2.47E-13 (DIRAS3) ~ 1.11E-03

Table 6. Five hub genes that associated with more than one type of survival data.

oS RFS DMFS
Gene-Pairs DE Status of Gene 1 DE Status of Gene 2
HR1 HR2 HR1 HR2 HR1 HR2
C30rf18-PPAP2B 051 051 066 064 - - Her2+ Down Elderly Down
IGF1R-KLRB1 039 060 072 073 - - ER+Up /TNBC Down IDC Down
ER+ Up / PR+ Up / Her2+
NME5-PPAP2B 051 056 077 067 - - Elderly Down
Down / TNBC Down
Early Stage Up
ER+Up / PR+ Up / Her2+
PRPF38B-RAMP3 056 058 080 062 - - (i.e. Advanced Stage
Down / TNBC Down
Down)
Young Down / ER+ Up /
ER+Up / PR+ Up / TNBC
GATA3-SERPINA1 062 041 - - 0.56 0.56 D PR+ Up / Her2+ Down /
own
TNBC Down
Elderly Down / ER+ Young Down / ER+ Up /
PSATI-SERPINA1 161 044 - - 153 056 Down/PR+Down/ PR+ Up / Her2+ Down /
TNBC Up TNBC Down
Early Stage Down
MMP15-SLC44A4 - - 1.29 075 1.69 0.60 ER+/TNBC Down

(i.e. Advanced Stage Up)

Table 7. The gene-pairs that associated with more than one type of survival data.

There were also seven gene-pairs that were significantly associated with more than one type
of survival data (Table 7). By incorporating the differential expression information we derived
previously, we may observe that the TNBC patients were noticeably having worse survival
outcomes than non-TNBC patients as TNBC is known to be an aggressive breast cancer subtype
[43, 44]. For example, both GATA3 [45, 46] and SERPINA1 were found significantly under-
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expressed in TNBC cases and the low expressions of both genes were correlated with poor OS
and DMFS. Additionally, the over-expression of PSATI1 and the under-expression of SERPI-
NA1in TNBC patients also correlated with poor OS and DMFS. Moreover, the over-expression
of MMP15 relating to advanced stage breast cancer and the under-expression of SLC44A4
associated with TNBC are predictors of cancer recurrence as well as distant metastases.

4. Conclusion and perspectives

In section 2 of this chapter, weidentified 1,694 genes that were differentially expressed in breast
cancer patients of three age groups, early versus advanced stage breast cancers, invasive ductal
versus invasive lobular breast cancers, and patients of various receptor status. While some of
these genes are known to participate in the biological and genetic pathways that lead to breast
cancer and many are novel findings. In section 3, we showed that more than 20% the differ-
entially expressed genes were associated with at least one type of survival data. Our data
indicated improved predictive performance when using a multivariate approach of combining
the expression of two genes in the assessment of survival data. Perceivably, the gene pairs
found in the epistatic analysis could provide useful pictures in gene interactions in breast
carcinogenesis.

Breast cancer is a heterogeneous and complex disease where researchers and doctors have
implemented different classifications (be it molecular, pathological, genetic or prognostic) to
aid disease diagnosis and treatment decision. In the future, we hope to use the gene expression
profiles of multiple survival-associated biomarkers to sub-classify patients of different types
of breast cancer, and ultimately allow medical practitioners to derive better disease assessment
and treatment decision.
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1. Introduction

MicroRNAs (miRNAs) are a recently discovered class of endogenously expressed, single
stranded, non-protein coding RNAs of about 19-25 nucleotides in length, that bind to the 3’
un-translated regions (UTR) of target messenger RNAs (mRNAs) through complementarity
with the first 2-8 nucleotides at the 5° end of the miRNA. They play important roles in diverse
biological and pathological processes, through the regulation of gene expression at both
transcriptional and post-transcriptional level [1,2]. The miRNA-mediated gene regulation is
part of alarger mechanism known as RNA interference which involves other regulatory RNAs;
small interfering RNAs (siRNA), which induce silencing of specific mRNA through comple-
mentary nucleotide sequences, and piwi-interfering RNAs (piRNAs) which, through similar
mechanisms, induce silencing of active mobile elements to maintain germ line integrity and
fertility. To date, over 1000 miRNAs and 16,228,619 predicted mRNA target sites have been
identified, affecting over 30% of the human genome [3]. What makes them important players
in regulating protein expression is the ability of a single miRNA to interact with more than
one target gene (due to the imperfect matching between miRNA and its target which still
produces a functional effect). In addition, a single gene can be regulated by multiple miRNAs.
Currently, around 200 human transcription factor-miRNA relationships have been described
and collated into the TransmiR database [4]. These include transcription factors such as Nanog
and Oct3/4, [5], hormones such as estradiol [6], and tumor suppressor genes such as p53 [7].
Since the initial reports of the miRNAs lin-4 and let-7 as developmental regulators of Caeno-
rhabditis elegans (C. elegans) [8,9], there have been numerous studies describing the involvement
of miRNAs in normal cellular function as well as in various disease conditions, such as cardiac
arrhythmias [10,11], fibrosis [12,13], remodeling [14,15], metabolic disorders [16], diabetes [17],
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Alzheimer and Parkinson's disease [18], autoimmune disorders (e.g. systemic lupus eryth-
ematous, rheumatoid arthritis and multiple sclerosis) [19], stroke [20] and schizophrenia [21].

This chapter will summarise and discuss recent evidence elucidating the role of these newly
discovered regulators of gene expression in cancer pathogenesis, with particular emphasis on
breast cancer.

1.1. Biogenesis of miRNAs

The biogenesis of mature miRNA is a multistep process which requires the contribution of
various enzymes, binding proteins and transporters. In the nucleus, miRNAs are transcribed
from either intra-or inter-genic regions by RNA polymerase II to form the primary miRNAs
(pri-miRNAs), structures of approximately 1-3 kb in length [22]. These are initially cleaved by
RNase III enzyme Drosha, and the double-stranded RNA-binding partner protein Pasha
(DiGeorge Syndrome Critical Region 8 Protein), into stem-loop structures of approximately
50-70 nucleotides, with a 3* overhang of a few nucleotides, termed precursor-miRNAs (pre-
miRNAs) [23,24]. These pre-miRNAs are then transported into the cytoplasm by a nuclear
exporter protein termed Exportin-5 (RanGTP-dependent dsSRNA-binding protein) [25]. Once
in the cytoplasm, the pre-miRNAs are further cleaved from their terminal loops into double-
stranded oligonucleotides of approximately 18-24 bp in length into mature miRNA, by RNase-
III Dicer: miRNA* duplexes [26]. These strands are then separated and one of them becomes
a mature miRNA molecule to be incorporated with several argonaute (AGO) and other
proteins into an RN A-induced silencing complex (RISC) which either perfectly or imperfectly
hybridises with its target mRNA. In case of near-perfect to perfect matching, this results in
mRNA cleavage and degradation by the action of mRNA processing bodies [27,28,29,30], while
translational inhibition or sequestration of mRNA from the translational machinery results in
the case of imperfect matching [27,31]. In either event, the end result is ultimately reduced
protein levels. In vertebrates, most of the miRNA-mRNA interactions are of imperfect
complementarity at the 5* end seed sequence [32], unlike the plant miRNA-mRNA interactions
which generally target via perfect complementarity [33]. It has been suggested that the miRNA
star strand is often degraded, but some evidence suggests that it plays a role in the regulation
of miRNA homeostasis and other downstream effects [34,35]. For example, ectopic expression
of miRNA-24-2 star strand in the estrogen receptor (ER) positive breast cancer cell line MCF-7,
results in suppression of cell survival, through the targeted suppression of protein kinase Cax
(PKCa), and decreased tumor formation when injected into nude mice [36]. Recent evidence
suggests the existence of alternative miRNA biogenesis pathways not involving Drosha
activity, from introns that bear hairpin structures similar to Drosha processed pre-miRNAs.
These miRNAs are termed mitrons [37,38,39]. Both pathways merge at the point of cytoplasmic
transfer via Exportin-5. In addition, another new group of miRNAs (termed smitrons) has been
described as splicing-independent mitron-like miRNA, which require Drosha activity but not
splicing, DGCRS or Dicer activity [40,41,42,43]. Their subsequent mechanism of processing
into the RISC is unclear. These events are illustrated in Figure 1.
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Figure 1. miRNA biogenesis. Following transcription by RNA polymerase II from intergenic, intronic or polycistronic
regions, the primary transcripts (pri-miRNA) are processed by drosha/DGCR8 enzyme complex into approximately 70
nucleotide pre-miRNA hairpin structures. Two other pathways involving short intronic hairpins have been described;
mirtrons that are spliced and processed via a debranching enzyme (DRB1), and simtrons that are processed by drosha
in cooperation with an unknown factor. All enter the cytoplasm through Exportin-5/RAN-GTP activity (except for the
simtron-derived molecule which is processed by other undefined mechanisms) and are further processed by dicer/
TRBP into a duplex form which then associates into an RNA induced silencing complex (RISC). Within this, RNase H
activity degrades the passenger strand and the antisense strand guides the complex to its target mMRNA sequence in the
3’ UTR sequence downstream of the open reading frame (ORF). Perfect base pairing results in mRNA degradation,
and permitted imperfect matching, in mRNA de-stabilisation, both of which result in translational blockade.

1.2. Physiological role of miRNAs

Aside from their major function of inducing mRNA target gene degradation or translational
inhibition, several specific actions of miRNAs have been reported. One such is in senescence-
associated transcriptional gene silencing; an event triggered by cancer-initiating or promoting
events, through repression of proliferation promoting genes regulated by a retinoblastoma
protein (RB)/E2F repressor complex. For example, AGO2, RB1 and lef-7 interact to repress RB1/
E2F-target genes in senescence in premalignant cancer cell lines, which may contribute to
tumor suppression [44]. In addition, miRNA can positively regulate gene expression by
targeting promoter elements of protein coding genes, a phenomenon known as RNA activation
(RNAa). For example, transfection of miRNA-373 and its precursor (pre-miRNA-373) into the
prostate cancer cell line PC-3, resulted in the induction of E-cadherin and cold-shock domain-
containing protein C2 (CSDC2) expression [45]. Also, miRNA-744,-1186 and-466d-3p can
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induce the expression of cyclin B1 in mouse cell lines and lead to chromosomal instability and
tumor suppression in vivo [46].

A diverse range of biological processes appear to be at least partly regulated by miRNAs. These
include early development and developmental timing [47,48], hematopoietic lineage differ-
entiation [49], cellular differentiation, proliferation and apoptosis [50,51,52], development and
function of innate [53,54,55,56] and adaptive [57,58,59,60] immune response, neurotransmitter
synthesis [61], viral replication [62], insulin secretion [63] and cardiac rhythm [64].

1.2.1. Development

Genetic deletion studies indicate that some developmental processes are absolutely
dependent on miRNAs. In C. elegans, miRNAs play a role in locomotion, body size and egg
laying [65]. For example, lin-4 and let-7 control the timing of larva development [8,66];
severe defects in germline development and embryonic morphogenesis was evident in dcr-1
mutant worms [67]. In Drosophila, cell division defects were evident in dicer-1 mutant
germline stem cells, with marked reduction in the rate of germline cyst production and cell
cycle control (delayed G1 to S transition) [68]. Mice null in Direc-1 and AGO-2, did not
survive beyond embryonic day (ED) 7.5 [69]. Some miRNAs show temporal expression
profiles during mouse prenatal development (at ED 9.5, 10.5 and 11.5); miRNA-2 and-193
showed specific expression in mouse embryo at ED 10.5 suggesting a role in developmen-
tal transitions [70]. In human embryonic stem cells, about 14 miRNAs were found to interact
with developmental transcription factors such as POU class 5 homeobox 1 (OCT4), sex
determining region Y (SRY)-Box 2 (SOX2), and Nanog Homeobox (NANOG) [70]. Some
miRNAs, such as 142 and 181, were shown to be specifically expressed in hematopoietic
tissues, suggesting a role in morphogenesis [71], while Dicer and AGO gene family (mainly
AGO-1 and 2) transcripts were restrictively expressed at ED 11.5 and 14.5 in specific organs
including brain, neural tube, limb, lungs and hair follicles, with significant expression in
lung tissues undergoing branching morphogenesis [72]. Dicer-1 deficient mouse lungs
exhibit defective morphology, with significant apoptosis in the epithelium [73].

Involvement of miRNAs in the development of the cardiovascular system [74] is reflected by
variable expression/activity of miRNAs such as-126,-143,-145, and-218 [75]. miRNA-1 has a
unique expression profile in cardiac myocytes and plays a critical role in heart development,
by influencing cardiac morphogenesis, electrical conduction and cell-cycle control [76]. It is
strongly expressed during heart development between ED 8.5-11.5 and represses the expres-
sion of heart and neural crest derivatives expressed-2 (Hand-2) transcription factors, which
are responsible for ventricular cardiomyocyte differentiation [77]. In the nervous system, Dicer
deficient zebra fish show defects in neuronal cell differentiation and development [78]. In
mammals, miRNA-124 and-128 are highly expressed in neuronal progenitor cells and mature
neurons, and are considered to be the main regulators of neuronal development [79,80,81].
miRNA-124a is thought to constitute 25-50% of the total brain miRNA population, and is
implicated in switching brain progenitor cells into a neuron lineage [82]. miRNA-134 plays a
role in central synaptic function [83,84]. miRNAs are also implicated in the development of
skeletal muscles; miRNA-1 is abundantly expressed in the muscle progenitor cells and



MicroRNA in Breast Cancer — Gene Regulators and Targets for Novel Therapies
http://dx.doi.org/10.5772/59428

differentiating muscle [77], and facilitates myotube formation [85] by interacting with muscle
differentiating factors such as serum response factor (SRF), myocyte enhancer factor-2 (MEF-2)
and myogenic regulatory factors (MRFs) [77].

1.2.2. Differentiation

miRNAs have been shown to play an important role in the differentiation of pluripotent
embryonic stem (ES) cells which gives rise to more than 200 cell types in the adult body.
Differential expression has been observed during ES cell differentiation, with decrease in
miRNA 290-295 cluster and-296, and increase in miRNA-21 and-22 [86]. Mice oocytes with
targeted deletion of Dicer, failed to produce any miRNA, resulting in failure of cell division,
in part due to disorganized spindle formation, reflecting the importance of maternal miRNAs
in the earliest stages of embryonic development [87]. Over-expression of miRNAs 290-295/302
could overcome the proliferation defects of Dgcr8 mutant mouse ES cells, whereas over-
expression of Let-7 could rescue them from their differentiation defects [79]. Reduced expres-
sion of Let-7 was seen in breast tumor initiating cells (BT-IC), and its forced expression
markedly reduced BT-IC proliferation and the proportion of undifferentiated cells, with
subsequent reduction in tumor size and metastasis through reduced expression of its targets,
H-RAS and HMGAZ2 [88].

2. Involvement of miRNAs in etiology of cancer

Numerous miRNAs are involved in controlling the activity of intracellular signaling molecules
(e.g. MAPK, PI3K/PTEN, NFkB, TGF(, Notch, and Hedgehog) which are critical in regulating
multiple processes linked to cancer pathogenesis such as proliferation, apoptosis, angiogenesis
and immune function, emphasizing their potential value in cancer classification, as diagnostic
biomarkers for staging, predictive markers of prognosis and response to therapy, and as
therapeutic targets [89,90,91]. For example, miRNA-21 is described as a positive-feedback
regulator of MAPK/ERK1/2 pathways. Its own expression is induced by the activation of
ERK1/2, whose activity it then increases by repressing negative regulators of ERK/MAPK.
Stimulation of HER2/neu signaling enhances MAPK/ERK phosphorylation, which results in
enhanced miRNA-21 levels and increased invasive capacity of HER2/neu expressing breast
cancer cells, by repression of the metastasis suppressor protein; programmed cell death 4
(PDCD4) [92]. The miRNA-200 family have been reported to target the downstream mediators
of the TGF-f3 pathway, ZEB-1 and-2, resulting in inhibition of the epithelial to mesenchymal
transition process (EMT), with subsequent suppression of metastasis in various cancer cell
lines including those of the breast [93,94]. Interestingly, ZEB1 reduces the expression of the
miRNA-200 cluster and hence promotes EMT in a feed-forward manner [95]. Let-7 directly
targets the Ras proto-oncogene which plays a major role in cancer pathogenesis [96]. Phos-
phatase and tensin homolog (PTEN), considered one of the main negative regulators of the
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway, is targeted by various
miRNAs including miRNA-21,-26a,-221, and-222 [90]. miRNA-21 enhances proliferation,
survival and migration in cancer cells through targeting of PTEN, leading to enhanced PI3K
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activity [97]. The role of the transcription factor, NF«xB, is well established in cancer patho-
genesis, and some evidence suggests that several miRNAs, such as-301,-146,-155, and-9,
indirectly activate it by inhibiting the NFkB repressing factor (NKRF) [98,99].

A multiplicity of factors, that include chromosomal instability, genomic mutations and
polymorphisms, epigenetic changes, alterations in synthetic pathways, promoter methylation,
or changes in the activity of their transcriptional factors, modify the expression of miRNAs
[29,86]. For example, single nucleotide polymorphism (SNP) type mutations in miRNA-146a
can predispose for development of various tumors [100,101,102] including those of the breast
[103]. Specific G/C polymorphisms (rs2910164) in miRNA-146a precursor leads to increased
production of the mature form, which binds to and modulates the BRCA1 and BRCA2 genes,
whose activity is a predisposing factor for early onset familial breast cancer [103].

Although miRNAs have been found to be both over-as well as under-expressed in cancer cells
as compared with normal tissues, the more frequent observation is one of decreased expres-
sion. For example, whereas miRNA-21 is elevated, miRN As-126,-143, and-145 are all decreased
inmost (~ 80%) types of tumors [104]. This means that miRNAs can function both as oncogenes
(e.g.-9,-17-92 cluster,-21,-27a,-103,-106,-107,-125b, and-155) or more often, as tumor suppressor
genes (e.g. let-7,-15a, 16-1, 23b, 29a/b/c, 34a, 124, 133, 137, 143, 145, 192, and 215)
[102,105,106,107,108,109,110,111].

Analysis of dysregulated miRNA expression may also have prognostic relevance in many
cancers; for example, metastatic breast tumors show elevated miRNA-10b and reduced
miRNA-126,-206, and-335 levels [112,113]. A recent report suggested that higher expression of
miRNA-126 and-10a in breast cancer patients was associated with longer relapse-free survival
[114]. The detection of circulating miRNA in plasma and serum also presents these molecules
as potential novel biomarkers for cancer and other diseases. A pilot study showed that
miRNA-155 serum levels could be a significant index to distinguish patients with breast cancer
from healthy individuals, and serum levels of miRNA-34 could indicate disease prognosis
[115]. Another report [116] suggested that four miRNAs,-215,-299-5p,-411, and-452, that were
differentially expressed between serum samples from patients with metastatic breast cancer
and healthy volunteers, could be used as biomarkers for detection and staging; requiring only
a blood sample. Heneghan et al [117] demonstrated increased serum levels of miRNA-195 in
breast cancer patients (as compared with healthy control subjects), which were then decreased
(together with let-7a) after curative tumor resection. Molecular classification of non-BRCA1/2
hereditary breast tumors into four distinct subgroups, on the basis of their miRNA expression
profiles, was used in a recent report to search for novel susceptibility pathways in hereditary
breast cancer [118]. Furthermore, high expression of let-7, miRNAs-21,-23, and-27a has been
linked with drug resistance in ovarian cancer [119]. miRNA-452 was shown to be significantly
down-regulated in adriamycin-resistant, as compared with the parental MCF-7 breast cancer
cells; modulating its level partially reversed the adriamycin-resistance, by targeting insulin-
like growth factor-1 receptor (IGF-1R) [120].
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3. Role of miRNAs in EMT

3.1. Pathways of the EMT process

Cellular transition from epithelial to mesenchymal phenotype (EMT) and vice versa (MET) was
first identified as a physiological event occurring during embryonic development [121].
Currently, it is well established that the EMT process is a hallmark event occurring in a number
of disease conditions including breast cancer [122]. In our laboratory, it has been demonstrated
that EMT can be induced in breast cells in vitro, in parallel with development of endocrine
resistance induced by blockade of ERa function, and this results in enhanced cellular prolif-
erative and invasive capacity [123,124]. During the EMT process in vivo, individual epithelial
cells lose their cell-cell and cell-matrix contacts and apico-basolateral polarity, and gain a
mesenchymal phenotype which enables them to dissociate from the tumour mass, invade into
and interact with the extracellular matrix (ECM) before entering blood and lymphatic vessels.
Many phenotypic changes occur during this process; these include loss of cell-cell adhesion as
aresult of reduced E-cadherin and catenins expression in adherens junctions, reduced claudins
and occludins expression at tight junctions and reduced expression of various epithelial
cytokeratins such as KRT8, 18 and 19, which presumably aids in disruption of cytoskeletal
connections that maintain tissue architecture [123]. Various transcription factors such as WNT,
NOTCH, TWIST, ZEB1/TCF8, ZEB2, SNAIL, SLUG, GOOSECOID, FOXC1/2, E12/E47 and
TCF3, and downstream mediators of several growth factor receptors such as TGFp, IGF1R,
epidermal growth factor receptor (EGFR), platelet derived growth factor receptor (PDGFR),
fibroblast growth factor receptor (FGFR), and signaling molecules PI3K/AKT, mTOR, ERK/
MEK, and MAPK all play important roles in the EMT process, which has been described in
detail previously [122,123,125]. In addition, the stroma of neoplastic tissues and hypoxia can
also induce EMT through the production of hypoxia induced factor (HIF-1c) [123].

3.2. miRNAs implicated in the EMT process in breast cancer

miRNA can either induce or inhibit the EMT process by modulating various target genes
(Figure 2)

3.2.1. Inducers of EMT

miRNA-9: miRNA-9 is up-regulated in breast cancers relative to normal tissues [126]. It
showed a thousand-fold increase seen in c-myc-induced mouse mammary tumours [127], and
its level was significantly elevated in primary breast tumours from patients with diagnosed
metastases, in comparison with those from metastasis-free patients [128]. This is consistent
with its higher expression in HER2+and triple-negative (ERa-ve/progesterone receptor (PR)-
ve and HER2-ve) tumours, in comparison to luminal subtypes, and in tumours with advanced
T stage, high histologic grade, p53 over-expression and high proliferation index, as well as in
tumors with mesenchymal-like phenotype (high vimentin, low E-cadherin) [129]. Ectopic
expression of miRNA-9 leads to an EMT-like conversion in human mammary epithelial cells
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in vitro. These become scattered with spindle-like morphology and exhibit a significant
decrease in E-cadherin and increase in vimentin [128].

miRNA-24: TGF-{ acts both as a tumor suppressor in early-stage adenomas, through its ability
to inhibit cell growth and, as an important promoter of the EMT process during late stages of
cancer progression [130]. Expression of miRNA-24 was significantly increased in breast cancer
cell lines which had undergone TGF-B-induced EMT through targeting the guanine nucleotide
exchange factor NetlA; an important activator of Rho kinase [131,132]. In addition, Papadi-
mitriou et al [131] showed that miRNA-24 levels are up-regulated in metastatic compared with
primary breast tumor samples with mesenchymal phenotype.

miRNA-29: N-myc interactor (NMI) is a cytokine-inducible protein that interacts with several
transcription factors important in tumour progression such as STATs, myc, BRCA1, TIP60 and
SOX10 [133,134], and loss of NMI expression promotes EMT by the activation of TGFf
signaling pathway [135]. A recent report by Rostas et al [136] showed increased levels of
miRNA-29 in the highly invasive mesenchymal-like breast cancer cell lines, and its over-
expression in breast cancer cells expressing robust level of NMI resulted in decreased NMI
expression and increased invasion, whereas treating cells with miRNA-29 antagonist increased
NMI expression, reversed EMT, and decreased invasion, suggesting a novel inverse regulatory
relationship of NMI and miRNA-29 in breast cancer.

miRNA-29a: enhanced miRNA-29a and reduced tristetraprolin (TTP, a protein involved in the
degradation of mRNAs with AU-rich 3' UTRs) was observed in breast cancer patient samples
with invasive phenotype. Over-expression of miRNA-29a induced EMT and metastasis in Ras-
transformed mouse mammary epithelial cells through suppression of TTP [137].

miRNA-103/107: enhanced miRNA-103/107, and reduced expression of the RNase III endo-
nuclease Dicer, was observed in breast cancer cell lines with highly invasive mesenchymal
phenotype. Over-expression of miRNA103/107 induced Dicer down-regulation and induction
of EMT, with subsequent enhancement in invasive capacity. Furthermore, miRNA103/107
could induce EMT by decreasing miRNA-200 (which negatively regulates EMT), and control-
ling the levels of ZEB1/2 in a miRNA-200-dependent manner [138,139].

miRNA-106b-25 cluster: the expression profile of this miRNA cluster in human breast cancer
patients significantly correlates with metastatic phenotype and shorter relapse free survival.
Over-expression induced EMT in breast cancer cell lines, with reduced E-cadherin and
increased expression of mesenchymal markers such as [3-catenin, Jagl, MMP-9 and vimentin,
as well as increasing the percentage of cells with tumor initiating characteristics (CD24"°v
CD44"); typical of mesenchymal cells. This cluster also induced EMT by enhancing the action
of the metastatic regulator Six1 (a major mediator of the TGF-p-initiated EMT promoting
pathway) and by targeting the inhibitory Smad? protein, which results in increased levels of
the TGF-f type I receptor and downstream activation of TGF-f3 signaling [140].

miRNA-155: Johansson et al [141] have demonstrated that miRNA-155 could mediate a switch
in TGFf effect, from tumor suppression to induction of EMT both, in breast cancer cell lines,
and in MMTV-PyMT mice. Treatment of mouse mammary gland epithelial cells with a
synthetic miRNA-155 mimic repressed the level of the mammary epithelium differentiation
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factor CCAAT-enhancer binding protein beta (C/EBPf) and induced EMT in response to
TGEFp treatment; loss of E-cadherin expression, induction of vimentin, and enhanced meta-
stasis and invasion, both in vitro and in vivo.

miRNA 221/222: miRNA-221/222 induces EMT and subsequent enhancement in invasion by
decreasing expression of epithelial-specific genes while increasing expression of mesenchy-
mal-specific genes, in part through stimulation of the transcription factor FOSL1 (Fra-1) and
reduction of adiponectin receptor 1 (ADIPOR1). miRNA-221/222-mediated reduction of E-
cadherin was effected through targeting of the 3' UTR of the GATA family transcriptional
repressor TRPS1 (tricho-rhino-phalangeal syndrome type 1), and modulating ZEB2 levels
[142,143,144]. Lambertini et al [145] showed that miRN A-221can induce EMT in MDA-MB-231
cells by directly targeting SLUG, a master regulator of the EMT process. Another recent report
showed that the secreted form of miRNA221/222 serves as a signaling molecule which plays
a pivotal role in the induction of tamoxifen resistance in the ER+ve breast cancer cell line
MCEF-7; this can be blocked by anti-miR221/222 treatment [146].
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9 E-cadherin, vimentin 7 SETDBL, STAT3
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Figure 2. Regulation of EMT in breast cancer cells. miRNAs can act as either inducers or inhibitors of EMT by in-
creasing (blue) or decreasing (red) the expression of various target genes as indicated.

3.2.2. Inhibitors of EMT

miRNA-7: Zhang et al [147] showed that miRNA-7 expression was significantly reduced in
cancer stem cells isolated from MDA-MB-231 and MCE-7 cell lines, and down-regulates the
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oncogene SETDBI by targeting the 3'UTR of the mRNA. Over-expression of miRNA-7
suppressed the EMT-like characteristics of MDA-MB-231 cells, as reflected in the observation
that these cells became less scattered and lost their spindle-like morphology, increased E-

cadherin and reduced vimentin expression. This was in part due to reduced expression and
activity of STAT3.

miRNA-124: as mentioned previously, this miRNA is highly expressed in the brain and plays
a crucial role in neural development. Recent evidence suggests that it is also involved in cancer
pathogenesis, with reduced expression seen in various cancers, including the breast. Its
expression was inversely correlated to histological grade. Its over-expression could repress
many of the mesenchymal characteristics of highly metastatic breast cancer cell lines (e.g.
MDA-MB-231 and B-549) [148] by reducing SLUG expression, through direct interaction with
its 3’-UTR region.

miRNA-145: Hu ef al [149] have demonstrated that the expression of miRNA-145 was de-
creased in breast tumor tissues with invasive phenotype, and its over-expression in various
breast cancer cell lines leads to enhanced E-cadherin expression, reduced expression of
fibronectin, ZEB1/2 and SNAIL, and inhibition of EMT by targeting Oct4.

miRNA-200 family and miRNA-205: expression of the miRNA-200 family (miR-
NA-200a,-200b,-200c,-141 and-429) and miRNA-205 were found to be significantly reduced in
breast cancer cell lines with mesenchymal phenotype, but high in E-cadherin expressing cells
with epithelial characteristics. Similarly, their expression was lost in regions of metaplastic
breast tumours with mesenchymal characteristics and lacking E-cadherin expression [94].
Enforced expression of miRNA-200 alone was sufficient to prevent EMT induced by TGEf3
stimulation [94]. ZEB-1 (TCF8/deltaEF1) and ZEB-2 (SMAD-interacting protein 1 [SIP1]/
ZFXH1B), which are able to initiate EMT by binding to E-boxes within the E-cadherin pro-
moter, repressing its transcription, were the main target genes for these miRNAs [150]. Over-
expression of miRNA-200 could induce MET in both normal and cancer cell lines and reduce
the motility and invasiveness of MDA-MB-231 by enhancing E-cadherin expression [151,152].
Chen et al [153] demonstrated that the loss of miRNA-200c in breast cancer cells was correlated
with both EMT and acquired resistance to doxorubicin. In addition, decreased levels of E-
cadherin and PTEN, and increased levels of ZEB1 and phospho-Akt were seen in these cells,
which correlated with loss of miRNA-200c. Ectopic expression of miRNA-200c reversed all of
these changes, suggesting that miRNA-200c inhibits the acquired resistance of breast cancer
cells against doxorubicin through inactivation of the PI3K/Akt signaling pathway.

miRNA-375: this was reported to be significantly down-regulated in tamoxifen-resistant
(TamR) MCF-7 cells which had acquired a mesenchymal phenotype. Its re-expression re-
sensitized the TamR cells to tamoxifen, reversed the EMT process, and reduced invasiveness
by targeting the metadherin (MTDH) gene [154].

miRNA-448: suppression of miRNA-448 induced EMT in MCF7 cells, with characteristic
acquisition of a fibroblast-like cell morphology, dissolution of tight junctions (ZO-1), formation
of F-actin stress fibers, severe E-cadherin suppression and enhanced vimentin expression. In
addition, enhanced invasive capacity was also observed upon miRNA-448 inhibition in vitro.
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These effects were due to direct targeting of specific AT-rich sequence-binding protein-1
(SATB1) mRNA, leading to elevated levels of amphiregulin and EGFR-mediated TWIST1
expression, as well as NF-«B activation through the MAPK and PI3K/Akt pathways. On the
other hand, over-expression of miRNA-448 in MDA-MB-231 cells (which otherwise express
very low levels), leads to MET and decreases cell migration and invasion. Similar effects were
also observed in vivo where miRNA-448-silenced MCEF-7 cells (which are usually poorly
invasive) showed a spindle-like morphology, with islands of cancer cells that had invaded the
muscle and lung tissues when injected into the left flank of nude mice [155].

3.2.3. Role of p53 in EMT and miRNA expression

Deletions and/or mutations in p53 are frequently involved in the pathogenesis of many human
cancers including those of the breast (mutated in 25-30% of breast cancers) [156,157]. Kim et
al [158] observed that p53 prevented EMT in primary hepatocellular carcinomas by repressing
ZEB1 and 2 in a 3'UTR-dependent manner. Furthermore, p53-induced ZEB1/2 repression was
mediated through up-regulation of various miRNAs; -141, -192, -193b, -194, -200b, -200c, -215,
-224, and -34a). p53 is able to positively modulate miRNA-205 expression in triple negative
breast cancer cell lines, through regulation of two newly identified target genes, E2F1 and
LAMC1, resulting in reduced cellular proliferation [159]. In addition, p53 knockdown can
increase proliferation of both luminal and basal-like breast cancer cell lines, in part through
up-regulation of miRNA-134,-146a, and-181b. Over-expression of miRNA-146a leads to
decreased NF-kB expression and inhibition of the NF-kB-dependent extrinsic apoptotic
pathway (TNF, FADD, and TRADD) in basal-like cells expressing mutant p53, suggesting that
targeting miR-146a expression may have potential therapeutic value for reducing the aggres-
siveness of such tumors [160].

4. ER signalling, EMT and miRNA

Estrogen (E,), acting through ERa, plays a major role in controlling the normal growth and
development of mammary epithelial cells, as well as in the pathogenesis of breast cancer. E,
binding induces ER« activation by the dissociation of the inactive ER-heat shock protein
complex, leading to conformational changes, dimerization and autophosphorylation. The
activated dimer complex binds to either estrogen response elements (EREs) or to other
promoters such as the AP1/SP1 sites in target genes, to initiate events culminating in cellular
proliferation. Other target genes may include transcriptional repressors or initiate anti-
proliferative or pro-apoptotic function [161].

The mammary ducts are composed of an inner layer of luminal epithelial cells and an outer
layer of basal or myoepithelial cells. The majority of breast cancers arise from the luminal
epithelium of small mammary ducts, and are classified as luminal-A subtype, characterized
as low grade, weakly proliferative and invasive. These express ER«, PR, luminal associated
transcription factors such as GATA-3 and FOXA1, and epithelial markers such as E-cadherin
[162]. Luminal-A cancers can progress into more aggressive and metastatic forms through the
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EMT process. Although ERa plays a critical role in enhancing cellular proliferation, where
anti-estrogen therapy (e.g. tamoxifen) are the preferred treatment options, E,/ERa signaling
also promotes the differentiation of mammary epithelial cells along the luminal/epithelial
lineage and thereby opposes the EMT process. ERa stimulates the transcription factors required
for luminal differentiation such as GATA-3 and FOXA1 [163,164]. In fact, forced GATA-3
expression in mesenchymal-like breast cancer cells reduces their metastatic capabilities by
inducing MET [165]. ER signaling also suppresses EMT-promoting transcription factors such
as SLUG and SNAIL [166,167]. Furthermore, ER antagonizes signaling pathways that lead to
EMT, such as those of TGFf and NF«B. E,/ERa signaling has been shown to oppose the action
of TGFp in promoting EMT, by initiating formation of ternary complexes of Smad2/3 and
SmadE3 ubiquitin ligase smurf, thereby increasing the proteosomal degradation of Smad
proteins [168]. The NFkB subunit, RELB, is needed to maintain the mesenchymal phenotype;
ectopic expression of ERat in the presence of E, was shown to decrease RELB expression in ER-
ve cell lines [169,170].

In our laboratory, we have established several endocrine resistant breast cancer cell lines that
exhibit an ERa-depleted phenotype induced by shRNA transfection of the ER+ve MCF-7 cells.
Such cells have all gained estrogen independence and exhibit a series of changes in morphol-
ogy and enhanced motility and invasiveness accompanied by a modified gene expression
profile indicative of EMT. Microarray and real time-PCR analysis have confirmed the loss of
genes associated with epithelial cells such as E-cadherin, catenin, occludins, claudins, and
enhanced gene expression associated with mesenchymal cells such as N-cadherin, vimentin,
fibronectin, integrin (34 and a5, and various metalloproteinases [124,171,172]. This model of
endocrine resistance induced by ERa loss was also confirmed by others. Moreover, ectopic
ERa over-expression in ER-ve breast cancer cell lines reverses the EMT process through
enhanced E-cadherin and reduced SLUG expression [173].

The ERat mRNA has a long 3' UTR of about 4.3 kb which has been reported to reduce mRNA
stability and which bears evolutionarily conserved miRNA target sites, suggesting that it might
be regulated by miRNAs. Overall, ER-ve cells display generally lower levels of miRNA
expression. Of the miRNAs that are up-regulated there are distinct differences between ER-ve
and ER+ve cells (Figure 3).

Of note, miRNA-10b,-125, and-145 were significantly down-regulated in the majority of breast
cancer samples and cell lines, whereas miRNA-21,-17-5b,-29b-2,-146,-155, and 181b-1 were up-
regulated [126,174]. Estrogen has been shown to induce Dicer expression; loss of ERa may
contribute to reduced Dicer and consequently lower miRNAs levels in ER-ve cells. In addition,
some miRNA such as miRNA-29a, 103/107 and-200c, and let-7 inhibit Dicer expression and
thereby promote the EMT process [175,176,177,178]. Restoration of miRNA-200c in triple
negative breast cancer cells causes an increase in Dicer levels [176]. The expression of both
AGO-1 and-2 was reported to be significantly elevated in ER-ve cells [179]; forced expression
of AGO-2 enhanced breast cancer cell motility through reduced E-cadherin expression [180].
Understanding how miRNAs modulate ERa and its signaling pathway may offer new
therapeutic approaches to restore endocrine sensitivity and responsiveness to anti-estrogen
therapies, and reverse the EMT process, thereby reducing metastasis. The following section
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Figure 3. Up-regulation of miRNA expression in relation to ER status of breast tumours

describes individual miRNAs that have been shown to modulate ERa expression and hence
the EMT process (Figure 4).

miRNA-22: over-expression of miRNA-22 represses ERa expression through the 3'UTR
leading to reduction in estrogen signaling. This also leads to impaired estrogen-induced
proliferation of MCF7 breast cancer cells to an extent similar to that of ShRNA directed at the
ERa mRNA [181]. Similar findings were also reported by Xiong et al [182].

miRNA-145: transfection of miRNA-145 into ER+ve breast cancer cells significantly reduced
ERa protein levels through interaction of two miRNA-145 target sites within the coding region
of ERa mRNA, reducing the levels of its downstream target cyclin D1 [183].

miRNA-206: E,/ERa directly suppresses miRNA-206 levels [184], while the miRNA-206 itself
directly targets the mRNAs encoding components of ERa signaling molecules such as the
nuclear receptor co-activator proteins steroid receptor co-activator-1 (SRC-1) and-3 as well as
GATA-3 [184,185]. In addition, ectopic expression of miRNA-206 in ER+ve breast cancer cells
reduces endogenous ERa at both mRNA and protein levels and leads to enhanced invasive
capacity [186,187]. Moreover, miRNA-206 can also decrease the expression of DNA polymer-
ase Al subunits as well as the oncogenic receptor c-MET, while increasing the expression of
the tumor suppressor forkhead box O3 (FOXO3). Consequently, this leads to the inhibition of
cell proliferation, suggesting a role for miRNA-206 in repressing proliferation of ER+ve breast
cancer by enhancing myoepithelial differentiation and ERa silencing [30,184,188]. Enhanced
level/activity of EGF add its receptor (EGFR/HER1) is seen in mesenchymal type breast cancer
cells and may contribute to ER silencing though enhancement of miRNA-206 levels [184].
Ectopic expression of miRNA-206 in MCE-7 cells enhances IL-6 expression, which is known
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to induce EMT through STAT signaling. Also, it maintains its level by autocrine positive
feedback loops that involve NFkB or NOTCHS3 [189,190].

miRNA-221/222: expression of this pair of miRNAs was found to be higher in ER-ve compared
with ER+ve breast cancer cells. In this context, miRNA-221 and-222 can inhibit the translation
of the ERa mRNA [191]. Several studies have also suggested that ERa directly represses the
gene promoter region of both miRNAs by recruiting the co-repressors NCoR and SMRT [187].

GATA3
SRC-1/3

Cyclin CD c-MET
— —_— miRNA-206
FOX03

IL-6

i _ NFkB
NCOR| SMRT  \otch3

Figure 4. miRNAs that negatively regulate ER expression in breast cancer. These act either directly (miRNA-22), or
through up-(blue) or down-(red) regulation of other target mRNAs.

5. miRNAs and cell invasion

Cancer cell invasion is a multi-step process which involves dissociation of extracellular matrix
components by the action of various proteases and the subsequent movement of detached
tumor cells from the original tumor site to distinct organs, and is associated with poor clinical
outcome and reduced survival rates. Several miRNAs have been implicated in either enhanc-
ing or reducing cellular invasion by targeting various mRNAs that encode proteins crucial to
the process (Figure 5).

5.1. miRNAs with anti-metastatic actions

miRNA-7: expression of miRNA-7 was significantly reduced in cancer stem cells (CSCs)
isolated from breast cancer cell lines which demonstrated significant metastatic migration to
the bone and the brain. It attenuated the invasion and self-renewal of CSCs by enhancing the
expression of KLF4 [192]. A recent report also confirmed the anti-metastatic properties of
miRNA-7 both in vitro and in vivo by targeting the oncogene SETDB1 and showing decrease
in expression and activity of STAT3 in MDA-MB-231 cells [147].
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miRNA-18a: a recent report showed that over-expression of miRNA-18a in MDA-MB-231 cells
reduced cell invasiveness and sensitivity to anoikis and hypoxia in vitro, and primary tumor
growth and lung metastasis in vivo. On the other hand, its inhibition leads to a pro-metastatic
effect by targeting of the HIF1A gene [193].

miRNA-31: expression of miRNA-31 is reduced in several metastatic breast cancer cell lines,
and correlates inversely with metastasis in human breast cancer patients. Over-expression of
this miRNA in otherwise-aggressive breast tumor cells suppresses metastasis, whereas
inhibition of miRNA-31, by miRNA sponge strategy, induced metastasis in non-aggressive
breast cancer cells both in vitro and in vivo by enhancing the expression of several metastasis-
promoting genes including Fzd3, ITGA5, RDX, and RhoA [194].

miRNA-107: over-expression of this miRNA in MDA-MB-231 cells significantly inhibited cell
migration and invasion by targeting of the cyclin-dependent kinase 8 (CDKS8) gene [195].

miRNA-124: expression of miRNA-124 was significantly reduced in MDA-MB-231 compared
to MCEF-7 cells. Induced over-expression in MDA-MB-231 significantly inhibited cell migration
and invasion in vitro, in part through reduced SLUG and enhanced E-cadherin expression
[148,196]. In addition, reduced tumor formation and lung metastasis was seen in MDA-MB-231
cells over-expressing miRNA-124 when injected into the tail vein of nude mice [148]. Another
report confirmed its anti-metastatic role through its ectopic expression in MDA-MB-231 and
T47D cells, which significantly reduced their invasive capacity through targeting of flotillin-1
(FLOT1) [197]. Other evidence suggests that its anti-metastatic properties are exerted through
the suppression of several pro-metastatic genes such as connective tissue growth factor
(CTGF), Ras homolog family member G (RhoG), ITGB1 and ROCK1 [196].

miRNA-145: the expression of miRNA-145 was found to be reduced in breast cancer cells
compared to normal tissue, and its over-expression in various breast cancer cell lines (MDA-
MB-231, MCF-7, MDA-MB-468 and SK-BR-3) significantly reduced motility and invasiveness.
This effect was due to down-regulation of the cell-cell adhesion protein JAM-A and the actin
bundling protein fascin [198], and silencing of the metastasis gene mucin 1 (MUC1), with
subsequent reduction of beta-catenin as well as the oncogenic cadherin 11 [199].

miRNA-146a/b: over-expression of miRNAl46a/b in MDA-MB-231 resulted in marked
inhibition of migration and invasion due to reduced NF-«B activity. This was through
miRNA146a/b-induced down-regulation of two key regulators of this signaling pathway;
interleukin (IL)-1 receptor-associated kinase and TNF receptor-associated factor 6 [200].

miRNA-149: a recent report [201], showed reduced expression of miRNA-149 in basal
compared with luminal A/B, erbB2/HER? positive and normal-like cancers and cell lines. It
was also found to be inversely correlated with higher tumor stage. Over-expression of a mature
miRNA-149 mimic in MDA-MB-231 cells significantly reduced their spreading in culture; the
cells exhibited a depolarized actin cytoskeleton and failed to establish prominent cell protru-
sions and lamellipodia. Moreover, significant reduction in migration and invasion towards a
serum plus EGF gradient was observed in cells over-expressing miRNA-149. These effects
were due to decreased phosphorylation levels of src and rac, and to targeting of the small
GTPases rapla and raplb, the downstream effectors of the integrin receptor.
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miRNA-195-5p: a recent study demonstrated that over-expression of miRNA-195-5p signifi-
cantly inhibited MDA-MB-231 and MCEF-7 breast cancer cell invasion by targeting cyclin E1
and raf-1/Ccdnl genes respectively [202,203].

miRNA-223: over-expression of miRNA-223 in MDA-MB-231 significantly decreased cell
migration and invasion by down-regulating STAT5A [204].
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Figure 5. miRNAs involved in breast cancer cell invasion. miRNAs can act as either inducers or inhibitors of invasion
by increasing (blue) or decreasing (red) the expression of various target genes as indicated.
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miRNA-302a: expression levels of this miRNA was significantly decreased in metastatic breast
cancer cell lines and tumor tissues, and enforced expression of miRNA302a significantly
inhibited both in vitro and in vivo cell invasion, by inhibiting the CXCR4 gene [205].

miRNA-335: the expression of miRNA-335 and-126 was lost in human breast cancer tissues
from patients who developed metastasis and relapse. Restoring miRNA-335 expression in
highly metastatic breast cancer cell lines suppresses lung and bone metastasis in vivo through
targeting of the progenitor cell transcription factor SOX4, the extracellular matrix component
tenascin C, the c-Mer tyrosine kinase MERTK, and the receptor protein tyrosine phosphatase
PTPRN2 [112].

5.2. miRNAs with pro-metastatic actions

miRNA-9: over-expression of miRNA-9 in human mammary epithelial cells and the human
breast cancer cell line SUM149 resulted in significant increase in their motility and invasiveness
in vitro, through E-cadherin suppression. In addition, it led to increased (3-catenin activity as
well as vascular endothelial growth factor (VEGFA) expression in MCF7-RAS breast carcinoma
cells, with subsequent enhancement in their invasive capacity. Furthermore, miRNA-9
knockdown in the highly metastatic 4T1 mouse mammary tumour cells, inhibited lung
metastasis formation when injected into the mammary fat pads of syngeneic immunocompe-
tent mice in vivo [128].

miRNA-10b: the transcription factor TWIST induces the expression of miRNA-10b [206],
which is highly expressed in metastatic breast cancer cells and correlates with poor clinical
progression in patients with breast cancer. Transfection of the antisense inhibitor for miR-
NA-10b in MDA-MB-231 cells caused a significant reduction in the invasive properties of these
cells. Moreover, over-expression of this miRNA in otherwise non-metastatic breast tumour
cells (SUM149) initiates robust invasion and lung metastasis in vivo when injected into the
mammary fat pads of immunodeficient mice, by enhancing the expression of the pro-meta-
static gene RHOC [113]. In addition, miRNA-10b also targets another pro-metastatic gene
which influences breast cancer cells; the guanidine exchanger factor for rac activation [T-
lymphoma invasion and metastasis (TTAM1)] [207]. Furthermore, Ahmad et al [208] demon-
strated increased expression of miRNA-10b in the primary breast cancer specimens of patients
who subsequently developed brain metastasis compared to those who did not, suggesting that
miRNA-10b could serve as a prognostic factor for brain metastasis in breast cancer patients
and a potential target for anti-metastatic therapy.

miRNA-18b: expression of miRNA-18b was shown to be up-regulated in various breast cancer
cell lines and in clinical specimens of breast tumors. Inhibition of miRNA18b in breast cancer
cell lines significantly suppressed their invasive capacity by modulating several target genes
including NLRP7, KLK3, OLFM3, POSTN, MAGED4B, KIR3DL3, CRX, SEMG1, and CEA-
CAMS [209].

miRNA-21: suppression of the oncogenic miRNA-21 in MDA-MB-231 significantly reduced
invasion in vitro and lung metastasis in vivo through targeting of the tumour suppressor gene
tropomyosin 1 (TPM1), maspin, tissue inhibitor of metalloproteinase 3 (TIMP3), and the
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programmed cell death 4 (PDCD4) [92,210,211]. In addition, miRNA-21 is involved in HER2/
neu-induced cell invasion, which is mediated by the MAPK pathway [92].

miRNA-24: TGF-f treatment of breast cancer cell lines results in EMT and enhanced invasive
capacity. Down-regulation of miRNA-24 expression resulted in suppression of the TGF-{3-
induced cell invasiveness through NetlA regulation [131].

Has-miRNA-30c: enhanced expression of has-miRNA-30c was observed in MDA-MB-231
compared to the poorly metastatic MCF-7 cells. Transfection of has-miRNA-30c into MDA-
MB-231 cells significantly enhanced their invasive capacity towards conditioned osteo-
blast media, while transfection with anti-miRNA-30c had the opposite effect. This effect
was due to targeting and inhibiting of NOV/CCNB3, which has been described as an inhibitor
of invasion [212].

miRNA-221/222: up-regulation of miRNA-221/222 in breast cancer is associated with malig-
nancy and poor clinical outcome, while down-regulation of this miRNA is inversely correlated
with metastasis [112,213,214,215]. Falkenberg et al [216] reported that miRN-221/222 is a
significant prognostic marker for distinguishing sub-groups, particularly in advanced nodal
(LN+) and HER2+breast tumors, and its over-expression in T47D, MDA-MB-231 and SKBR3
cell lines markedly enhanced their invasive capacity through targeting of the serine protease
urokinase-type plasminogen activator (uPA).

miRNA-301a: a study by Ma et al [217] demonstrated that miRNA-301a was significantly up-
regulated in primary tumor samples with a metastatic phenotype, as well as in metastatic
breast cancer cell lines. In vitro over-expression of miRNA-301a in the non-invasive MCE-7
cells leads to significant enhancement in migration and invasion through targeting of PTEN
and activation of the wnt/p-catenin signaling pathway, while its inhibition in the invasive
MDA-MB-231 significantly decreased cell invasion. Furthermore, mice injected with miR-
NA-103a over-expressing MCF-7 cells displayed prominent lung metastasis, while mice
injected with MDA-MB-231 cells pre-treated with miRNA-103a inhibitor reduced the degree
of lung metastasis.

miRNA-373 and-520c: the expression of both these miRNAs (which are members of the same
family and share similar seed sequence [218]) was significantly up-regulated in clinical breast
cancer metastasis samples. Stable over-expression of miRNA-373 and-520c stimulated breast
cancer cell migration in vitro and in vivo by the suppression of the cell surface glycoprotein
CD44 through binding to the 3° UTR region of its mRNA [219]. In addition, miRNA-373
promotes cell invasion through targeting of sites in the promoter of E-cadherin mRNA [45].

miRNA-495: expression of miRNA-495 was significantly increased in both clinical breast
cancer tissue samples compared to adjacent normal breast tissue as well as in MDA-MB-231
compared to MCF-7. Over-expression of miRNA-495 significantly enhanced invasive capacity
of both cell lines, while its knockdown by miRNA-495 inhibitor showed the opposite effects.
Its pro-metastatic effect was due to targeting and inhibiting of the JAM-A gene [220].
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6. miRNAs implicated in breast cancer proliferation

Several miRNAs have been implicated in either enhancing or reducing cellular proliferation
by targeting various mRNAs that encode proteins crucial to the process (Figure 6).

miRNA-21: this was found to be highly expressed in breast tumors compared to normal breast
tissue biopsies. Suppression of miRNA-21 levels (using anti-miR-21 oligonucleotides) in
MCEF-7 suppressed cell growth in vitro as well as the tumor growth in the xenograft mouse
model in vivo. This effect was associated with increased apoptosis, down-regulation of the anti-
apoptotic protein bcl-2 [221], and modulation of several survival-related genes including
ACTA2, APAF1, BTG2, FAS, p21, PDCD4, and SESN1 [211].

miRNA-22: it is highly expressed in ER-ve breast cancer cell lines and in clinical samples with
mesenchymal phenotype. miRNA-22-mediates growth repression of ER+ve breast cancer cells
and it might serve as a potential therapeutic agent in the treatment of ER+ve cancers [182].

miRNA-26a/b: a recent study by Tan et al [222] demonstrated that forced expression of
miRNA-26a/b markedly inhibited E,-stimulated proliferation of ER+ve breast cancer cells in
vitroby modulating CHD1, GREB1 and KPNA?2 target genes. miRNA26a/b depletion enhanced
their proliferative capacity. In addition, injecting miRNA26a or by over-expressing MCF-7
breast cancer cells into nude mice, resulted in the formation of slower growing and signifi-
cantly smaller tumors compared with tumors derived from untreated MCF-7 injected mice.

miRNA-27a: it has been suggested that miRN A-27a enhances the proliferation of breast cancer
cell lines through targeting of genes that regulate the specificity protein transcription factors
(Sp) which are often over-expressed in tumors and associated with enhanced proliferative and
angiogenic capacity. Suppression of miRNA-27a (using anti-sense miRNA-27a) in MDA-
MB-231 resulted in growth suppression through increased expression of Myt-1 and the zinc
finger ZBTB10 gene (a putative Sp repressor), and increased levels of Sp1, Sp3, and Sp4. In
addition, decreased expression of Sp-dependent survival and angiogenic genes, including
survivin, VEGF and VEGEF receptor 1 (VEGFR1) was also seen after miRNA-27a suppression
[65].

miRNA-34c: the expression of miRNA-34c was significantly decreased in basal-like breast
cancer cells (MDA-MB-231, MDA-MB-468 and BT-549) and was associated with poor prog-
nosis. Its over-expression resulted in suppressed proliferation and increased cell death by
influencing the cell cycle mainly by inducing an arrest in the G2/M phase and down-regulation
of various cell cycle-regulators such as CCND1, CDK4 and CDK6. Furthermore, CDC23 was
identified as an miRNA-34c-regulated target that could be responsible for the induction of cell
cycle arrest [223].

miRNA-93: this miRNA induced MET in claudin-low SUM159 cells, and reduced their
proliferation level through down-regulation of TGFp signaling and multiple stem cell regu-
latory genes such as JAK1, STAT3, AKT3, SOX4, EZH1, and HMGAZ2. On the other hand, it
enhanced the CSC population in MCF7 cultures that display a more differentiated phenotype,
suggesting different effects based on cellular differentiation state [224].
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miRNA-107: the expression of miRNA-107 was decreased in breast cancer specimens com-
pared with adjacent normal tissues, and its over-expression significantly suppressed prolifer-
ative capacity, and induced arrest at G0/G1 phase in MDA-MB-231 cells. These effects were
due to down-regulation of CDKS target gene by miRNA-107 [195].

miRNA-124: expression of miRNA-124 was reduced in breast cancer tissues and inversely
correlated with TNM stage and lymph node metastasis. Its over-expression in MDA-MB-231
and T47D cells significantly inhibited their growth and proliferative capacity. This was due to
increased number of cells in the GO and G1 phase and decreased number in the S, G2 and M
phases [197]. The anti-proliferative function of miRNA-124 in MDA-MB-231 and MCF-7 cells
was seen as a consequence of targeting and inhibiting the E26 transformation specific-1 (Ets-1)
gene [225].

miRNA-145: expression of this miRNA was significantly lower in breast cancer cell lines, as
well as in primary human breast tumors as compared with normal breast tissues. Transfection
with a synthetic miRNA-145 precursor into several breast cancer cell lines produced a pro-
apoptotic effect, which was dependent on p53-mediated transactivation of PUMA [183].

miRNA-195-5p: this miRNA was significantly down-regulated in breast cancer tissues
compared to adjacent normal tissues, and over-expression of miRNA-195-5p in MDA-MB-231
cells inhibited their proliferative capacity and ability to form colonies, and caused G1 phase
arrest by targeting of cyclin E1 (CCNEL1) [202]. In addition, its over-expression also inhibited
the proliferative capacity of MCF-7 cells by targeting of raf-1 and Ccdn1 genes [203].

miRNA-196a: over-expression of miRNA196a in various breast cancer cell lines led to
reduction in their proliferative capacity by suppressing annexin A1 (ANXA1), a mediator of
apoptosis and inhibitor of cell proliferation [226].

miRNA-206: introduction of miRNA-206 into MCEF-7 cells inhibited cell growth in a dose-and
time-dependent manner [188], in part through inducing a significant block in Glphase [191].

miRNA-221/222: by targeting the cell cycle inhibitor p27(Kipl) [216,227], miRNA-221/222
enhanced ER-ve breast cancer cell proliferation. In addition, it also increased ER+ve cell
proliferation by stimulating cell transition from G1 to S phase [191]. Other reports have
suggested that miRNA-221/222 is involved in the EGFR-RAS-RAF-MEK signaling pathway
and down-regulates PTEN, leading to enhanced cell proliferation [228,229].

miRNA-486-5p: expression of miRNA-486-5p was reduced in breast cancer biopsies compared
to adjacent non-neoplastic tissues, as well as in various breast cancer cell lines. Its over-
expression in MDA-MB-231 and T47D significantly reduced their proliferative capacity in
vitro by inducing G0/G1 arrest and promotion of apoptosis. Furthermore, its over-expression
in MDA-MB-231 cells significantly inhibited xenograft tumor growth when injected subcuta-
neously into the right flank of nude mice. The oncogene PIM-1 was identified as a direct target
of miRN-486-5p, suggesting that the miRNA-486-5p/PIM-1 axis might be a useful therapeutic
target for prevention or treatment of breast cancer [230]. Zhao et al [231] demonstrated that
over-expression of miRNA-486-5p in SKBR3 cells inhibits HER3 expression and lowers its
downstream mediators, inhibits clonogenic potential, and enhances their sensitivity to
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trastuzumab or doxorubicin by repressing proliferative signal pathways mediated by HER3/
HER2/PI3K/AKT.

miRNA-769-3p: Luo et al (2014a) have shown that culturing MCF-7 cells under hypoxic
conditions followed by re-oxygenation enhanced the expression levels of various miRNAs
such as miRNA-769-3p,-501-3p,-2276, and-1282. Over-expression of miRNA-769-3p signifi-
cantly inhibited cell proliferation and enhanced apoptosis by targeting and inhibiting the
expression of the NDRGI gene, suggesting that miRNA-769-3p can functionally regulate
NDRGT1 during changes in oxygen concentration in breast cancer cells.
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Figure 6. miRNAs involved in breast cancer cell proliferation. miRNAs can act as either inducers or inhibitors of pro-
liferation by increasing (blue) or decreasing (red) the expression of various target genes as indicated.

7. miRNAs controlling the biosynthesis of other miRNAs

An example of miRNAs regulating the expression levels of other miRNAs was reported by
Martello et al [139]. They showed that miRNA-103/107 attenuated the global biosynthesis of
other miRNAs through targeting of the RNase-III Dicer. miRNA103-107 also specifically
down-regulated miRNA-200, which led to EMT, and subsequent enhancement in breast cancer
cell invasion, but without major impact on primary tumor growth.
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8. miRNAs as therapeutic agents

Several studies, as outlined above, have highlighted the contribution of various miRNAs in
multiple processes of tumor pathogenesis (proliferation, invasion, EMT and endocrine/
chemotherapy resistance), making them potential tools for applications as indicators in breast
cancer diagnosis and staging, as markers of response to therapy and as therapeutic agents/
targets for treatment. Unlike mRNAs, miRNAs (presumably due to their smaller size) are
relatively stable in formalin fixed tissue specimens and in the blood stream, which facilitates
their detection/measurement. There is opportunity to develop miRNA-based drugs that target
specific oncomiRs or replace down-regulated miRNAs which have tumor suppressor proper-
ties. Unlike other nucleic acid, protein or small molecule drugs, many miRNAs (such as
miRNA-31) have pleiotropic actions by which they can affect several related target genes; this
can have a desirable cumulative effect that has obvious advantages in treating multifactorial
diseases like cancer [194]. Of course it could also produce deleterious effects, so it is important
to identify all the potential targets of particular miRNAs.

The value of using miRNAs as diagnostic and/or prognostic signature in breast cancer is
currently receiving some attention. For example, miRNA-7,-128a, 210, and 516-3p can be used
as markers for distant metastases of ER+ve, lymph node-ve breast cancer cases [214], while
miRNA-210 can be used as marker for distant metastasis in triple —ve breast tumours
[214,232,233]. Some miRNAs could be used as markers for disease survival in ER+ve (e.g.
miRNA-128a,-135a, 767-3p) [234], ER-ve (e.g. miRNA-27b,-30c,-144,-150,-210,-342) [234], as
well as in triple negative breast tumours (e.g. miRNA-21,-205,-210,-221,-222) [235,236]. Also,
some miRNA such as-30a-3p,-30c, and-182 can be used as markers for response to adjuvant
tamoxifen treatment in advanced ER+ve cases [237], while miRNA-21can predict the response
to neoadjuvant trastuzumab treatment in breast cancer [213,238,239].

8.1. miRNA mimics

miRNA mimics, or replacement therapy, aims to restore normal levels of certain miRNAs that
are down-regulated. They usually carry the same sequence as the missing or deficient naturally
occurring miRNA. Introduction would be via viral or liposomal delivery [240].

8.2. Antagomirs

These are oligonucleotides that are chemically engineered to bind to a specific miRNA to
prevent it from interacting with its mRNA target. To increase their stability, they can be
chemically modified through the inclusion of 2’-O-methyl modified ribose sugars, 2’-O-methyl
ribose sugars with the addition of an extra 2’-O, 4'C methylene bridge sugar [241,242,243,244].
An example of an important miRNA in breast cancer pathogenesis is miRNA-21, which is
significantly up-regulated in breast tumors compared to normal tissue. Treatment of both ER
+ve and ER-ve breast cancer cells with anti-miRNA-21 oligonucleotides suppressed both cell
growth and migration in vitro and tumor growth in the xenograft mouse model in vivo
[213,221]. Furthermore, miRNA-21 has the capacity to sensitize breast cancer cells to some anti-
cancer agents such as topotecan and taxol [221]. Combination treatment of taxol with miR-
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NA-21 inhibitor significantly decreased the 50% inhibitory concentration (IC50) of taxol in
breast cancer cells when compared with taxol monotherapy. In addition, treatment of the
miRNA-21 inhibitor-transfected cells with taxol resulted in significantly reduced cell viability
and invasiveness compared with control cells [213]. Of note, the most developed miRNA-based
agent to date is the miRN A-122 inhibitor for the treatment of hepatitis C virus [245], but before
reaching clinical usage its interaction with other clinically used drugs should be extensively
studied.

8.3. miR masks

Another range of compounds that are under development are known as target masks [246], of
which there are several types. A target mask is conceptually an oligonucleotide whose
sequence has been designed to bind either to an endogenous miRNA (miR sponge) or to its
target on the mRNA (sponge miR mask). Whilst the binding of the sponge miR mask will
prevent the binding of all miRNA belonging to the same seed family [247], (and is therefore
miRNA seed specific and not gene specific), the miR mask blocks only a particular miRNA
from interacting with its target mRNA.

These interactions are illustrated in Figure 7.
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Figure 7. Manipulation of miRNA function. Endogenous miRNAs bind to target sequences in the 3" UTR regions of
their target mRNA, downstream of the open reading frame (ORF), to produce translational arrest. miRNA mimics are
synthetic oligonucleotide duplexes that have the same sequence as the endogenous miRNA and also produce the same
effect. Antagomirs (also called antimiRs) are oligonucleotides that have complementarity with the miRNA and bind to
it, preventing it from interacting with its target mRNA, thereby allowing normal mRNA translation. An miR mask is a
construct that is complementary to a sequence in the mRNA; this binding does not initiate mRNA degradation or
translational inhibition but prevents the endogenous miRNA from binding. The sponge miR mask differs from the
miR mask in that it binds to any mRNA with a similar target sequence and is therefore miRNA seed specific and not
gene specific.
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9. Summary

miRNAs are endogenously synthesized single stranded RNA molecules that are 19-25
nucleotides in length, which play a vital role in the regulation of gene expression.

Their exact mechanism of regulating gene expression is determined by the degree of
complementarity with their target mRNAs; perfect complementarity usually results in
mRNA degradation while permitted imperfect complementarity results in translational
inhibition.

miRNA biogenesis takes place in two phases; nuclear and cytoplasmic, both of which

include events mainly carried out by Drosha, Argonaute and Dicer.

The expression level of miRNA is mostly found to be down-regulated in cancers, and
miRNA-155 was the first to be found to actually induce tumorigenesis.

miRNAs are differently expressed in ER-ve vs ER+ve breast cancer cells; enhanced expres-
sion of miRNA-206,-221/222,-22, 150, and-29a was seen in ER-ve cells while enhanced
expression of miRNA-200c,-130a-26a,-142-5b,-201,-205,-25,-21 and let-7 family was seen in
ER+ve cells.

miRNA-221/222 targets and down-regulates ER«, induces EMT, and enhances breast cancer

cell invasion and proliferation.

miRNA-9,-24, and-155 induce EMT and enhance cell invasion.

miRNA-7 and-44 inhibit EMT and decrease cell invasion.

miRNA-124 and-145 inhibit EMT, and decrease cell invasion and proliferation.

miRNAs could be used as non-invasive biomarkers for the diagnosis and prognosis, and as
a promising therapeutic target for breast cancer.

miRNA mimicks, antagomiRs and miR masks are being developed as new ways to interfere
with miRNA regulation of gene translation in cancer cells.
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1. Introduction

Cancer, which has unrestricted cell growth with the potential to invade or metastasize to other
parts of the body is a complex group of diseases with many possible causes. The American
Cancer Society reported that the most common type of cancer and the leading cause of cancer-
related mortality among females in the world is breast cancer (BC), with about 235,000 new
cases expected in the United States in 2014. One in eight women has a chance of developing
BC in her lifetime.

Technological improvements in the last decade have helped researchers to understand this
complex disease more thoroughly. In spite of the presence of promising tools for breast cancer
therapy, the mortality rate of metastatic breast cancer cases is still high. Thus it is necessary to
identify significant therapeutic targets by investigating the molecular basis of the disease. In
recent years, studies aimed at determining the possible molecular mechanisms of breast cancer
have increased in number. Many treatment strategies have been developed. Nevertheless,
these methods induce a range of therapeutic responses and therapeutic resistance can develop
in breast cancer patients, therefore new methods must be developed.

MicroRNAs (miRNAs) have been reported as playing important roles in cancer development.
miRNAs are potential alternative therapeutic targets for cancer. They are also candidate
diagnostic and prognostic indicators of breast cancer. miRNAs are small non-coding RNAs
that bind to the 3' untranslated region of target mRNAs and down-regulate their translation
to protein or degrade the mRNAs. miRNAs play critical roles in many different cellular
processes including metabolism, apoptosis, differentiation, and development. They are also
linked to human diseases, including cancer. Since their initial discovery in 1993, during a study
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of the gene lin-4 in Caenorhabditis elegans, more than 2000 molecules have been identified in
humans, regulating the expression of almost 30% of genes.

miRNAs role as mainly in a tumor suppressive or oncogenic manner. Significantly increased
miRNA expression can cause differences in cancer initiation, progression, migration, invasion
and metastasis. If circulating extracellular miRNAs are detectable in plasma of BC patients,
they can supply novel, non-invasive biomarkers for BC diagnosis and prognosis. Furthermore,
new discoveries about miRNAs indicate that they may be involved in the response to chemo-
therapy or radiotherapy. For instance, MiR-21 is a significant BC-related intracellular and
extra-cellular biomarker and a therapeutic target with upregulated expression detected in
human BC tissues and cell lines, and plays a key role in all phases of BC pathogenesis. Today,
investigation of the association of miRNAs with breast cancer has advanced. miRNAs are being
utilized as diagnostic and prognostic biomarkers for patient stratification and also as thera-
peutic targets and agents in clinical laboratories.

Consequently, the aim of this chapter is to present the current knowledge and concepts
concerning the involvement of microRNAs in breast cancer. The oncogenic role of miRNAs in
BC etiopathogenesis and as treatment response predictors and therapeutic targets in BC
management will be described.

2. The regulation of MicroRNAs

MicroRNAs (miRNAs) are a class of endogenous small RNAs displaying a role in gene
regulation at the post transcriptional level in the cell. They have roles in the central dogma and
exist extensively in the genome of high level eukaryotic cells in which miRNA genes constitute
1-2% of introns or genes [1]. miRNAs control gene expression via transcription and translation
of genes, including mRNA deterioration and translation suppression. The removal of an
adenylate group is followed by loss of poly(A)-binding protein initiation 5' decapping, hence
promoting exonucleolytic digestion from the 5'end [2]. miRNA interferes with gene expression
through inhibition of translation. miRNAs can thereby independently stop translation,
beginning by a cap-dependent mechanism. For translationally active polysomes of lower mass
initiation is impaired [3]. Furthermore, recent studies indicate that miRNAs cause an m’ G cap-
dependent impediment to the recruitment of 80S ribosomes to mRNA [4]. As a result, the basis
of the cap binding affinity of the miRNA-binding protein Ago was identified, in which the cap
is inaccessible and thus unable to be bound to the initiation factor eIF4E [5]. Although, several
proteins interfere with mRNA degradation and translational repression, some of them are
necessary components of the RNA induced silencing complex (RISC) that transports those
small RNAs to complementary sites within mRNA [6]. miRNAs assert their silencing role
generally by interactions with the 3'-untranslated related RISC complex and can affect miRNA
targeting specificity. The result of these miRNA interactions is that they regulate a huge
number of protein coding genes. These targets include several signalling pathways, and their
effects trigger amplification of certain genes. miRNAs have characteristic roles in changing
cellular and signalling pathways which can induce cancer developmnet and progression [7]
(Figure 1).



MicroRNAs as Therapeutic Targets in Human Breast Cancer
http://dx.doi.org/10.5772/59681

miRNAs are transcribed by RNA polymerase II by using large RNA precursors known as pri-
miRNAs [8]. The variation of transcription factors just as of protein-coding genes regulate
transcription of miRNA genes [9]. The regulatory network of miRNAs and their targets is
complicated. A single miRNA can regulate various mRNAs, and conversely a single mRNA
can be targeted by a number of distinct miRNAs. Based on computational estimations, it has
been determined that miRNAs regulate one third of all human protein-coding genes [10].

Oncogenic
microRNAs

Tumor suppressor
microRNAs

Figure 1. The changes induced by miRNAs in breast cancer pathogenesis. The decreased of suppressive miRNA con-
trol inhibition on oncogenes in breast cancer. The upregulation of miRNA inhibits tumor suppressors. Both mecha-
nisms control gene expression and play specific roles in BC predisposition, initiation, cell proliferation, resistance to
apoptosis, invasion, angiogenesis, inflammation and metastasis in BC cells. (RISC: RNA-induced silencing complex)

3. Types of microRNAs

miRNAs are 20-21 nucleotides in length and regulate the expression of almost 30% of genes.
Approximately 706 miRNAs have been identified in humans. In the miRBase database there
are more than 5000 miRNAs that have been identified in various organisms, each with a
different genomic organization and different biogenetic mechanisms [11]. Since their initial
discovery in 1993, in a study of the gene lin-4 in Caenorhabditis elegans, more than 2000
molecules have been identified in humans so far, and these are involved in regulating the
expression of almost 30% of genes identified. The first microRNA gene to be discovered was
lin-4 in C. Elegans, a gene associated with development [12]. miRNAs have different roles in
gene regulation, and thereby control complex networks in eukaryotic organisms, including
hematopoietic cell differentiation, cell proliferation, apoptosis and organ development [13].

123



124 A Concise Review of Molecular Pathology of Breast Cancer

While clustering miRNA genes, they were stratified as hosted and non-hosted. miRNA clusters
generally contain between two to three miRNA genes, however there are also larger clusters.
For example, the human hsa-miR-17 cluster has six members [14].

Lately, the expression of an enormous cluster of 40 miRNA genes located in the ~1 Mb human
imprinted 14q32 domain was identified [15]. miRNA genes are clustered according sequence
similarities. However, some of them can differ [16].

These miRNAs have different roles in oncogenesis, tumor-suppression, cancer initiation,
progression and metastasis. Recent studies have shown that the miR-17-92 family contain
miRNAs which play a role in carcinogenesis. These miRNAs are miR-17, miR-18a, miR-19a,
miR-20a, miR-19b, and miR- 92a. The same polycistronic cluster are all transcribed from
chromosome 13. In mammals, the miR-106b-25 cluster on chromosome 7, and the miR-106a-363
cluster on the X chromosome are also two paralogs, miRNAs which have the same seed
sequence and can share the same targets. According to the 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 [1].

4. MicroRNA biogenesis and function

By using RNA polymerase II, miRNA joins transcription of pri-miRNA precursor generally.
In the nucleus, an endonuclease enzyme plays a role in the processing of the pri-miRNA and
conversion into precursor miRNA (pre-miRNA). The pri-miRNAs are processed to mature
miRNAs by the RNaselll family enzymes, Drosha and Dicer. Drosha and Dicer, the RNaselll
family enzymes, process the pri-miRNAs to mature miRNAs. The Drosha and pasha cleaves
pri-miRNA to pre-miRNA in the nucleus a nd subsequently Dicer processes it to a miRNA/
miRNA* duplex of ~20 bp in the cytoplasm. This constitutes the miRNA-induced silencing
complex, miRISC. miRNA (pre-miRNA) contain a stem loop secondary structure and have
80-100nt long sequences. Transportation of pre-miRNA from the nucleus to cytoplasm
happens thanks to Exportin-5. Translation of a complement messenger RNA is controlled by
the RNA induced silencing complex. Mature miRNA can detect and attach the 3" untranslated
regions of an mRNA from the core region, that is generally position 2-7 in the miRNA. High
complementarity is not required for regulation and a single miRNA can target multiple genes.
miRNAs have a variety of roles including the development of heart and skeletal muscle, cell
cycle control, different cell signalling pathways, neurogenesis, insulin secretion, cholesterol
metabolism, aging, immune responses and viral replication [17]. Furthermore, miRNAs
regulate histone modification and DNA methylation of promoter sites for expression of target
genes [18].

Some miRNAs, such as the miR-17/20 cluster, the miR-221/222 cluster, and the let-7 and miR-34
families, play important roles in cell cycle control by targeting cell cycle regulators. These
regulators include myc, E2Fs, and cyclin D1 which regulate miR-17/20 during transcription
which triggers regulation of translation levels of E2F, pRb, and cyclin D1. miR-15/16 inhibits
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cyclin D1, cyclin E, CDK4/6 and the miR-34 family suppresses E2F, cyclin D1, and cyclin E
expression and they, in turn, control cell cycle [11] (Figure 2).
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Figure 2. miRNAs in cell cycle regulation

miRNAs detect the specificity and sensitivity of post-transcriptional gene silencing. In order
to find out mechanisms of miRNA, provide a chance to get knowledge about biological
processes of organisms and covered reasons of diseases [19].

5. MicroRNAs and diseases

In eukaryotic organisms, altered expression of miRNAs can trigger disease development [20].
The association between human disease and miRNA dysregulation can be seen in miR2Dis-
ease, a publicly available database [21]. miRNAs play various roles in cell proliferation,
metabolism, apoptosis, development, neuronal gene expression, brain morphogenesis [22] cell
differentiation, muscle differentiation [23], cell growth and stem cell division [24, 25].

In addition, miRNAs have significant roles in cancer development. miRNAs make decisions
as to the fate of the cell [26]. miRNAs are regulated differently in each human cancer, with
some of them upregulated and others down-regulated [27].

miRNAs have been determined to play a role in most biological processes and different human
diseases including: cardiovascular disease [28], acute and chronic disease [29], neurodevelop-

125



126 A Concise Review of Molecular Pathology of Breast Cancer

mental diseases [30], autoimmune disease [31], liver disease [32], skeletal muscle disease [33]
and skin disease [34].

Scientists foresee that miRNA present an immense prospect in diagnosis as well as therapy of
diseases in thefuture. Recently, miRNA, antisense blocking and miRNA alteration techniques
have been considered as alternative treatments for different cancers [35].

6. MicroRNAs and cancer

Thanks to advancing technology, the genetic study of disease at the molecular level has
increased precipitously. The majority of these molecular studies are concerned with under-
standing cancer. At the molecular level, the etiology of cancer lies in various signalling
pathways. Cancer is a multifactorial disease with many different varieties which differ
significantly from one another. Due to its complexity and variety, common occurence and high
death rate, scientists have focused heavily on cancer research. In Singh and Mo’s reserach, they
indicated that miRNAs can be used to predict response to therapy as well as in prognosis in
clinical cases. To illustrate, a variety of anticancer agents, when combined with miRNA
reagents, such as anti-miR-21, result in more effective therapeutic approaches [7].

7. MicroRNAs and breast cancer

7.1. The role of MicroRNAs in breast cancer

Recently, the importance of microRNAs (miRNA/miRs) in cellular regulation has been shown.
Some miRNAs are oncogenic and are related to breast cancer. They cause metastasis and then
deregulation in cancer [36] (Figure 3). Circulating miRNAs can potentially be used to detect
and prognose cancer early [37]. While in this field there are no studies about treatment with
circulating miRNA, they can be used as a marker of chemoresistance in BC [38]. In the blood
plasma of patients with BC, let-7, miR-10b, miR-34, miR-155 and miR-200c are low, while
miR-21, miR-195 and miR-221 are abundant.. Plasma levels of these miRNAs were measured
and used to characterize treatment response [39].

In each breast cancer subtype, the expression and regulation of miRNAs in disease initiation
is different. In a comparison of 10 normal breast samples and 76 breast cancer samples, the
most significantly dysregulated miRNAs were identified as miR-125b, miR-145, miR-21 and
miR-155 [40]. These miRNAs play different roles in BC. In order to prove the miRNAs
capability of regulation of transition from ductal carcinoma in situ to invasive ductal carcino-
ma, 94 biopsies were analysed. Then, a nine-miRNA signature was identifiedin invasion, and
five miRNAs were identified in metastasis. The downregulation of let-7d, miR-210 and
miR-221 in ductal carcinoma in situ, and upregulation of them in the invasive transition is
indicated [41]. There are anumber of studies about miRNA in BC. In one of these, the peripheral
blood samples of 189 patients and89 healthy individuals were collected to determine charac-
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teristic miRNA genotyping and expression. miR-499, miR-146a and miR-196a-2 were detected
in postmenopausal patients and miR- 196a-2 was determined in premenopausal breast cancer
patients. This differs from healthy individuals [42]. In another study that included 23 BC
patients and10 controls, next-generation sequencing was used for analysis. Specific miRNAs
were found to be co-expressed in the serum and tissue of BC patients. miR-103, miR-23a,
miR-29a, miR-222, miR-23b, miR-24 and miR-25 are all upregulated. miR-222 has an especially
high level in the serum of BC patients and serves as a specific biomarker [43].
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Figure 3. Classes of miRNAs in breast cancer

7.2. Tumor Suppressor MicroRNAs in Breast Cancer

7.2.1. let-7 family

The Let-7 family is crucial for cell type determination during embryogenesis. This family was
first discovered in Caenorhabditis elegans and was one of the first two microRNAs to be
identified [44]. The subtypes of the let-7 family are: let-7a, let-7b, let-7c, let-7d, let-7e, let-7f,
let-7g, let-71, miR-98 and miR-202. They have functions in cell regulation, gene expression and
development. Lin28 regulates biogenesis of let-7 at the post- transcriptional stage [45].
Downregulation of let-7 causes different cancers. The role of let-7 was determined in stem cells.
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Let-7 was found to play role in self-renewal, differentiation and tumorigenicity in both breast
tumor initiating cells (BT-IC) and non-BT-IC, all of which were isolated from primary breast
cancer, Overexpression of let-7 family miRNAs decreases proliferation, leads to formation of
mammospheres by BT-ICs in vitro and tumor formation and metastasis in NOD/SCID mice.
Let-7 also targets H-RAS and HMGA2 and regulates BT-IC stem cell-like properties [46].

7.2.2. miR-200 family

The miR-200 family includes five subgroups: miR-200a, miR-200b, miR-200c, miR-141 and
miR-429. The miR-200 family suppresses EMT which is mediated via the regulation of E-
cadherin. The miR-200 family is not present in invasive breast cancer cell lines of mesenchymal
phenotype; also, these cell lines did not express e-cadherin. [47]. There is a correlation between
miR-200 family and E-cadherin, so it alters cell morphology. miR-200c controls breast cancer
cell migration, invasion, elongatioon and stress fiber formation, and metastasis targets FHOD1
and PPM1F which are direct regulators of the actin cytoskeleton. In addition, downregulation
of miR-200c is associated with drug resistance in human breast cancer. On the other hand, the
role of miR-200c family is not clear in metastasis. miR-200c controls regulation of PLCG1, BMI],
TGF-B2, FAP-1, ZEB and Suz12 [48]. Upregulation of the miR-200 family in metastatic 4TO7
cells regulates metastatic colonization [49].

7.2.3. miR-205

This miRNA is involved in the epithelial to mesenchymal transition (EMT) and tumor invasion
by targeting the transcriptional repressors of E-cadherin, ZEB1 and ZEB2 in breast cancer [50].
miR-205 is expressed at low levels in breast tumor as compared to normal breast tissue [51].
The observed down-regulation in breast cancer cell lines such as MCF-7 and MDA-MB-231 is
absent in the non-malignant cell line MCF-10A. It targets the HER3 receptor and vascular
endothelial growth factor A (VEGF-A) via interaction with a binding site in the 3'-untranslated
region (3'-UTR) of ErbB3 and VEGF-A. Also, activation of the downstream mediator Akt is
inhibited by miR-205 which has a role in the proliferation pathway mediated by the HER
receptor family [51, 52].

7.2.4. miR-145

When Iorio et al. compared normal breast tissue and breast cancer by microarray and northern
blot analyses, they found that miR-145 in downregulated in breast cancer. miRNAs can be a
novel biomarker for early cancer detection, because of its early appearance [53]. Spizzo et al.
also reported the relation of TP53 activation and miR-145 as pro-apoptotic. The target of
miR-145 may be estrogen receptor-a (ER-a) protein expression and cause apoptosis in both
ER-a positive and wild type TP53-expressing breast cancer cells [54]. The oncogene c-Myc,
which plays a role in cell proliferation and development in vitro and in vivo, is a target of
miR-145 [7]. The transcription factor p53 is mutated in breast cancer. Several miRNAs such as
miR-145 play a role in the trancriptional control of p53. There are different mechanisms in
response to DNA damage, cell cycle arrest, apoptosis associated with p53 [55] (Figure 4).
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Figure 4. The effect of miRNAs in the p53 pathway. A. The main genes involved in the posttranscriptional control of
p53. B. The mission of transcription factor p53 and activation of it by proteins and miRNAs. C. Post-transcription stage
of p53. An association between miRNAs, p53, and apoptotic genes was demonstrated [55].

7.3. Oncogenic MicroRNAs in breast cancer

Some miRNAs, which suppress the expression of antioncogenes in apoptosis, metastasis,
invasion and cell proliferation play roles as oncomirs and their expression is increased in breast
cancer [56]. The oncogenic miRNAs and their families have been identfied as miR-10, miR-15,
miR-16, miR-17~92 cluster, miR-18, miR-19, miR-20, miR-21 family, miR-92 miR-155, miR-569.

7.3.1. miR-10

miR-10a and miR-10b are subtypes of the miR-10 family and play a role in metastasis and
development [57]. The miR-10 family regulate Hox transcripts, and thus function in develop-
ment [58]. The dysregulation of this miRNA family was identified not only in breast cancer,
but also in colon cancer [59], melanoma [57], acute myeloid leukemia [60], glioblastoma [61],
hepatocellular carcinoma [62] and pancreatic cancer [63].
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The expression level of miR-10b is negatively correlated with E-cadherin, but it increases
metastasis, tumor size, and clinical staging. It was observed in a murine xeno- graft model of
breast cancer that when miR-10b is overexpressed, it increases invasion and migration [64].

7.3.2. miR-17

This miRNA was identified firstly as a member of the OncomiR-1. miR-17 plays a role in the
cell cycle with transcription factor E2F1 and leads to cancerous growth [65]. The miR-17~92
cluster is amplified in lymphomas [66]. Although researchers detected that this miRNA cluster
is downregulated in metastasis, miR-17-5p was different from them. It is expressed at very/
extremely high levels in invasive MDA-MB-231 breast cancer cells but not in non-invasive
MCEF-7 breast cancer cells. This group can cause migration in MCF-7 cells by targeting the
HBP1/p-catenin pathway and reduction of miR-17-5p suppresses the invasion of MDA-
MB-231 cells in vitro [67]. In addition, this miRNAs has subtypes including miR-18b, miR-19b,
miR-20a, miR-92, miR-93 and miR-106 which are found to be amplified in lymphomas [66, 68].

7.3.3. miR-21

Chan et al. first reported high levels of miR-21 in human glioblastoma tumor tissues [69]. It is
a major miRNA for breast cancer, because of it roles in cell migration, invasion and tumor
progression [70]. This is confirmed by studies from several groups. For instance, Singh et al.,
using real time RT-PCR array analysis, reported that overexpression of miR-21 in breast tumors
as compared with normal breast tissues [71]. Iorio et al. used microarray and northern blot
analyses, and found the aberrant expression of miR-21, miR-125b, miR-145 and miR-155 in
human breast cancer [40].

Clinicopathologic features of miR-21 and the association of PTEN were determined in a study
by Huang et al. using real-time RT-PCR and immunohistochemistry (IHC) analyses. They
researched miR-21 expression in non-tumor and tumor tissues of 40 human invasive ductal
carcinoma of the breast and reported that the association of PTEN (phosphatase and tensin
homolog deleted on chromosome 10) and miR-21 expression inversely correlated in breast
cancer and that miR-21 causes metastasis [72].

7.3.4. miR-155

This oncomir is highly expressed in human cancers. Suppressor of cytokine signaling 1
(SOCS1) is a target gene of miR-155 in human breast cancer. Research indicates that SOCS1 is
negatively regulated by miR-155, and may be a potential target in breast cancer therapy [73].

7.4. Metastatic MicroRNAs in breast cancer

Metastasis is the primary cause of mortality in breast cancer. In metastasis, cancer migrates
from a primary solid tumor to distant parts of the body [74]. Mesenchymal to epithelial
transition (MET) and epithelial to mesenchymal transition (EMT) are causes of metastasis [75].
Recent research shows that some miRNAs levels decrease, but others accumulated during
metastasis of breast cancer [76]. The miR-9,36 miR-10b,37,38 miR-21,39-45 miR-29a,46
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miR-15547 and miR-373/520 families promote metastasis in BC [77]. For instance, miR-9 plays
a role cell motility focusing on E-cadherin and raises the level of vascular endothelial growth
factor (VEGF) [78]. Tristetraprolin, the target of miR-29a, regulates EMT and metastasis in BC
[79]. miR-373/520 can increase invasion and migration by CD44. The connection of miR-373
and CD44 expression was displayed thanks to clinical metastasis samples [77]. Subgroups of
miRNA that prevent metastasis in BC are: miR-7,50-52 miR-17/20, 53, 54 miR-22,55- 57 miR-30,
58, 59 miR-31,60-62 miR-126,63-68 miR-145,69-72 miR- 146, 73, 74 miR-193b,75 miR-205,76,77
miR-206,78-80 miR-335,32,81 miR-448,82 miR-66183,84 and let-7 [46].

Some miRNAs were selected to determine their roles in metastasis. Epidermal growth factor
receptor (EGFR), a regulator of cellular processes and overexpressed in breast cancer, is
associatede with miR-7 and causes metastatis [80]. Several cancer types are inhibited by miR-7
include p21-activated kinase 1 expression which is a signaling kinase. If overexpression of
miR-7 is present in BC cells, it causes migration to other tissues in BC [81].

miR-17 is known as an oncogenic miRNA in other cancers. When miR-17/20 is overexpressed
in breast cancer cell lineage, it stops cell proliferation and causes G1 cell cycle arrest. This
miRNA’s target is cyclin D1 rolled in G1-S phase transition. In ~50% of human breast cancers
cyclin D1 expression is increased. It has an inverese correlation with miR-17/20 [82].

When analyzed non-invasive breast cancer cell MCF-7 and invasive MDA-MB-231 cell line,
miRNAs’ role in inhibition of invasion was determined. While miRNA is inhibiting invasion,
it connects IL-8 and cytokeratin 8 through cyclin D1 [83]. In vivo and in vitro investigation
about breast cancer shows that overexpression of miRNA causes a reduction in cell motility
through targetting CDK6, SIRT1 and Spl. Furthermore, miR-22 targets estrogen receptor o
(Era) and supresses cell proliferation on ERa-dependent breast cancer [84]. miR-145 and
miR-146 are very important tumor suppressors miRNAs in breast cancer. miR-145 prevents
metastasis by targeting IRS-1, mucin-1, c-myc, JAM-A and fascin [54]. In an MDA-MB-231
mouse model experiment, miR-146 induces EGFR, which plays a role in inhibition of metastasis
[85]. It also downregulates interleukin receptor associated kinase and TNF associated factor 6
and controls NF«B [86]. Mo’s research displayed that the overexpession of miR-30 suppresses
cell growth by targetting Ubc9, and plays a role in cell growth and cancer development. This
pathway was also seen in breast cancer [87].

8. Conclusion

Recently, breast cancer has been thoroughly studied, because approximately 13 million women
will be diagnosed with breast cancer globally and about 465,000 will die from the disease [10].
Researchers have conducted a variety of experiments concerning breast cancer and its
pathways. Although there are many breast cancer therapies, alternative methods are being
developed. In particular, research focused on molecular mechanisms are currently popular.
miRNAs are an alternative methodology as a potential therapeutic target for breast cancer.
The association of miRNAs and breast cancer is discussed, including miRNAs as candidate
diagnostic and prognostic indicators in breast cancer. Combinations of different anticancer
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agents with miRNA can be more effective as therapeutic approaches. Hence, some of miRNAs
can be utilized as breast cancer biomarkers. Briefly, the main subtypes of miRNAs are
discussed in this chapter, and several lines reseache focus on other types of miRNAs.
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1. Introduction

As tumor metastasis to distant organs (lungs, liver, brain, bone) continues to be the leading
cause of cancer associated morbidity and mortality, including breast cancer patients, therapies
targeting genes involved in the metastatic cascade are a potentially effective strategy for
blocking breast cancer progression and improving survival [1]. Previous ‘one size fits all’
cancer therapies, which have been used to treat a wide variety of cancers, are inefficient and
often cause much unnecessary treatment-related toxicity. Thus, there is a huge unmet need in
the research and medical community towards the characterization of cancers into more specific
subcategories, which can then be used for prognosis and identifying potential therapies.
However, this process requires the use of specific biomarkers to act as signatures for the
different subcategories [2,3]. In breast cancer, the most commonly used biomarkers are the
estrogen receptor (ER), the progesterone receptor (PR), and the epidermal growth factor 2
(HER?2) oncogene [4]. More recently, the plasminogen activator (PA) system and its associated
genes are being used as biomarkers to identify potential aggressive cancers, including in breast
cancer. The urokinase-type plasminogen activator (uPA) and its inhibitor, the plasminogen
activator inhibitor 1 (PAI-1), are proteins of the PA system which are distinguished among
cancer biomarkers as being the first to attain level-of-evidence 1 (LOE-1). Thus, assessment of
uPA and PAI-1 levels by ELISA assay has been a recommendation of the American Society of
Clinical Oncology (ASCO) for assessment of the risk of reoccurrence in breast cancer patients
since 2007 [5]. Elevated expression of uPA and its receptor (uPAR) are correlated with poor
prognosis and are associated with advanced cancers, including occurrence of metastasis [6].
uPAR is unique as it is rarely expressed in normal quiescent tissue whereas its expression is
uniformly high in several tumor tissues, identifying it as a good indicator of malignancy [7].
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These characteristics and many more make the PA system an excellent biomarker for breast
cancer diagnosis, and a promising target for future breast cancer therapies.

In this chapter, we will discuss the current state of knowledge and ongoing efforts to establish
uPA-uPAR system as a diagnostic, prognostic and therapeutic target in breast cancer.

2. Molecular characterization of breast cancer

The wide variety of breast cancer-targeting therapies which exists is due in large part to the
diversity in the manifestations of breast cancer. When characterizing these cancers into
subtypes, in order to identify patterns, morphology remains the cornerstone for diagnosis [4].
However, molecular classification of breast cancers is being used more and more as an
additional tool for prognosis and prediction of disease progression. Prognostic factors identify
the severity of the disease, forecasting the outcome of the cancer in an untreated individual.
Predictive factors are used to identify treatment options, given the characteristics of the cancer,
and predict how beneficial a given treatment might be [8]. The most commonly used bio-
markers for molecular classification of breast cancer are ER, PR, and HER 2, levels of expression
of which are routinely determined by immunohistochemistry [4]. In addition to these, the
nuclear protein Ki-67 is a good indicator of cell proliferation; higher levels of Ki-67 expression
are associated with poor prognosis and identifies a point at which a patient is at an increased
risk of developing distant metastases [9]. In order to establish a stronger prognostic test which
takes into account breast cancer cell proliferation, the percentage of Ki-67-positive tumor cells
has been combined with the HER2, ER, and PR scores to form the “IHC4”. This prognostic test
is powerful when used for ER-positive breast cancers [10]. In addition to immunohistochemical
studies identifying key biomarker proteins, newer assays have been developed which use
expression levels of mRNA to characterize breast cancers into different subsets [4,11-15].

3. Skeletal metastasis in breast cancer

Metastasis accounts for 90% of deaths in cancer patients [16]. In breast cancer specifically, 70%
of patients dying of the disease show presence of bone metastases in their post mortem
examination [17]. Cancer metastasis is the spread of cancerous cells to distant tissues, where
the cells then go on to form colonies independent of the original source. The original source
could be the primary tumor, or the circulating tumor cells could have originated from another
metastatic tumor [18]. The process of metastasis is not a spontaneous event, but rather a
concerted evolution, in which one cell or population of cells undergoes a series of alteration
or mutations which render the cells their invasive and metastatic phenotype [19]. Breast cancer
metastasis to the skeleton is a non-random metastatic process; the location of distant metastasis
is not based on vasculature or blood circulation. Rather, it is known that certain tumors have
an increased ‘preference’ towards metastasis in certain organs as first describe in the “seed
and soil hypothesis” by Paget in 1889 [20]. In addition to breast cancer, cancers of the prostate,
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lungs, kidney, liver, and thyroid, all show predilections towards skeletal metastasis [1,21].
Thus, there is a continuous search to identify genes and proteins which are involved in
initiation and progression of skeletal metastasis in breast cancer and which can be targeted to
develop innovative therapies. Bisphosphonates are analogs of pyrophosphate, with a carbon
atom replacing the central oxygen atom of the pyrophosphate molecule [22]. Bisphosphonates
are rapidly deposited on the bone surface, where they are subsequently ingested by osteoclasts
as the cells degrade the bone matrix. Once inside the osteoclast, they interfere with the
resorption process by inducing a toxic apoptotic effect. Bisphosphonates can also inhibit
osteoclast differentiation and maturation [22]. Due to these effects on bone remodeling they
are routinely used in patient with osteoporosis. Bisphosphonates have also been shown to be
effective in reducing the incidence and number of skeletal metastases in women with breast
cancer who were seen as at-risk of developing distant metastases [23]. Phase II clinical trials
have shown that the use of bisphosphonate therapy in conjunction with standard anti-cancer
therapy is more effective in reducing the number and persistence of disseminated tumor cells
than standard therapy alone [24]. There is also evidence which points to antiangiogenic activity
of zoledronic acid, a commonly used bisphosphonate, supporting the rationale for its use in
breast cancer therapy [25].

Another drug which targets osteoclast activity is Denosumab, an inhibitor of the receptor
activator for nuclear factor kappa-b ligand (RANKL). RANKL is a key regulator of bone
resorption which is secreted by osteoblasts and binds to the receptor activator for nuclear factor
kappa-b (RANK) on osteoclast progenitor cells, thereby stimulating osteoclast activation and
maturation [26]. Osteoblasts also secrete osteoprotogerin (OPG), which can bind to RANKL,
acting as a soluble decoy receptor and preventing RANKL-induced osteoclast activation. Thus,
osteoblasts have the ability to regulate the rate of bone resorption through the control of
osteoclast activity [27]. RANKL levels have been found to be elevated in breast cancer cells,
which results in excessive bone resorption [1]. It has also been shown that RANKL promotes
the migration of RANK-expressing tumor cells to bone [28]. Denosumab is a fully humanized
anti-RANKL monoclonal antibody, acting like OPG to block RANKL binding to RANK and
thus preventing osteoclast activation and maturation [29]. Denosumab was originally devel-
oped as a treatment against osteoporosis in postmenopausal women, although it is now
approved to treat skeletal related events in cancer patients as well [30]. Integrin av[33 is a cell
surface receptor found on osteoclasts which stimulates intracellular signaling of the c-Src
cascade [31]. Preclinical studies have demonstrated that avp3 integrin-inhibiting drugs can
successfully blocked tumor growth and osteolysis [32,33]. Members of the integrin family
including avf33, are significant due to their interaction with the uPA-uPAR system.

4. Proteases and breast cancer

Cancer mortality is usually a result of the metastatic spread of the cancer to distant vital organs,
as opposed to growth of the original tumor [34]. As such, it is crucial to understand the
progression from the localized to an invasive cancer, and eventually a metastatic cancer. Along
with growth factors and cytokines, proteases play a major role in this progression, causing the
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degradation of the basement membrane and surrounding extracellular matrix. Proteases play
a crucial role in this first step, as they digest the basal lamina components, and allow for cell
movement through the extracellular matrix (ECM) [34]. Matrix metalloproteinases (MMPs) are
a family of zinc-dependent endopeptidases whose primary role is the degradation of ECM
proteins, dissolving connective tissue [35]. There are a total of 28 identified MMPs, of which 14
have been implicated in breast cancer development and progression [36]. MMPs are synthe-
sized by the tumor itself as well as the surrounding peritumoral stromal cells [37]. In the area
surrounding a tumor, the major source of MMP activity is the stromal cells, with the tumor cells
likely stimulating production of MMPs via the local fibroblasts [38]. In order for the cancer to
move beyond its original location and invade into a nearby duct, MMP activity must break
down the basement membrane and stromal matrix, facilitating ECM remodeling [34].

The PA system in general and uPAR in particular play a significant due to its ability to localize
the proteolytic effects of uPA which can activate latent growth factors and proteases to effect
angiogenesis, matrix degradation, adhesion, activation intracellular signalling pathways,
tumor cell invasion and metastasis depicted in Figure 1.

Integrins

Rﬁ:ﬂB PAI-1 \*r Vitranectin

Plasminogen

Plasmin )
Adhesion
/ \ Intracellular signalling

Activation of Activation of MMPg
latent growth factors

-l

ECM degradation and angiogenesis

Figure 1. Central role of uPA and uPAR in tumor progression. uPA is localized to the tumor cells via its binding to
domain 1 of uPAR. uPA can activate inactive zymogen plasminogen to plasmin, which can activate matrix metallopro-
teases (MMPs) and activate or release growth factors. Via its domains 2 and 3, uPAR can interact with integrins (avf33,
av5) and vitronectin. PAI-1 binding to the uPA-uPAR complex inhibits the activation of plasminogen by uPA, and
promoted internalization of the uPA-uPAR-PAI-1 complex and recycling of uPAR back to the cell surface. Collectively,
the uPA/uPAR system plays a central role in matrix degradation, angiogenesis, adhesion, intracellular signalling, tu-
mor invasion and metastasis.
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5. Plasminogen Activator (PA) system

The plasminogen activator (PA) system is a key regulator of the tumor microenvironment, and
is heavily implicated in the metastatic process in breast and other common cancers. It is
involved in tumor recruitment of inflammatory cells, tumor cell growth and survival, angio-
genesis, and tumor invasion and migration [39,40]. The PA system of enzymes comprises two
plasminogen activators, tissue type plasminogen activator (tPA) which converts plasminogen
to plasmin during clot lysis, and uPA which is used therapeutically as a fibrinolytic agent. tPA
is present in normal and some malignant tissues, whereas uPA is more commonly associated
with malignancies and plays a major role in pericellular proteolysis during cell migration and
tissue remodelling (Figure 1) [41]. Within the PA system three key peptide members: uPA,
uPAR and PAI-1 and 2 have now emerged as a viable and effective diagnostic, prognostic and
therapeutic target in breast cancer patients [6]. uPA and uPAR expression have been shown
to enhance tumor growth and metastasis [42,43]. Expression of uPA and uPAR is also corre-
lated with poor prognosis, being associated with late stage disease, including metastasis [6].
This section will examine the members of the PA system, discussing their structures and
functions, and will describe the important role this system plays in the progression of breast
cancer.

5.1. Urokinase-type Plasminogen Activator (uPA) and plasmin

uPA is a serine protease expressed as a single chain zymogen, pro-uPA, which under-
goes cleavage to form two-chain high molecular weight uPA (HMW uPA) [44]. After an
additional proteolytic step, HMW-uPA is converted into an amino terminal fragment (ATF)
containing the receptor-binding growth factor domain (GFD), and a proteolytically-active
low molecular weight uPA (LMW-uPA) which retains its plasminogen activator (PA)
function [45]. In previous studies, we identified the ATF of uPA as a selective mitogen for
cells of the osteoblast phenotype [46-49]. uPA is composed of three domains: a kringle
domain, a growth factor-like domain, and a serine protease domain [50]. The serine protease
domain of uPA shows high specificity for its substrate, the inactive zymogen plasmino-
gen, which it cleaves to form the activated protease plasmin; plasmin is responsible for the
breakdown of various component of the ECM, exerting uPA’s pro-invasive and pro-
metastatic effects [51,52]. Plasmin is also a serine protease, and catalyzes the process of
fibrinolysis, in which fibrin and other components of the ECM are degraded to allow for
cell invasion, migration, and dissemination [52]. Plasmin promotes further tumor cell
invasion through the conversion of pro-MMPs to enzymatically active MMPs. Plasmin can
also promote tumor cell proliferation by activating latent growth factors. Thus, plasmin can
also activate ECM degradation both directly and indirectly [53]. Interestingly, plasmin
promotes a positive feedback loop in the ECM degradation process, as plasmin also cleaves
pro-uPA to create HMW-uPA [52]. uPA synthesis and/or release can be induced by a variety
of cytokines and growth factors, including EGF, VEGF, and TNF-a [54,55].

There is speculation regarding which enzyme is responsible for the cleaved activation of pro-
uPA into uPA. It is hypothesized that plasmin may be the activator, however, this theory
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results in ambiguity concerning whether uPA or plasmin is first activated and how [56]. Other
enzymes, such as kallikreins, cathepsins, and matriprase, have been shown to be capable of
cleaving single chain uPA (scuPA) in vitro and are speculated as potential ‘first activators’ [57].
Interestingly, in vitro experiments have shown that binding of pro-uPA to uPAR allows for
activation of plasminogen into plasmin, despite pro-uPA not having been converted into it
active form. It is thus believed that binding of pro-uPA to uPAR causes a conformational
change that confers protease abilities to the single-chain molecule [58]. This is not entirely
surprising, as a known role of uPAR is increasing the catalytic efficiency of uPA; in vivo,
binding of uPA to uPAR greatly increases the efficiency of plasminogen conversion by as much
as 50-fold [59].

Elevated expression levels of uPA in tumor tissue as compared with normal tissue have long
been noted [60-62]. In both primary and metastatic tumors, uPA is localized to the invading
front, which supports the theory that uPA plays an important role in tumor cell invasion and
migration [63]. In breast cancer, increased levels of uPA are correlated with poor relapse-free
and overall survival [64]. Increased expression of uPA is seen in patients several common
cancers (breast, prostate, lung, colon, thyroid, glioma) where it promotes metastasis and
indicates poor prognosis [65-70].

5.2. Plasminogen Activator Inhibitors (PAI)

The effects of uPA are neutralized by plasminogen activator inhibitors 1 and 2 (PAI-1 and 2),
produced by stromal cells surrounding the tumor cells. PAI-1 and PAI-2 are involved in the
tight control of proteolysis, causing the uPA-uPAR complex to be internalized [71]. Increased
PAI-1 expression is associated with higher metastasis whereas PAI-2 has a protective role [72].
PAI-1 binding maintains the active conformation of the uPA-uPAR-vitronectin (VN) complex,
interferes with cell matrix interactions, and acts as a detachment factor to promote tumor
metastasis [73]. The uPA-PAI-1-uPAR complex is internalized via clathrin-mediated endocy-
tosis, with help from the very low-density lipoprotein receptor (VLDLR) related protein LRP.
Inside the cell, the uPA-PAI-1 complex dissociated from uPAR, and is trafficked to the
lysosome for degradation. The unbound uPAR is then recycled to the cell surface [71,74].
Interest in PAI-1 as a target in malignancy was revealed in studies where an anti-PAI-1
antibody showed anti-invasive effects on melanoma and fibrosarcoma cells [75]. High-
throughput screening led to the identification of small molecule inhibitors of PAI-1 with anti-
angiogenic and polyp-formation inhibition activities, thereby identifying PAI-1 as a viable
novel target for cancer [76,77].

5.3. uPA Receptor (uPAR)

The role of uPAR within the PA system goes beyond localizing the proteolytic activity of
uPA. Rather, uPAR itself plays an important role in tumor progression, interacting with
many key signaling molecules, a surprising discovery as uPAR is devoid of a transmem-
brane domain. Rather, uPAR is a three-domain protein covalently linked to the outer layer
of the cell membrane by a glysocylphosphatidylinositol (GPI) anchor [6]. uPAR is impor-
tant in localizing uPA to the cell surface, which is necessary for uPA’s activation of
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plasminogen to plasmin [59]. All three domains (D1, D2, D3) are involved in the binding
of uPA to uPAR, however only domains D2 and D3 are thought to play a role in uPAR’s
interactions with other cell surface proteins [6]. uPAR alters cell adhesion and signaling
through the interaction with various cell surface proteins, such as integrins (including avf33,
avp, a5p1, and a3fB1), G-protein coupled receptors (GPCR), VLDLR, and receptor tyro-
sine kinases (including epithelial growth factor receptor (EGFR) and platelet-derived growth
factor receptor (PDGFR)) [7,78-80]. It is hypothesized that uPAR is part of a larger complex
of signaling molecules, called a ‘signalosome’, which uses signaling effectors such as Src,
Akt, and focal adhesion kinase (FAK) [81]. Many of these signaling effectors have been
implicated in breast cancer progression, including Src, integrins/FAK, Ras/ERK, and Akt as
depicted in Figure 2 [82]. As discussed in a later section, these effectors have become
important drug targets for the inhibition of uPA/uPAR-induced breast cancer progres-
sion. uPAR is rarely expressed in physiologically normal tissue, although its expression can
be up regulated during some pathological processes, such as wound healing or inflamma-
tory response to infection [83,84]. It is involved in normal hemostasis, as plasmin plays an
important role in fibrin clot lysis. Under those circumstances, plasmin proteolyzes ECM
components either directly or through the activation of MMPs [85,86]. Importantly, uPAR
is highly expressed in cancers, and can be expressed by the tumor cells themselves, as well
as by tumor-associated cells such as stromal cells, endothelial cells, and infiltrating
inflammatory cells [56]. uPAR-expressing tumors generally fall into two categories: those
in which both tumor cells and tumor-associated cells express uPA and uPAR, and those in
which only the tumor-associated cells express uPAR [56].

uPA and uPAR are not expressed homogeneously throughout the tumor, but instead are
generally associated with the interface of tumor tissue-benign tissue or tumor and vascular
tissue [87]. uPAR is generally expressed on the migrating or invading edge of cancer cells,
restricting the region of proteolytic activity and providing directionality. Thus, a pathis created
through the ECM, in the direction of movement. A chemical gradient is also created for the
invading cancer cells to follow, as chemotactic ECM fragments and latent growth factors are
released in the path of ECM destruction [88]. The PA system is responsible for not only the
migration of tumor cells, but is also implicated in the migration of tumor-associated macro-
phages. Binding of uPA to uPAR has different effects depending on the state of maturation of
the monocytic cells. uPA-uPAR binding stimulates migration in less mature, more monocyte-
like cells; this is would induce the cells to follow the uPA gradient towards the tumor site. On
more mature, more macrophage-like cells, uPA-uPAR binding instead induces adhering; thus,
amacrophage which arrives at the tumor site will remain [89,90]. uPA has also been implicated
in angiogenesis, initially observed in models of corneal vascularization [91]. uPA proteolytic
activity is required for endothelial cell migration, one of the earliest steps in angiogenesis, and
is also required for the earliest stages in tube formation [92,93]. Thus, the PA system plays an
important role in the progression of breast cancer, promoting proliferation through angiogen-
esis, and enabling metastasis through the induction of tumor cell invasion and migration.
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Figure 2. Schematic diagram of pathway involved in the uPA/uPAR signalling. Through its amino terminal fragment
(ATF), uPA can bind to domain (D) 1 of its receptor uPAR. Via D2, D3, uPAR can interact vitronectin and members of
the integrin family. Through its glycophosphatidyl inositol (GPI) anchor on D3, uPAR is associated to cell membrane.
Collectively uPA/uPAR interaction can activate a number of key intracellular signalling pathways to 1) activate latent
growth factors, 2) activate proteases, 3) promote tumor cell invasion, adhesion and migration, 4) facilitate matrix deg-
radation and 5) promote angiogenesis.

6. Transcriptional regulation of uPA

Cancer development and progression to the metastatic stage involve the coordinated activa-
tion and deactivation of many specific genes. For a long time, cancer was regarded as primarily
a genetic disease, with mutation in the DNA sequence being ascribed as the cause for the
change in gene expression throughout cancer progression. However, it has now been estab-
lished that epigenetic changes may also play a key role in the differential gene expression in
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cancer [94]. The epigenome is dynamic, with some parts of the epigenome being inherited or
established during embryonic development, while other aspects are in a state of flux through-
out life [95,96].

Epigenetic modifications can be made through various methods, including DNA methylation,
nucleosome positioning, post-translational modification of histone tails, and non-coding RNA
[97]. The protein machinery which is responsible for implementing these modifications
consists of methyl-DNA binding proteins (MBDs), DNA methyltransferases (DNMTs),
chromatin remodeling complexes, histone modifiers, and proteins which interact with histone
modifications [95]. One of the most closely studied aspects of epigenetics is DNA methylation.

We were the first to identify the epigenetic regulation of uPA by examining the correlation
between hormone (estrogen) sensitivity and expression of uPA in normal human mammary
epithelial cells (HMEC), early stage hormone-responsive breast cancer cells lines (MCF-7 and
T-47D), and late stage hormone-insensitive breast cancer cells (MDA-MB-231). uPA expression
was only observed in the highly invasive MDA-MB-231 cells. Expression of various members
of the PA system is shown in different human breast cancer cell lines in Table 1. Upon
examination of the DNA methylation status of the uPA gene via Southern blot analysis using
methylation sensitive enzymes, it was observed that CpG islands within the uPA gene are
methylated in normal breast cells and early stage breast cancer cells. Conversely, the CpG
islands of the uPA gene are hypomethylated in the highly invasive breast cancer cell line.
Treatment of early stage MCF-7 cells with 5" azacytidine (5-aza-C), a cytosine DNA methyl-
transferase inhibitor, caused demethylation of the uPA CpG islands and a dose-dependent
expression of uPA mRNA [98]. Thus, this study was the first to demonstrate that expression
of uPA in invasive vs. non-invasive breast cancers is regulated by DNA methylation of CpG
islands within the gene and that this regulation is reversible. In another study conducted by
us, methylation-sensitive PCR was used to quantify the methylation status of the CpG islands
in the uPA promoter, comparing non-invasive hormone-sensitive MCF-7 cells to highly-
invasive hormone-insensitive MDA-MB-231 cells. 90% of the CpG islands in the uPA promoter
were found to be methylated in the MCF-7 cells, whereas the MDA-MB-231 cells had fully
demethylated CpGs. Luciferase reporter assays demonstrated that the Ets-1 transcription
factor binding, which regulates uPA promoter activity, was inhibited by methylation [99]. In
order to determine the cause of the differences in the methylation status of the uPA promoter
between MCF-7 and MDA-MB-231 cells, our group examined the levels of DNA methylation
machinery. Both maintenance DNMT (DNMT1) and DNA demethylase (DMase) activities
were shown to correlate with the methylation status of the uPA gene. Thus, MCE-7 cells show
high DNMT1 activity and low DMase activity, resulting in a methylated uPA promoter,
whereas MDA-MB-231 cells show increased DMase activity and reduced DNMT1 activity,
resulting in a demethylated uPA promoter. DNA methylation was confirmed as the dominant
mechanism in the silencing of the uPA gene, as histone deacetylase inhibitor Trichostatin A
induced uPA expression in MDA-MB-231 cells but not in MCF-7 cell [99]. Thus, this study
collectively demonstrated that DNA methylation is critical in the regulation of uPA expression
in breast cancer cells.
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Late Stage

Cell lines e

=
Invasion - - - -
ER + + + + - - -
PR +/- +/- +/- +/- - - -
HER2 - + + - - - -
uPA N/D | N/D N/D N/D High High | High
uPAR Low | Low Low Low High | High | High
PAI-1 N/D | N/D N/D N/D High High | High
PAI-2 Low | Low Low Low High | High | High

Expression of members of the plasminogen activator (PA) system, urokinase-type plasminogen activator (uPA), its
receptor (UPAR), PA inhibitor 1 (PAI-1] and 2 (PAI-2] in human breast cancer cell lines (MCF-7, BT-474, ZR-75-1, T-47-D,
MDA-MB-231, BT-549, HS-578T). uPA and PAI-1 are only detectable in highly invasive, estrogen (ER), progesterone (PR)
receptor and Her-2 negative human breast (MDA-MB-231, BT-549, HS-578T) cancer cell lines.

N/D: None detected

Table 1. Expression of members of the plasminogen activator (PA) system in human breast cancer cells.

In a later study, our group set out to test the hypothesis that hypomethylation of the uPA
promoter plays a causal role in breast cancer metastasis. In order to test this hypothesis, highly
invasive MDA-MB-231 breast cancer cells were treated with different doses of the methyl
donor S-adenosyl-methionine (SAM) for six days. SAM has been shown to inhibit hypome-
thylation, either through the inhibition of active demethylation or through the enhancement
of DNMT activity [100]. Treatment with SAM resulted in a marked inhibition of uPA mRNA
expression, accompanied by the expected decrease in uPA enzymatic activity [101]. Reduction
in uPA production was accompanied by a significant decrease in tumor cell invasive capacity
as determined by Matrigel invasion assay. The methylating capacity of SAM in breast cancer
cells was confirmed, as the SAM-treated cells showed hypermethylation of the uPA promoter.
Subsequent treatment of the SAM-treated cells with demethylating agent 5-aza-C caused a
reversal of the observed uPA silencing, demonstrating that the effect of SAM on uPA expres-
sion is mediated through promoter hypermethylation. In in vivo studies carried out in immune
deficient mice, animals were injected with MDA-MB-231 cells treated with vehicle or SAM via
mammary fat pad. Experimental animals inoculated with MDA-MB-231 cells treated with
SAM showed the development tumors which were significantly smaller in volume as com-
pared to control animals. These anti-tumors effects of SAM were accompanied by a significant
decrease in the development of tumor cells metastatic ability, resulting in significantly fewer
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metastatic foci in lungs, liver, kidney, spleen and kidneys as compared to animals inoculated
with control cells (Figure 3). Analyses of tumoral RNA demonstrated that the tumors derived
from SAM-treated breast cancer cells expressed no detectable levels of uPA, while uPA mRNA
was highly expressed in tumors derived from control breast cancer cells. Thus, this was the
first report to describe a potential epigenetic based strategy to block the expression of pro-
metastatic genes like uPA which resulted in decreased tumor growth and metastasis [101].
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Figure 3. Effect of SAM on MDA-MB-231 tumor volume and metastasis. A: MDA-MB-231 cells treated with vehicle
alone as control (CTL) or SAM were introduced into the mammary fat pad of female BALB/c nude mice. Tumor vol-
umes were determined at weekly interval. B: At the end of these studies animals were sacrificed and fluorescent mi-
croscopic tumor foci in lungs, liver, spleen and kidneys were counted and compared with control group of animals.
Significant difference from control is shown by an asterisk (P <0.05). (Adapted from Pakneshan P et al; Ref. 101)

Demethylation results in the activation of tumor suppressor genes, which has led to develop-
ment of demethylating agent 5-aza-C (Vidaza) for myelodysplastic syndromes, and which is
now being tested for its beneficial effects in solid tumors [102,103]. The anti-tumor effects of
SAM led us to investigate whether combining 5-aza-C and SAM can have additive or syner-
getic effects by activating tumor suppressor genes and suppressing pro-metastatic genes.
Using several human breast cancer cell lines we have recently shown that SAM inhibits global
and gene specific demethylation, prevents potential activation of pro-metastatic genes like
uPA and MMPs, and potentiates the activation of tumor suppressor genes by 5-aza-C. These
results have led us to propose epigenetic based demethylation (5-aza-C) and methylation
(SAM) based therapies at different stage of tumor progression [104].
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While a large number of these studies were carried out in breast cancer, DNA methylation has
also been shown to regulate uPA and PAI-1 expression in prostate cancer, laryngeal squamous
cell carcinoma, meningioma, and gastric cancer, where these genes are also identified as
epigenetic based prognostic and therapeutic targets [105,106]. However, large scale clinical
studies still remain to be carried out to demonstrate the impact of uPA-PAI-1 methylation in
cancer. These epigenetic based therapies can also influence the effects of radiotherapy and
chemotherapeutic agents to alter metastatic behaviour [107,108].

7. Diagnostic approaches

The field of cancer research has moved away from the development of broad drug classes
which aim to target all cancers, and is instead moving towards personalized medicine. The
current goal is to subdivide patients into groups based on molecular characteristics, which
then allows therapy options to be assessed and administered based on the molecular charac-
teristics within that particular group [109]. The proteins uPA and PAI-1 are now clinically used
biomarkers which are unique among cancer biomarkers because of the lack of contradictory
evidence which exists. This is especially surprising, given the variety of demographics which
are covered by uPA/PAI-1 diagnostic studies [110]. Notably, uPA and PAI-1 have achieved
the highest LOE-1 score attainable according the Tumor Marker Utility Grading System. uPA/
PAI-1 are the only breast cancer biomarkers to reach LOE-1 [111].

In 1985, the first comprehensive report examining uPA expression in breast cancer was
published. O’Grady et al. measured uPA proteolytic activity in both benign tumors and
primary breast cancer tissue. Although no measurement was made of actual uPA antigen
levels, the study demonstrated significantly elevated levels of uPA enzymatic activity in
malignant tumors as compared with benign tumors [112]. In 1988, Duffy et al. added further
to this area of research, showing that elevated levels of uPA proteolytic activity in primary
cancer tissue was correlated with shorter disease-free intervals [113]. Later on, Janicke et al.
were first to examine actual proteins levels of uPA in breast cancer tissue, and in 1989 published
a study which used the immunoenzymometric test ELISA, showing significant correlation
between elevated expression of the uPA antigen in primary tumor tissues and poor prognosis
of breast cancer patients [114]. Later on, the same group found a similar correlation existing
for the uPA inhibitor PAI-1 [115]. In 2007, uPA and PAI-1 were added to the Breast Cancer
Treatment Guidelines of the ASCO as novel cancer biomarkers. They are now used to help
determine appropriate adjuvant systemic therapies in primary breast cancers [116].

Today, ELISA remains the gold-standard for assessment of uPA/PAI-1 correlation with breast
cancer outcomes. It is the only system examining uPA/PAI-1 in which clinically relevant,
validated data have been obtained. When conducting ELISA analysis, either detergent-
released tumor-tissue fractions or tumor-tissue cytosolic fractions can be used [117]. Analysis
can be conducted on core needle biopsies, primary tumor biopsies, and cryostat sections [118].
Therefore, a major advantage of the use of ELISA tests is the requirement for only very small
tissue extract samples [119]. Currently, there is a commercially available ELISA-based assay
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called FEMTELLE® which is used to assess the probability of breast cancer reoccurrence in
newly diagnosed women with node-negative breast cancer. FEMTELLE classifies women into
categories of high or low risk of reoccurrence, based on the quantitatively-determined levels
of uPA and PAI-1 found in tumor-tissue extracts [52].

A major disadvantage of FEMTELLE, and other ELISA-based assays, is the requirement of
fresh or fresh-frozen tissue samples [109]. Thus, other methods of uPA/PAI-1 quantification
are under investigation for validation. Immunohistochemistry allows the use of fixed,
archived, paraffin-embedded tissue samples for analysis. A roadblock in the development of
this assay is that uPA and PAI-1 are present in both tumor and stromal cells, as well as being
released into the tissue. Thus, it is extremely difficult to develop a reliable scoring system for
uPA/PAI-1 in immunohistochemical analysis. Nevertheless, in 1990 Janicke et al. published a
comparison of uPA levels obtained using immunohistochemical scoring and ELISA. The study
showed a statistically significant increase in staining intensity for uPA in immunohistochem-
istry which correlated with an increase in ELISA uPA values [120]. Reilly et al. later published
the same correlation for PAI-1 [121]. Thus, much work is being done to develop immunohis-
tochemistry as a validated, clinically relevant method of quantifying uPA/PAI-1 expression in
breast cancer samples. It is important to note that significant correlation is yet to be established
between plasma levels of uPA/PAI-1 with tissue expression of these proteins. Thus, expression
of uPA/PAI-1 must be measured directly in the breast cancer tissue sample, and cannot be
extrapolated from any plasma measurements [122].

Rather than measuring protein expression levels of uPA and PAI-1 in breast cancer tissue,
much research is also invested in the assessment of uPA and PAI-1 biomarker expression at
the transcriptional level. The highly sensitive quantitative reverse transcription-polymerase
chain reaction (RT-PCR) does not require fresh or fresh-frozen tissue samples, as it can use
formalin-fixed tissue specimens and only requires minute amount of mRNA for assessment
[123]. Significant correlation between transcript and protein levels for uPA and PAI-1 have
been found in breast cancer cell lines [123]. Unfortunately, no correlation was found when
examining breast cancer tissue specimens. Spyratos ef al. found no significant correlation when
examining uPA expression, and found only a weak correlation in the case of PAI-1 [124].
Conversely, Lamy et al. was able to show high concordance between uPA/PAI-1 antigen
expression, as assessed by ELISA, and mRNA expression as assessed by the novel technique
nuclei acid sequence-based amplification (NASBA) [125]. However, the results of this study
require future validation.

The final area of study which examines the correlation between uPA/PAI-1 expression and
breast cancer prognosis is the examination of DNA methylation. As this is a DNA-based
assessment, this form of analysis can be easily carried out in formalin-fixed, paraffin-embed-
ded samples, using PCR-based or DNA array technology [109]. As described above, our lab
demonstrated the correlation between uPA promoter methylation status in breast cancer [98].
In this study uPA promoter was methylated in normal mammary epithelial cells and in low
invasive breast cancer cell lines. In contrast the uPA promoter was demethylated resulting in
high levels of uPA expression. Using surgical biopsy specimens, uPA promoter demethylation
was associated with advanced disease stage (Figure 4). This effect was independent of the
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hormone receptor status and results from this study demonstrated the determination of uPA
promoter methylation can be developed as a reliable and early marker for uPA expression in
breast cancer patents [126]. A similar correlation has also been demonstrated for the PAI-1
promoter [105]. Using surgical biopsy specimens from breast cancer patients, we demonstrated
a correlation between uPA promoter methylation status and disease stage correlating with
uPA mRNA expression which can serve as an early and reliable diagnostic and prognostic
marker for breast cancer [126].
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Figure 4. Reverse correlation between percentage of methylation of the urokinase promoter (uPA) and uPA mRNA
expression in breast cancer. Percentage of methylation of the uPA promoter (A) and the uPA mRNA expression (B) in
the biopsy samples of breast cancer patients were analyzed and graphed. Results are the mean + SE of at least three
independent analyses. Significant difference from grade 1 is shown by an asterisk, and significant difference from both
grade 1 and 2 is shown by two asterisks (P <0.05). (Adapted from Pakneshan P et al; Ref. 126)

8. uPAR as an imaging target in breast cancer

Continued development of novel targeted therapies and the effective use of current ap-
proaches for breast cancer are still not yielding optimum benefit due to poor strategies to
monitor therapeutic efficacy. While diagnostic imaging is extensively used to stage cancers
and assess therapy effectiveness, development of highly sensitive non-invasive imaging agents
which can identify aggressive lesions while also identifying residual disease will prove to be
highly beneficial. High levels of uPAR in cancer lesions as compared to adjacent tissue and
normal hemostatic tissues provide a unique opportunity to target uPAR as an imaging target
in several common malignancies [127-129]. These unique characteristics allowed the develop-
ment of non-invasive approaches to detect invasive cancers and detect the presence of occult
tumor metastases [130-132]. Our group was first to identify uPAR as an imaging target in
cancer and towards these goals we used our well established syngeneic model of breast cancer,
which led to the validation of uPAR as a viable target to detect the presence and progression
of cancer [133]. In a series of studies, a species specific (rat) antibody directed against the rat
(r)-uPAR was developed and characterized by immunofluorescence and Western blot analysis.
Following '*I-labelling of the antibody, the binding of r-uPAR-IgG was confirmed in rat
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prostate cancer cells (Dunning R3227 Mat Ly Lu) and breast cancer cells (Mat B-III) overex-
pressing (r)-uPAR (Mat B-III-uPAR). In in vivo studies, '®I-rat (r)-PAR-IgG was injected on to
rat breast and prostate cancer tumor-bearing animals. Uptake of this radiolabel was seen in
primary tumors and in liver, spleen, lungs, and lymph nodes, which are common sites of tumor
metastasis in these models. Minimal levels of radioactivity were seen in these organs in normal
animals and tumor-bearing animals injected with '*I-labeled pre-immune IgG. This study not
only further confirmed uPAR as a therapeutic target but also validated it as an imaging target
to monitor tumor progression and metastasis.

Following our report, a number of groups have actively pursued these goals; uPAR is now
established as an excellent imaging target in cancer. Studies in this regard include the use of
dual labelled nanoparticles conjugated to the ATF of uPA, which allowed the accumulation of
dye in a xenograft model of pancreatic cancer [134]. Following its internalization, the use of
nanoparticles was shown to increase dye retention in the primary tumor and metastatic sites.

The organic compound, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (also known
as DOTA) has medical application including its use as an imaging agent. DOTA was
conjugated to the lead uPAR-targeted peptide (AE-105) and labelled with #Cu [135-137]. It
was successfully shown to monitor the levels of uPAR-expressing tumor cells using positron
emission tomography (PET) in a human glioma xenograft model. In this study, solid-
based synthesis was carried out via Fmoc approach, followed by the elution and concentra-
tion of chelator used for labelling. The labelled reagent was characterized in a series of in
vitro studies to determine its uptake followed by dynamic ET imaging in tumor-bearing
mice. Use of gallium (Ga) based tracers and PET imaging with targeting peptide was shown
to be highly effective due to its high radiochemical yield, purity, stability, cellular uptake
and good tumor to background ratio using non-invasive PET-based imaging which will be
highly useful in a clinical setting [135]. These investigators followed up by combining their
findings with a therapeutic approach as well where AE105 was first labelled with #Cu and
77Lu for its uses in PET-based imaging as well as radionuclide therapy in a xenograft model
of colorectal cancer [136].

Various imaging modalities like plane film X-ray, bone scan, ultrasound, computed tomogra-
phy (CT), magnetic resonance imaging (MRI), and PET are used alone or in combination. PET
is anon-invasive imaging technique that offers substantial advantages over anatomic imaging
modalities in oncology. Additionally, PET can often distinguish between benign and malig-
nant lesions. Given that highly expressed receptors like uPAR or enzymes can be linked to
prognosis in many cases, targeted imaging with highly specific probes may provide prognostic
information concerning the level of differentiation of breast cancer, both at primary and
metastatic sites.

Over the past few years, there has been a significant growth in the development of radiolabeled
monoclonal antibodies (mAbs), which bind with high affinity to receptors frequently highly
overexpressed on diverse human cancer cells, for diagnostic and therapeutic applications
[138,139]. Characterization of the structure of ATN-658 and its demonstrated efficacy in several
xenograft models has led to the initiation of clinical trials using ATN-658 as a therapeutic agent
[140]. Availability of this selective anti-uPAR antibody provides us with the opportunity to
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evaluate it as an imaging agent using multiple radiolabels which can be effectively used to
develop PET tracers.

Collectively, evidence continues to accumulate in multiple models, validating uPAR as a viable
imaging target for future translational studies for the use of uPAR imaging agents in patients
with various malignancies, where overexpression of uPA-uPAR system plays a major role in
tumor progression.

9. Targeting the PA system in breast cancer

Since first identifying the PA system as an important player in breast cancer progression and
metastasis, there have been many attempts made to target this system specifically. Early
development focused on the inhibition of plasminogen activation, looking to inhibit uPA
enzymatic activity. This could be accomplished either through the use of small molecules to
block the active site of uPA, or by attempting to block the binding of uPA or scuPA to uPAR.
Blocking the binding of uPA to uPAR proved to be a more challenging method, as uPAR’s
binding pocket is much larger than the enzymatic active site of uPA [56]. Many studies have
been published which show early attempts at blocking proteolytic activation of plasminogen
by uPA.

A common approach was to use small-molecule inhibitors of uPA to block its enzymatic
activity, thereby reducing proliferation, invasion, and metastasis. Using this strategy we
showed the use of one such uPA inhibitor (B-428) for its ability to block tumor metastases in
a xenograft model of prostate cancer. Infusion of B-428 into syngeneic rats inoculated with rat
(r) prostate cancer cells Mat LyLu which overexpressed r-uPA resulted in a significantly
decreased tumor volume and smaller metastatic foci, as compared with control tumor bearing
animals receiving vehicle alone [141]. Other serine protease inhibitors have also been used,
and have even been advanced into clinical trials. Promising results have recently been reported
with regard to a Phase Ib clinical trial using serine protease inhibitor WX-UK1 for treatment
of breast cancer, as well as other solid tumors [142]. A similar agent, known as WX-671
(MESUPRON®), which is a pro-drug of WX-UK1 has also completed a Phase Ib trial for
treatment of patients with head and neck cancer [143]. MESUPRON has now moved on to two
Phase II clinical trials, currently underway, in which it is being given patients with advanced
breast or pancreatic cancer. In both trials, patients are receiving MESUPRON alongside a
traditional chemotherapy drug, Capecitabine and Gemcitabine for breast and pancreatic
cancer, respectively [5].

Other methods which have been used to successfully block plasminogen activation through
inhibition of the uPA system include peptide inhibitors of the uPA-uPAR interaction and anti
uPA-uPAR antibodies [144,145]. A non-competitive antagonist of the uPA-uPAR interaction
corresponding to the amino acid 136-143 was identified and this peptide (A6) was shown to
inhibit endothelial cell migration and breast cancels invasion in vitro [146]. Treatment of breast
cancer cells MDA-MB-231 tumor-bearing mice resulted in significant inhibition of tumor
volume and metastasis (Figure 5). These experimental tumors also showed decreased factor
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VIII-positive tumor micro vessel hot-spots, establishing the anti-angiogenic effects of A6. In
studies carried out by Mishima et al. the antitumor and anti angiogenic effects of A6 were
shown alone and in combination with chemotherapeutic agent Cisplatin in a glioblastoma
model which led to the clinical evaluation of A6 [147,148]. Use of antibody based therapies has
been established during the last decade, resulting in highly beneficial therapeutic approaches
for various cancers [149]. The use of antibodies to block uPA-induced metastasis has met with
some success, as described below. Using a polyclonal anti-rat uPAR antibody we targeted the
ligand binding NH,-terminal domain of rat uPAR we showed its ability to block breast cancer
growth and metastasis in vivo [133]. More recently, we evaluated the potential of a highly
selective monoclonal antibody against human uPAR (ATN-658). First we examined the
efficacy of ATN-658 in blocking prostate cancer growth, invasion, migration, and skeletal
metastasis. Examination of the effects of ATN-658 administration in vitro using human prostate
cancer PC-3 cells showed its ability to cause a decrease in tumor cell invasion and migration
by interference with downstream signaling molecules involved in mediating the effects of
uPAR (Figure 6). In in vivo studies ATN-658 administration caused a significant decrease in
tumor volume and number of skeletal metastatic foci [150]. Using ATN-658, Larengyl et al.
showed its ability to block ovarian cancer metastasis by inducing apoptosis and u-PAR-a5-
integrin interaction [151]. Recently, we have examined the effect of ATN-658 alone and in
combination with the bisphosphonate Zometa on skeletal metastasis associated with breast
cancer. ATN-658 had a significant effect on reducing the number and area of skeletal lesions
as determined by X-ray, however these effects were more pronounced when ATN-658 and
Zometa were administered in combination (Rabbani et al., unpublished observations).
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Figure 5. Effect of A6 on tumor growth and metastases. A: MDA-MB-231-GFP tumor-bearing BALB/c (nu/nu) mice
were injected i.p. with A6 or vehicle alone (CTL) and tumor volume was determined at weekly intervals. B: At the end
of this study, control and experimental mice were sacrificed to count the number of macroscopic and microscopic fluo-
rescent tumor foci in different organs. Significant difference from control tumor-bearing animals after treatment with
A6 is denoted by asterisks (P<0.05). (Adapted from Guo Y et al; Ref. 146)

Additional efforts towards therapeutic targeting of the PA system in breast cancer have
focused on either decreasing uPA/uPAR/PAI-1 expression, or have focused on using uPA/
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Figure 6. Effect of ATN-658 on tumor cells invasion in vitro and intracellular signaling pathways in vivo. A: Human
prostate cancer cells PC-3 cell invasive capacity was evaluated after treating with control IgG or ATN-658 using a Boy-
den chamber Matrigel invasion assay. Number of cells invading is shown as bar diagram + SEM. B: Male Fox chase
SCID mice were inoculated with PC-3 cells through the intra tibial route of injection. Animals were treated with 10.0
mg/kg of control IgG (CTL) or ATN-658. At the end of these studies, animals were sacrificed, and tibias were removed,
formalin-fixed, and subjected to immunohistochemical analysis to determine the effect on various intracellular signal-
ing pathways. (Adapted from Rabbani SA et al; Ref. 150)

uPAR as homing mechanisms for cytotoxic drugs. Techniques which aim to reduce or block
the expression of uPA/uPAR/PAI-1 include the use of antisense oligonucleotides, interference
(RNAI), ribozymes, or DNAzymes [55,152-155]. Experiments using these techniques have
shown significant effects on uPAR signaling and tumor behaviour. Anti-uPAR antisense
oligonucleotides have been used to inhibit cancer cell proliferation and invasion in vitro using
melanoma cells, while in vivo experiments also showed inhibition of tumor growth and
metastasis [156]. Down regulation of uPA and uPAR expression using RNAi has also shown
promise, and in vitro experiments using human glioma cells showed inhibition of pro-cancer
signaling molecules, such as RAS-and MEK-mediated signaling, and resulted in activation of
apoptosis [157]. As mentioned above, Pakneshan et al. have shown that treatment of highly
invasive breast cancer MDA-MB-231 cells with SAM results in decreased expression of uPA,
as well as decreased tumor proliferation, invasion, and metastasis [101]. While the exact
mechanism through which SAM exerts its methylating actions is still being debated, SAM is
a methyl donor and thus may increase the number of methyl groups available for the meth-
yltransferase reaction [94]. SAM has also been shown to inhibit DNA demethylase activity,
including MBD2 [100]. Thus, uPA/uPAR expression can be targeted at the transcriptional or
at the translational level as well.
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Not only is the PA system an excellent therapeutic target because of its pro-metastatic effects,
but it is also an exciting group of proteins because of the specificity through which it is highly
expressed in tumor cells and the surrounding stroma. This allows for therapeutic targeting of
cytotoxic drugs to the tumor compartment through the use of uPA-derived or other uPAR-
binding peptides. One example is the conjugation of the growth factor domain (GFD) of uPA
to the chelator DOTA and 213-Bi, an a-emitter. With the GFD portion binding to uPAR, this
combination has been shown to be cytotoxic to uPAR-expressing ovarian cancer cells in vitro
[158]. It is also possible to use the amino terminal fragment (ATF) of uPA to deliver drugs to
the tumor compartment. ATF binds uPAR with an affinity similar to that of the full sized uPA
peptide, resulting in extremely effective delivery of the ATF-conjugated therapeutic payload.
Many ATF-toxin fusions have been made, including a ATF-pseudomonas exotoxin (PE), which
has been shown to be effective against a number of cancerous cell lines, and ATF-diphtheria
toxin (DTAT), which has shown efficacy both in vitro and in vivo [159-161].

Another recent area of exploration is the use of nanobins, a novel liposomal nanoparticle drug
encapsulation and formulation system. Nanobins take advantage of the ‘enhanced permea-
bility and retention effect’ (EPR effect), in which molecules of certain sizes tend to accumulate
in tumor tissue more so than in normal tissue [162]. Although nanobins were already designed
to target the tumor environment, relying either entirely on the EPR effect or in conjunction
with the use of a pH-responsive cross-linked polymer shell, it is also possible to conjugate
nanobin technology with uPA/uPAR-targeting techniques. O’Halloran ef al. describe their
current efforts to combine the monoclonal anti-uPA antibody ATN-291 with nanobins, creating
a product which can be internalized into tumor and tumor-associated cells for greater
therapeutic strength. ATN-291 binds to the kringle domain of uPA and is able to bind uPA
which is already bound to uPAR. Interestingly, the internalization of the ATN-291-uPA-uPAR
complex is not dependent on the presence of PAI-1. The efficacy of this system is currently
being evaluated in several xenograft models, with hopes of advancing this technology into
clinical development sometime in the near future [6].

One caveat when studying any uPA/uPAR-targeted therapy is the high degree of species
specificity of uPA and uPAR, such that human uPA has an extremely low binding capacity
towards murine uPAR, and vice versa. This is especially relevant to the use of xenograft
models, in which therapies which target human uPA/uPAR will only have an effect on tumor
cells, and not on the surrounding stromal cells [56]. One result of this issue is that the efficacy
of potential uPA/uPAR-targeted therapies may be underestimated in xenograft models. The
second implication is that the toxicity profiles of these drugs may also be underestimated in
xenograft models. However, toxicity concerns can be somewhat put to rest, as analysis of
cadaveric human tissue has demonstrated very little tissue expression of uPAR [7].

Like uPA, several studies have been carried out targeting the PAI-1 as an anti-cancer therapy.
Elevated levels of PAI-1 are a predictor of aggressive cancers, although that fact seems
contradictory, given that PAI-1 is an inhibitor of uPA activity. However, it is now believed
that PAI-1 may possess functions independent of uPA inhibition [163]. For example, expres-
sion of PAI-1 is necessary for cancer-induced angiogenesis in preclinical models [164]. In
addition, PAI-1 is associated with insensitivity to chemotherapy treatment, while PAI-1
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deficiency causes increased chemotherapy sensitivity [165]. A way of targeting these actions
is to inactivate PAI-1, forcing the conversion of PAI-1 into its latent form. This can be done
using the small peptide paionin-4-D1D2 or small-molecule inhibitor PAI-039 [166,167].
Another method under examination is the interference of the interaction between PAI-1 and
vitronectin, an interaction which has been shown to cause detachment of tumor cells from the
ECM, promoting the metastatic process [168]. RNA-aptamers SM-20 and WT-15 are effective
in inhibiting this interaction without affecting the uPA-inhibiting activity of PAI-1 [155, 169].

Thus, the PA system represents a promising area of research for the development of targeted
anti-cancer therapies. There are a wide variety of methods being examined, targeting any of
the three key players within the PA system, and using several molecular, chemical, and
immunological approaches which have already shown highly promising results, paving the
way for their clinical evaluation.

10. Summary and future goals

Within the last 20 years, the PA system has been established as an important regulator of breast
cancer progress, being directly involved in proliferation, invasion, and migration of tumor
cells. As such, it has become a key target for clinical use in diagnostics, imaging, and thera-
peutics. Over the next few years, there will likely be many more important developments in
this field of study. The exact nature of the signalosome relationship is still being elucidated,
and several studies are underway to identify which proteins are directly bound to uPAR and
are involved in its intracellular signaling. Although ELISA is currently being used as the gold-
standard in measuring uPA/uPAR for diagnostic purposes, much work is being done to
establish immunohistochemical protocols, so that fresh or fresh-frozen tissue samples are no
longer required. Much research is being conducted to evaluate the potential regulation of uPA/
uPAR/PAI-1 expression via epigenetics as well as antisense oligonucleotides and RNAI. In
addition, technologies which use uPA and uPAR to target cytotoxic drug to the tumor
compartment are only now in their earliest stages of development, thus, there are many
avenues to explore in that area of research. Collectively, results from these studies will drive
the clinical development of several PA targeted diagnostic and therapeutic agents which are
either already in clinical trials are expected to enter in the near future. There is great optimism
in these studies using targeted approaches which will lead to reduced morbidity and mortality
in several common malignancies, including breast cancer.
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1. Introduction

Developments both in computer hardware and software allowed for storing, distributing, and
analyzing data obtained from biological experimentation, the very definition of bioinformatics.
From this standpoint, bioinformatics can be narrowly defined as a field at the crossroads of
biology and computer engineering, responsible for the storage, distribution, and analysis of
biological information.[1] The term of bioinformatics relatively refers to the formation and
advancement of algorithms, computational and statistical techniques, and theory to solve
formal and practical problems posed by or inspired from the management and analysis of
biological data.[2,3]

Since its emergence as an independent discipline in the 1980s, bioinformatics has been rapidly
developing, keeping up with the expansion of genome sequence data. Whereas it is safe to say
that 20 years ago, publishing computationally-derived results was a challenge and experi-
mental observations were considered the only way of making progress[1]; after the famous
Clinton-Blair handshake for the completion of the human genome in April 2003 [4], headlines
such as “the laboratory rat is giving way to the computer mouse’ arose.[5] The importance of
bioinformatics methods has further increased following the technological improvement of
large-scale gene expression analysis using DNA microarrays and proteomics experiments. Wet
experiments and the use of bioinformatics analyses go hand in hand in today’s biological and
clinical research.[6] Undeniably, it is almost inconceivable that a high-impact research
publication in biology does not contain some elements of computing.[1]

To date, the genome, transcriptome and proteome are investigated with large-scale and high-
throughput techniques to suggest treatment and predict outcomes. With the availability of
high-throughput sequencing in hypothesis driven science, various sequence-based techniques
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are originated, namely expressed sequence tags (ESTs)[7], serial analysis of gene expression
(SAGE)[8], massively parallel signature sequencing (MPSS)[9], the ‘'HapMap’ project proceed-
ing by means of individual SNPs (single nucleotide polymorphisms) to link specific genotypes
to diseases.[10,11] Aside from sequencing techniques, microarray technology is one of the
high-throughput techniques, possibly the most promising one. As for protein analysis
techniques, tissue arrays[12] and proteomics can be named.

On the one hand, microarrays are microscope slides or chips with immobilized probes, usually
cDNA (complementary DNA), BAC (bacterial artificial chromosome), or oligo probes.[13]
There are very large numbers of spots on an array, each containing a huge number of identical
DNA molecules. Two important applications of microarray technology are gene expression
monitoring and Single Nucleotide Polymorphisms (SNP) detection.[14] This technique is
widely applicable because less RNA is used to analyze thousands of genes. Despite its
increasing use around the world, microarray analysis has some limitations if used as a single
method for exploring tumor biology. An obvious weakness is that a microarray represents a
single snapshot of the patient.[15] But there are a large number of elements leading to disturbed
gene function[16], such as large and small deletions or single base substitutions, mutations
that affect promoter regions or splice-sites, as well as epigenetic silencing. Those factors may
influence the result but may go undetected as well, depending on the exact type of lesion as
well as its location with respect to the area hybridizing with the probe.[17] Furthermore,
differentially expressed genes do not necessarily translate into varying protein levels with
functional implications; so, it does not always show a correlation between the expression of a
gene and the amount of translated protein.[18] Also, compared to RT-PCR (reverse transcrip-
tion polymerase chain reaction), microarray signals are less sensitive, accurate and not able to
resolve smaller differences in gene expression.[19] In addition to its comparative simplicity,
microarray technology requires better understanding of the limitations and careful attention
to experimental design and data analysis for meaningful results.

Bioinformatics applications are used in analysis of entire gene expression profiles to approach
the disease at genome level and pose new hypotheses regarding certain mechanisms including
but not limited to signaling pathways governing the process of formation, maintenance and
expansion of tumor.[20] Bioinformatics analyses can also be applied to miRNA, DNA copy-
number, SNPs, sequence, and methylation data[21] along with the field of medical sciences to
know the pathways for diagnosing which genomic changes could give rise to each known
inherited disease, i.e., identification of the gene causing disease, and also genetic therapies that
can reverse disease phenotype.[14] Different Browser and Databases has been developed to
analyze and process this huge quantity of data (Table 1.0 and Table 2.0).

Kept in mind that the discovery of complete protein classes is still in progress, e.g., the kinases
of the human genome[22], the classification of proteins with related structure and function[23]
will preserve its significance in the molecular dissection of human health and disease. In the
future, bioinformatics is expected to continue its fascinating interplay with the field of
genomics in cancer research, that is cancer bioinformatics and oncogenomics.[24]
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2. Bioinformatics in various cancers

Cancer is one of the prevalent diseases that bring about death worldwide. Given that Scientists
have sequenced the human genome[25], now it is time to use these genomic data, and the high-
throughput technology developed to generate them, to tackle major health problems such as
cancer.[24] Cancer molecular mechanisms are more successfully examined considering the
genes and proteins interaction and network. Bioinformatics tools are vital for acquiring a more
holistic view of cancer and analyzing the intricate data, speeding up the research process
including biomarker discovery. Moreover, cancer clinical bioinformatics is critical to reach
systems clinical medicine by combining clinical measurements and signs with human cancer
tissue-generated bioinformatics, understanding clinical symptoms and signs, disease devel-
opment and progress, and therapeutic strategy.[26,27]

The leading cause of cancer death is lung cancer but still awaits reliable molecular markers.
Kim et al.[29] used multiple clinical samples and combined the bioinformatics analysis of the
public gene expression data with clinical validation to identify biomarker genes for non-small-
cell lung cancer, which shows poor prognosis and recurrence. They meta-analyzed the SAGE
and EST data and chose 20 genes for experimental validation through semiquantitative RT-
PCR. Then, applied quantitative RT-PCR to 7 genes (CBLC, CYP24A1, ALDH3A1, AKR1B10,
S100P, PLUNC, and LOC147166) identified as potential diagnostic markers, leading to 2 highly
probable novel biomarkers (CBLC and CYP24A1).

Liver cancer is the most common type, subsequent to lung cancer, responsible for cancer-
related deaths. Sawey et al.[30] performed a forward genetic screen, using a mouse hepatoblast
model and RNAi, guided by human hepatocellular carcinoma amplification data. They found
that the amplification led to the selective sensitivity to FGF19 inhibition. Hence, FGF19 is an
equally important driver gene of 11q13.3 amplicon as CCND1 in liver cancer, which means
11q13.3 amplification could be an effective biomarker for patients predicted to respond to anti-
FGF19 therapy.

In a recent study[31], an individualized bioinformatics analysis strategy was applied to
previously-established transcriptome data for clear cell renal cell carcinoma (ccRCC) to
identify and reposition 8 FDA-approved drugs with negative correlation and P-value <0.05 for
anticancer therapy. Authors demonstrated that pentamidine is effective against RCC cells in
culture, and slows tumor growth in a RCC xenograft mouse model so it might be a new
therapeutic agent to be combined with current standard-of-care regimens for patients with
metastatic RCC.

With regard to leukemia, diagnosis and subclassification is mostly based on the application of
various techniques like cytomorphology, cytogenetics, fluorescence in situ hybridization,
multiparameter flow cytometry, and PCR-based methods which are time-consuming and cost-
intensive, also require expertise in central reference laboratories. Therefore, microarray
analysis represents a novel promising method to be used as a diagnostic tool.[14] A key
determinant in the prognosis of chronic lymphocytic leukemia (CLL) is the mutational status
of the immunoglobulin heavy chain variable region (IGHV) genes.[32] For the correct delin-
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eation of the mutational status, the patient’s leukemic cells and closest germline counterpart
should be compared. Unfortunately, public web-based databases are commonly used instead
of the patient’s germline DNA sequence from non-leukemic cells. Several of these reference
databases involve VBASE, GenBank/IgBLAST and the international ImMunoGeneTics
information systems that employ different software types, amount of natural IGHV polymor-
phism and criteria used to map the complementarity determining regions and framework
regions. As a result, the correct interpretation of the IGHV mutational status in CLL may be
affected.[33]

Because of the heterogeneity of many tumors, it is a very challenging work to identify good
molecular targets. For instance, resistant subclones of overexpressed and mutated genes may
prevent them from being good molecular targets. Therefore, best target is a ‘red dot’ gene
whose mutation occurs early in oncogenesis and dysregulates a key pathway that drives tumor
growth in all of the subclones. Examples include mutations in the genes ABL, HER-2, KIT,
EGFR and probably BRAF, in chronic myelogenous leukemia, breast cancer, gastrointestinal
stromal tumors, non-small-cell lung cancer and melanoma, respectively. For efficacious
therapeutics; identification of red-dot targets, development of drugs that inhibit the red-dot
targets, and diagnostic classification of the related pathways are a must.[34]

3. Bioinformatics and breast cancer

Breast cancer occurs in both men and women, yet male breast cancer is less common. Although
a cure for each stage of breast cancer has not yet been found, identifying the genetic mutations
that cause the disease can play an important role and this is said by scientists to be like looking
for needles in a haystack, and after finding the needles or coding regions, they must find
disease-related sequences within them.[3®! Bioinformatics sets the stage for searching 3 billion
base pairs to detect genetic defects.

Allinen et al. described the comprehensive gene expression profiles of each cell type composing
normal breast tissue and in situ and invasive breast carcinomas performing SAGE (serial
analysis of gene expression) and utilizing cell-type specific cell surface markers and magnetic
beads for the rapid sequential isolation. Their results suggest that considerable transcriptional
alterations happen in all cell populations while genetic changes were detected only in epithelial
cells among myoepithelial, endothelial and stromal cells, myofibroblasts and lymphocytes.[35]
To continue with another study, based upon a systematic Sanger sequencing analysis of 13,023
genes in 11 human breast cancers, individual tumors accumulate an average of approximately
90 point mutations in gene coding regions, but only a tiny number of these were recurrent and
were in significant genes of breast cancer, including p53 and PIK3CA. A much larger number
of the genes do not necessarily contribute to the carcinogenesis.[36] Considering the genomic
landscape of breast cancer, these more common mutations resemble “mountains” while the
vast majority of genes reflect “hills” that are infrequently mutated. We need to elucidate
mechanisms involved in the disease to understand the heterogeneity of human cancers and
utilize personal genomics for tumor diagnosis and new therapeutic strategies.[37]
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As widely accepted, early detection of breast cancer has an enormous impact on patient’s
survival. Seeing that genome-wide expression patterns of tumors mirror the biology of the
tumors, relating gene expression patterns to clinical outcomes sheds light on the biological
diversity of the tumors.[38] In the discovery of genes and pathways that are specifically
activated or inactivated during tumor progression, high throughput genome-wide array based
techniques like array comparative genomic hybridization (aCGH) and transcriptional profil-
ing can be used.[13] A molecular classification of breast cancer, with more than five reprodu-
cible subtypes (basal-like, ERBB2, normal-like, luminal A, luminal B) was defined through
gene expression profiling and microarray analysis.[38,39,17] In addition, performing the gene
set enrichment analysis (GSEA), a gene set linked to the growth factor (GF) signaling was
observed to be significantly enriched in the luminal B tumors.[40] Another study states that
multiple pathways were identified by mapping gene sets defined in Gene Ontology Biological
Process (GOBP) for estrogen receptor positive (ER+) or estrogen receptor negative (ER-); and
among them, in a separate set, pathways related to apoptosis and cell division or G-protein
coupled receptor signal transduction are associated with the metastatic capability of ER+or
ER-tumors, respectively.[41] Additionally, in a study, it is supported that breast cancer is
initiated with mutated stem cells/progenitors, also called “breast cancer stem cells” because
they are sufficient to sustain oncogenesis and tumor growth.[42] To identify genetic changes
in the progression of breast carcinoma, Yao et al. [43] used aCGH and SAGE combined for
ductal carcinoma in situ (DCIS), invasive breast carcinomas, and lymph node metastases. They
identified 49 minimal commonly amplified regions and reported that the overall frequency of
copy number alterations was more in invasive tumors than in DCIS, with several of them
present only in invasive cancer. In breast cancer, gene amplification happens recurrently on
some chromosomal locations (e.g. 1q, 8p12, 8q24, 11q13, 12p13, 12q13, 17q21-q23, 20q13)
[43,44], which points to the activation of some oncogenes at high frequency during the growth
of tumor. Amplification is a mechanism causing the gene expression constitutively enhanced
above the level of physiologically normal variation, so the significance of oncogene amplifi-
cation in tumorigenesis had originated from expression profiling of tumor cells by oncogene
arrays.[45]

Bioinformatics is also crucial in the realm of pharmacogenomics. There became a need to
develop accurate tools for the effective treatment relying on biological characterization of each
patient’s tumor. Gene-expression profiling of tumors with DNA microarrays is a powerful tool
for pharmacogenomics targeting of treatments. Oncotype DX™ assay (Genomic Health) is a
good example, which was described for identifying the subset of node-negative estrogen-
receptor-positive breast cancer patients who do not require adjuvant chemotherapy.[46,34] A
recent research demonstrated that microarray analysis with qRT-PCR validation reveals
distinct pathways of resistance to bevacizumab (BEV) in xenograft models of human ER+breast
cancer, showing Follistatin (FST) and NOTCH as the top signaling pathways associated with
resistance in VEGF-driven tumors (P <0.05). According to the gene expression analysis, the
level of VEGF expression affects the response to BEV therapy and gene pathways.[47] Using
appropriate bioinformatics tools, such findings may elucidate the matter of resistance to drugs
for individual patients and provide a deeper understanding of treatments and risk factors,
opening the door from novel targets and disease-related biomarkers to right drugs.
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Last but not least, the effect of epigenetic changes on breast cancer etiology is beyond doubt.
In spite of quite anumber of DNA methylation research manifesting diverse patterns including
tumor suppressor genes and oncogenes, only a small fraction of them connect the epigenome
data with the transcriptome. In a recent study by Minning and coworkers[48], DNA methyl-
ation and gene expression profiling of primary breast tumor tissues and adjacent non-
cancerous breast tissues was carried out. They preferred MS-MLPA or MS-qPCR for validation
of results. The overlapping genes between DNA methylation and gene expression datasets
were further mapped to the KEGG database to identify the molecular pathways linking the
used genes together and supervised hierarchical clustering was used for data analysis. The
authors found that most of the overlapping genes belong to the focal adhesion and extracellular
matrix-receptor interaction that play important roles in breast carcinogenesis. The more gene
signature data is acquired by different studies, the better understanding of epigenetic regula-
tion of gene expression and remedial intervention will be possible.

Advances in bioinformatics and its application are much possible by multidisciplinary teams
pursuing focused research. The sensitivity, specificity and combination of tools, methodolo-
gies, and databases should be evaluated in a complete matter. On top of that, findings must
be confirmed with several molecular techniques before translation into clinical practice.

Database GroupDatabase  Originator Web Adress
Nucleotide GenBank US National Center for Biotechnology www.ncbi.nlm.nih.gov/genbank
Sequence Information (NCBI)

EMBL Europian Bioinformatics Institute www.ebi.ac.uk/

DDBJ National Institute of Genetic, Japan www.ddbj.nig.ac.jp/

dbEST www.ncbi.nlm.nih.gov/dbEST
Protein SWISS-PROT Swiss Institute of Bioinformatics, Geneva web.expasy.org/docs/swiss-
Sequence prot_guideline.html

European Bioinformatics Institute www.ebi.ac.uk/swissprot/

TREMBLE  EBI (translation of coding sequences from the ~ www.ebi.ac.uk/tremble
EMBL database that have not yet been deposited
in SWISS-PROT)

UniProt Bioinformatics Institute (EMBL-EBI), Swiss www.uniprot.org
Institute of Bioinformatics (SIB) and the Protein

Information Resource (PIR).

PIR US National Biomedical Research Foundation  pir.georgetown.edu
(NBRF)
Japan International Protein Information www.ddbj.nig.acjp
Database (JIPID)
Munich Information Center for Protein mips.gsf.de
Sequences (MIPS)

Table 1. Major electronic nucleotide and protein databases
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Genome Browser Originator Web Adress
Ensemble Wellcome Trust Sanger Institute/ www.ensembl.org/
Europian Bioinformatics Institute(EBI)
NCBI Map Viewer US National Center for Biotechnology www.ncbi.nlm.nih.gov/mapview/

Information(NCBI)

UCSC genome browser

Genome Bioinformatics Group of UC  http://genome.ucsc.edu/

Santa Cruz

Genomes Compilations

EBI Genomes

Europian Bioinformatics Institute(EBI) www.ebi.ac.uk/genomes

GOLD

Genomes Online Database www.genomesonline.org/

Table 2. Commonly used genom browser and databases

Author details

Beyzanur Yigitoglu!, Eyyup Uctepe', Ramazan Yigitoglu? Esra Gunduz" and

Mehmet Gunduz!

*Address all correspondence to: mehmet.gunduz@gmail.com

1 Department of Medical Genetics, Faculty of Medicine, Turgut Ozal University, Ankara,

Turkey

2 Medical Biochemistry, Faculty of Medicine, Turgut Ozal University, Ankara, Turkey

References

[1] Ouzounis, C. The Emergence of Bioinformatics: Historical Perspective, Quick Over-
view and Future Trends. in Bioinformatics in Cancer and Cancer Therapy (ed. Gordon,
G.].) 1-11 (Humana Press, 2009).

[2] Sims, A.H. Bioinformatics and breast cancer: what can high-throughput genomic ap-
proaches actually tell us? | Clin Pathol 62, 879-85 (2009).

[3] Maryam Gholizadeh, S.A.P., Reza Pasandideh. Proteomics and Bioinformatics Ap-
proaches for Breast Cancer Researches. International Journal of Agriculture and Crop
Sciences 5, 1863-1868 (2013).

[4] Ouzounis, C.A. Rise and demise of bioinformatics? Promise and progress. PLoS Com-
put Biol 8, 1002487 (2012).

181



182 A Concise Review of Molecular Pathology of Breast Cancer

[14]

[15]

[16]

[17]

Economist, T. The race to computerise biology. The Economist (2002).

Daisuke Kihara, Y.D.Y., Troy Hawkins. Bioinformatics resources for cancer research

with an emphasis on gene function and structure prediction tools. Cancer Informatics
2, 25-35 (2006).

Adams M.D., K.J.M., Gocayne ].D., Dubnick M., Polymeropoulos M.H., Xiao H., Mer-
ril CR,, Wu A., Olde B., Moreno R.F,, et al. Complementary DNA sequencing: ex-
pressed sequence tags and human genome project. Science 252, 1651-1656 (1991).

Velculescu V.E., Z.L., Vogelstein B., Kinzler K.W. Serial analysis of gene expression.
Science 270, 484-487 (1995).

Sydney Brenner, M.]., John Bridgham, George Golda, David H. Lloyd, Davida John-
son, Shujun Luo, Sarah McCurdy, Michael Foy, Mark Ewan, Rithy Roth, Dave
George, Sam Eletr, Glenn Albrecht, Eric Vermaas, Steven R. Williams, Keith Moon,
Timothy Burcham, Michael Pallas, Robert B. DuBridge, James Kirchner, Karen Fear-
on, Jen-i Mao, Kevin Corcoran. Gene expression analysis by massively parallel signa-
ture sequencing (MPSS) on microbead arrays. Nature Biotechnology 18, 630-634 (2000).

Lon R. Cardon, G.R.A. Using haplotype blocks to map human complex trait loci.
Trends in Genetics 19, 135-140 (2003).

Andrew G. Clark, R.N., James Signorovitch, Tara C. Matise, Stephen Glanowski, Jere-
my Heil, Emily S. Winn-Deen, Arthur L. Holden, Eric Lai. Linkage Disequilibrium
and Inference of Ancestral Recombination in 538 Single-Nucleotide Polymorphism
Clusters across the Human Genome. American Journal of Human Genetics 73, 285-300
(2003).

Hector, B. The multitumor (sausage) tissue block: novel method for immunohisto-
chemical antibody testing. Laboratory Investigation 55, 244-248 (1986).

Rennstam, K. & Hedenfalk, I. High-throughput genomic technology in research and
clinical management of breast cancer. Molecular signatures of progression from be-
nign epithelium to metastatic breast cancer. Breast Cancer Res 8, 213 (2006).

Vidya Vaidya, S.D. A Review of Bioinformatics Application in Breast Cancer Re-
search. Journal of Advanced Bioinformatics Applications and Research. 1, 59-68 (2010).

Yang, X., Ai, X. & Cunningham, ].M. Computational prognostic indicators for breast
cancer. Cancer Manag Res 6, 301-12 (2014).

Lonning, P.E., Knappskog, S., Staalesen, V., Chrisanthar, R. & Lillehaug, ].R. Breast
cancer prognostication and prediction in the postgenomic era. Ann Oncol 18,
1293-306 (2007).

Per Eystein Lenning, R.C., Vidar Staalesen, Stian Knappskog, Johan Lillehaug3. Ad-
juvant treatment: the contribution of expression microarrays. Breast Cancer Research 9,
S14 (2007).



(18]

[19]

[21]

[22]

[23]

[24]

[25]

[29]

[30]

[31]

Bioinformatics in Breast Cancer Research
http://dx.doi.org/10.5772/59519

Jaluria, P., Konstantopoulos, K., Betenbaugh, M. & Shiloach, ]J. A perspective on mi-
croarrays: current applications, pitfalls, and potential uses. Microb Cell Fact 6, 4
(2007).

Dominick Sinicropi, M.C., Mei-Lan Liu. Gene Expression Profiling Utilizing Microar-
ray Technology and RT-PCR. in BioMEMS and Biomedical Nanotechnology (eds. Fer-
rari, M., Ozkan, M. & Heller, M.) 23-46 (Springer US, 2007).

Eroles, P., Bosch, A., Perez-Fidalgo, ].A. & Lluch, A. Molecular biology in breast can-
cer: intrinsic subtypes and signaling pathways. Cancer Treat Rev 38, 698-707 (2012).

Schiavon, G. et al. Heterogeneity of Breast Cancer: Gene Signatures and Beyond.
13-25 (2012).

Manning G, W.D., Martinez R, Hunter T, Sudarsanam S. The Protein Kinase Comple-
ment of the Human Genome. Science 298, 1912-1934 (2002).

Christos A. Ouzounis, RM.R.C., Anton ]. Enright, Victor Kunin & José B. Pereira-
Leal. Classification schemes for protein structure and function. Nature Reviews Genet-
ics 4, 508-519 (2003).

Strausberg RL, S.A., Old L], Riggins GJ. Oncogenomics and the development of new
cancer therapies. Nature 429, 469-74 (2004).

Human Genome Research Institute, The Human Genome Project Completion. http://
www.genome.gov/11006943National.

Duojiao Wu, C.M.R,, Xiangdong Wang. Cancer bioinformatics: A new approach to
systems clinical medicine. BMC Bioinformatics 13(2012).

Wang, X. & Liotta, L. Clinical bioinformatics: a new emerging science. | Clin Bioinfor-
mal,1(2011).

Wang, X. Role of clinical bioinformatics in the development of network-based Bio-
markers. | Clin Bioinforma 1, 28 (2011).

Kim, B. et al. Clinical validity of the lung cancer biomarkers identified by bioinfor-
matics analysis of public expression data. Cancer Res 67, 7431-8 (2007).

Sawey, E.T. et al. Identification of a therapeutic strategy targeting amplified FGF19 in
liver cancer by Oncogenomic screening. Cancer Cell 19, 347-58 (2011).

Zerbini LF, B.M., de Vasconcellos JF, Paccez JD, Gu X, Kung AL, Libermann TA.
Computational repositioning and preclinical validation of pentamidine for renal cell
cancer. Molecular cancer therapeutics 13, 1929-1941.

Ghia, P. et al. ERIC recommendations on IGHV gene mutational status analysis in
chronic lymphocytic leukemia. Leukemia 21, 1-3 (2007).

183



184 A Concise Review of Molecular Pathology of Breast Cancer

[33]

[34]

[35]

[37]

[40]

[41]

[42]

[43]

Davi, F., Rosenquist, R., Ghia, P., Belessi, C. & Stamatopoulos, K. Determination of
IGHV gene mutational status in chronic lymphocytic leukemia: bioinformatics ad-
vances meet clinical needs. Leukemia 22, 212-4 (2008).

Simon., R. Bioinformatics in cancer therapeutics--hype or hope? Nature Clinical Prac-
tice Oncology 2, 223 (2005).

Allinen, M. et al. Molecular characterization of the tumor microenvironment in breast
cancer. Cancer Cell 6, 17-32 (2004).

Sjoblom T, J.S., Wood LD, Parsons DW, Lin ], Barber TD, Mandelker D, Leary R]J,
Ptak J, Silliman N, Szabo S, Buckhaults P, Farrell C, Meeh P, Markowitz SD, Willis J,
Dawson D, Willson JK, Gazdar AF, Hartigan ], Wu L, Liu C, Parmigiani G, Park BH,
Bachman KE, Papadopoulos N, Vogelstein B, Kinzler KW, Velculescu VE. The con-
sensus coding sequences of human breast and colorectal cancers. Science 314, 268-274
(2006).

Wood L.D., P.D.W,, Jones S., Lin J., Sjoblom T., Leary R.J., Shen D., Boca S.M., Barber
T., Ptak J,, Silliman N., Szabo S., Dezso Z., Ustyanksky V., Nikolskaya T., Nikolsky
Y., Karchin R., Wilson P.A., Kaminker ].S., Zhang Z., Croshaw R., Willis J., Dawson
D., Shipitsin M., Willson J.K., Sukumar S., Polyak K., Park B.H., Pethiyagoda C.L.,
Pant P.V,, Ballinger D.G., Sparks A.B., Hartigan J., Smith D.R., Suh E., Papadopoulos
N., Buckhaults P., Markowitz S.D., Parmigiani G., Kinzler K.W., Velculescu V.E., Vo-
gelstein B. The genomic landscapes of human breast and colorectal cancers. Science
318, 1108-1113 (2007).

Sorlie, T. et al. Gene expression patterns of breast carcinomas distinguish tumor sub-
classes with clinical implications. Proc Natl Acad Sci U S A 98, 10869-74 (2001).

Christos Sotiriou, S.-Y.N., Lisa M. McShane, Edward L. Korn, Philip M. Long, Amir
Jazaeri, Philippe Martiat, Steve B. Fox, Adrian L. Harris, Edison T. Liu. Breast cancer
classification and prognosis based on gene expression profiles from a population-
based study. Proc Natl Acad Sci U S A 100, 10393-8 (2003).

Loi, S. et al. Gene expression profiling identifies activated growth factor signaling in
poor prognosis (Luminal-B) estrogen receptor positive breast cancer. BMC Med Ge-
nomics 2, 37 (2009).

Jack X Yu, AM.S,, Yi Zhang, John WM Martens, Marcel Smid, Jan GM Klijn, Yixin
Wang, John A Foekens. Pathway analysis of gene signatures predicting metastasis of
node-negative primary breast cancer. BMC Cancer 7, 182 (2007).

Behbod, F. & Rosen, .M. Will cancer stem cells provide new therapeutic targets? Car-
cinogenesis 26, 703-11 (2005).

Yao, J. et al. Combined cDNA array comparative genomic hybridization and serial
analysis of gene expression analysis of breast tumor progression. Cancer Res 66,
4065-78 (2006).



[44]

[47]

Bioinformatics in Breast Cancer Research
http://dx.doi.org/10.5772/59519

Frank Courjal, M.C., Joelle Simony-Lafontaine, Genevieve Louason, Paul Speiser,
Robert Zeillinger, Carmen Rodriguez, and Charles Theilet. Mapping of DNA Ampli-
fications at 15 Chromosomal Localizations in 1875 Breast Tumors: Definition of Phe-
notypic Groups. cancer research 57, 4360-4367 (1997).

Larissa Savelyeva, M.S. Amplification of oncogenes revisited: from expression profil-
ing to clinical application. Cancer Letters 167, 115-123 (2001).

Soonmyung Paik, M.D., Steven Shak, M.D., Gong Tang, Ph.D., Chungyeul Kim,
M.D., Joffre Baker, Ph.D., Maureen Cronin, Ph.D., Frederick L. Baehner, M.D., Mi-
chael G. Walker, Ph.D., Drew Watson, Ph.D., Taesung Park, Ph.D., William Hiller,
H.T., Edwin R. Fisher, M.D., D. Lawrence Wickerham, M.D., John Bryant, Ph.D.,
Norman Wolmark, M.D. A Multigene Assay to Predict Recurrence of Tamoxifen-
Treated, Node-Negative Breast Cancer. The new england journal of medicine 351,
2817-2826 (2004).

Gokmen-Polar, Y. et al. Gene Expression Analysis Reveals Distinct Pathways of Re-
sistance to Bevacizumab in Xenograft Models of Human ER-Positive Breast Cancer. |
Cancer 5, 633-45 (2014).

Chin Minning, N.M.M., Norlia Abdullah, Rohaizak Muhammad, Nor Aina Emran,
Siti Aishah Md Ali, Roslan Harun, Rahman Jamal. Exploring breast carcinogenesis
through integrative genomics and epigenomics analyses. international Journal of On-
cology, 1959-1968 (2014).

185






Chapter 8

Relationship of Breast Cancer with Ovarian Cancer

Ayse Celik, Muradiye Acar, Catherine Moroski Erkul,
Esra Gunduz and Mehmet Gunduz

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59682

1. Introduction

Cancer is perhaps the cruelest of deadly diseases in our era. So many factors play a role in
cancer and these features were characterized in 2011 as belonging to eight categories: evasion
of apoptosis, excessive growth signalling, insensitivity to anti-growth signals, maintained
angiogenesis, endless replicative potential, metastasis, reprogramming of energy metabolism
and avoidance of immune destruction. Types of cancer may be put in different categories (or
combinations of these) according to symptoms and pathogenesis, therefore revealing many
relationships.

Breast cancer is the most commonly diagnosed cancer type among women. There are similar-
ities between breast and ovarian cancer such as similar mutations (tumor suppressors, proto-
oncoges), changes in hormone regulation and microenvironment, etc. In 2014, approximately
235,030 new cases are expected, and it is estimated that 40,430 deaths from breast cancer will
occur. Also, an estimated 21,980 new cases of ovarian cancer will be diagnosed in 2014, with
an estimated 14,270 deaths. Statistical results and similarities raise the question of whether
metastasis of breast cancer is related to the occurrence of ovarian cancer.

Several mutations in growth control genes can trigger the development of tumors in the body.
The specific causes of the mutations that lead to cancer are not fully known. Recent studies
have tried to uncover these unknown relationships between breast and ovarian cancer.
Understanding of the correlations between different types of cancers provide knowledge to
us about the disease process. Recent studies focus on common mutations, tumor micro-
environment, receptor inactivation, Trastuzumab resistance, etc. Thanks to these studies, new
therapeutic techniques have been developed such as using miRNA as therapeutic targets or
improvement of nanodrug delivery systems. Also, mathematical modeling has been used in
attempts to understand changes in metabolic pathways and metastasis.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and eproduction in any medium, provided the original work is properly cited.
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Briefly, understanding of the associations between breast and ovarian cancers provide
opportunities for the prevention of metastasis and allow development of new ways to cure
cancer.

2. Hereditary Breast and Ovarian Cancer (HBOC)

Despite intense studies about breast and ovarian cancer, these cancer types are the most
significant cause of death in women in our century. Recent studies have tried to identify
different types of mutations for certain genes and determine changes in copy numbers,
expression profiles, etc. by using high-throughput technologies [1]. Identifying variations
among breast and ovarian cancers will hopefully uncover associations between them, thus
possibly revealing methods for early disease screening and allow understanding of the
mechanism(s) of metastasis between these two cancer types.

Several studies have continued to find a common point for breast and ovarian cancer; all
studies have defined certain mutations in BRCA1/BRCA2 for these types of cancer. The
statistics show that 60-80% of BRCA1/BRCA2 gene mutation carriers will develop breast cancer
and 20-40% will develop ovarian cancer. Some cases of HBOC indicate a connection with
constitutive epimutations or other susceptibility genes such as several gene clusters including
the Fanconi anemia (FA) cluster (FANCD2, FANCA and FANCC), mismatch repair (MMR)
cluster (MLH1, MSH2, PMS1, PMS2 and MSHS6), NA repair cluster (ATM, ATR and CHK1/2),
and tumor suppressor cluster (TP53, SKT11 and PTEN). If a patient does not have any
mutations in the BRCA genes but their cancer has a phenotype characteristic of those with
BRCA mutations and a dysfunction in a DNA repair system, it is known as "BRCAness’;[1]. In
conclusion,mutations that occur in some DNA repair mechanisms can increase the risk of
developing breast and ovarian cancer.

3. Identification of high penetrance of genes

The inactivation of BRCA1 and BRCA2 genes are germline mutations and trigger breast and
ovarian cancer. This phenomenon was confirmed by high throughput technologies used for
molecular diagnostics such as next generation sequencing (NGS). By using NGS, the DNA of
59 patients harbouring SNVs that include indels or large genomic rearrangements of BRCA1
or BRCA2 was analyzed. Also, 168 patients were used as blind study to compare NGS versus
Sanger sequencing or MLPA analyses of BRCA1 and BRCA2. Then, by using three different
capture methods, 708 consecutive patients were monitored. A total of 69 deleterious germline
alterations within BRCA1 and BRCA2, and 4 TP53 mutations were detected in 468 patients. In
addition to this, 36 variations that include either a premature codon stop or a splicing defect
among other genes were found (5/708 in CHEK?2, 3/708 in RAD51C, 1/708 in RAD50, 7/708 in
PALB2, 3/708 in MRE11A, 5/708 in ATM, 3/708 in NBS1, 1/708 in CDH1, 3/468 in MSH2, 2/468
in PMS2, 1/708 in BARD1, 1/468 in PMS1 and 1/468 in MLH3). This study shows the efficiency
of NGS in performing molecular diagnosis of HBOC [2].
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In the past, full coding exon sequencing was challenging, because researchers had to analyse
dozens of coding genes using the traditional method of Sanger sequencing. It is a very time
consuming and labor intensive method. Thus, complicated genetic analysis was not possible.
However, new techniques have made such research easy. Also, parallel sequencing allows for
complicated genetic analysis in a short time. This technique is now reliable for genomic
research, but applying this in the clinic is still difficult due to the requirement of complex
equipment and highly trained staff [3]. In clinical applications, several library preparation
methods have been used to demonstrate a novel capture method. Targeting coding sequences
of genes have high coverage in every captured region. In order to streamline the number of
germline mutation variants, further whole exon sequencing studies and confirmations are
required in order to provide a gold standard for the investigation of germline variants.Nowa-
days, clinical decisions that include molecular diagnoses have a significant impact on the
determination of treatments such as chemotherapy and prophylactic surgery. The association
between breast and ovarian cancer try to depend on high or low penetrance of genes that are
observable in both cancer types. The most common susceptibility genes in this field are BRCA1/
BRCAZ2. If any mutations are present in either of these genes, it translates to a 60-85% lifetime
risk of developing breast or ovarian cancer [4].

Germline mutations in BRCA1 and BRCA2 can be inherited by offspring and thus are known
as constitutional mutations. The mutations may have complete or partial gene deletions, large
insertions, duplications, splicing, frameshifts, missense and nonsense mutations. Insertions
and deletions may occur at the same position in the sequence and induce gene shuffling, which
in turn leads to abnormal gene structure, function,etc. The rate of these mutations changes
from population to population. According to data from the Breast Cancer Information Core
website, approximately 3500 mutations have been reported for both genes. For instance, female
breast cancer patients of Ashkenazi Jewish descent have a 10 - 12 % frequency of mutations
in these genes. Frequency of this mutation is higher than in the rest of the Caucasian popula-
tion, because the female Ashkenazi Jewish population harbors ancient BRCA1 / BRCA 2
mutant alleles. The 5266dup, BRCA2999del5 and BRCAldelexonl7 mutations have been
defined in some populations such as Slavic, Finnish, Icelandic and German [4].

In addition, the penetrance of mutations is important for genomic rearrangements to develop
into a detectable trait. Detection of high penetrance genes is easier than lower ones, because
they form symptoms and are always apparent in an individual carrying the allele. However,
several variations in low penetrance alleles are more common, and these low penetrance alleles
could increase risk to develop cancer and its progression [5]. Some researchers have focused
on identification of new genes to explain the missing heritability in BRCA negative cancer
patients, including targeted genes that may interact with BRCA pathways and proteins.

Nowadays, several studies have focused on finding these candidate genes and mutations using
NGS technologies. According to these studies, additional high penetrance alleles have been
found for breast/ovarian cancers; for instance, TP53, STK11,etc. Also, moderate penetrance
alleles such as PALB2, BRIP1, RAD51C have a role in cancer via their alteration in pathways
like Fanconi Anemia [6],[7]. In addition, ATM and CHEK2 have the same penetrance level and
are involved in the homologous recombination repair pathway [8]. Detection of mutations and
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penetrance within genes other than BRCA1 and BRCA2 has shed light on the genetic hetero-
geneity of HBOC.

3.1. BRCA1 and BRCA2 genes

BRCAT1 and BRCA2 genes are expressed in epithelial cells of breast and ovarian tissues. They
regulate the repair of some types of DNA damage and are involved in cell fate decision; if DNA
damage is too excessive and cannot be repaired efficiently, the cell will be directed to be
destroyed. Briefly, BRCA1 and BRCA2 genes are tumor supressor genes that are essential in
homologous recombination repair of double strand breaks [9], [10]. If any mutations or damage
occurs in BRCA1/BRCA2, DNA damage cannot be properly repaired and this increases the
risk of developing breast cancer [11]. However, BRCA1/2 are not oncogenes.They are normal
but their mutations are abnormal and cause formation of breast cancer. Chromosomal
arrangements may result from errors in the DNA damage response mechanism. It might lead
to genomic instability. If genomic rearrangements are large, they may escape detection. The
problem is that standard genetic testing is not capable of identifying large rearrangements and
therefore next generation and whole exon sequencing technologies must be used to detect these
gene modifications/changes [12].

Some studies have focused on solving the mechanisms of BRCA1 and BRCA2. According to
biochemical, genetic and cytological studies, the lack of BRCA1 results in cell death because
BRCAL1 regulates stem/progenitor cell proliferation and differentiation. Apicobasal polarity is
regulated by BRCA1 and RHAMM (hyaluronan-mediated motility receptor), AURKA (aurora
kinase A) and TPX2 (microtubule-associated, homolog). This gene complex can change the
miotic spindle promoting activity of RHAMM which may control tumor progression. In
addition to this, BRCA1 binds and regulates AURKA which plays a role in the cell cycle as a
kinase and appears to be strongly involved in centrosome regulation. Therefore, variations of
the AURKA gene may contribute to breast cancer progression [13]. BRCA1 causes an accu-
mulation of TPX2 and is required for mitotic spindle- pole assembly. Not only DNA damage
response and repair, but also cell differentiation requires the BRCA core complex proteins for
functional integrity.

Function of interacting Interacting

BRCAL1 interacting protein or complex . . . Ref.
protein domain(a.a. residues)

RADS51 DSB repair Exon 11 (758-1064) [14]

RADS50 DSB repair Exon 11(341- 748) [15]
BRCT domain

BRCA2 DSB repair [14]
(1314-1863)

BASC (QTM,BLM,MSH2,MSH6,MLH1,RCF) Mismatch repair BRCA part of complex [16]

Exon 11 and BRCT
Transcription Factor,
p53 domain (224 - 500 and [17], [18]
tumor supressor
1760-1863)
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Function of interacting

Interacting

BRCAL1 interacting protein or complex . . . Ref.
protein domain(a.a. residues)
Exon 11 and BRCT
pPRB Cell cycle regulator domain (304-394 and [19]
15336-1863)
N-terminus and
c-Myc TF,oncogene exonll [20]
(175-303 and 433-511)
ZBRK1 TF,represses GADD45  Exon 11 (341-748) [21]
ATF TF RING (1-101) [22]
STAT1 Signal transducer, TF Exon 11(502-802) [23]
TF,
E2F N-terminus (1-76) [24]
cell cycle regulator
BRCT domain
RNA Pol IT holoenzyme *(RPH) Transcription [25], [26]
(1650-1800)
BRCT domain
RNA helicase A Component of RPH [27]
(1650-1800)
Estrogen receptor Ligand responsive TF  N-terminus (1-300) [28, 29]
Exon 11;BRCT
Androgen receptor Ligand responsive TF  domain (758-1064 and [30]
1314-1863)
Transcriptional co- BRCT domain
CtIP [31, 32]
repressor (1651-1863)
RING and BRCT
Transcriptional
p300/CBP ) domain (1-303 and [33]
coactivator
1314-1863)
Histone deacetylation; BRCT domain
HDAC1 and 2 [34]
chromation remodeling (1563 - 1863)
Chromosome *BRCA1 part of the
Centrosome (p53,Prb,Nm23) . [35]
segregation complex
BRAP2 Cytoplasmic retention ~ NLS (303-701) [36]
Vasolin- containing protein, VCP ATPase Exon 11 ( 303- 625) [37]
BARD1 Ubiquitination RING (1-101) [38]
Deubiquitinating
BAP1 RING (1-100) [39]
enzyme
Importin a Nuclear transport NLS (303-701) [40]
Interacting domain
BRCA2 interacting protein or complex - (a.a. residues) on [41]

BRCA2

Table 1. BRCA interacting proteins
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Many biochemical studies have shed light on a multitude of proteins with defined interactions
with BRCA1 and BRCA2. These proteins are involved in control mechanisms of DNA double
strand breaks. Within several minutes after damage, H2AX, a member of the histone H2A
family of proteins, becomes phosphorylated and foci form at the site of DNA double strand
breaks [42]. BRCA1 is recruited with this area within several hours. Subsequently, RAD50 and
RAD51 interact with the strand breaks. This situation shows that BRCA1 and H2AX can initiate
repair mechanisms of local chromatin structure, thus DNA repair proteins can access damaged
sites.

If BRCA1 and BRCAZ2 genes are absent from the cell, chromosomal abnormalities, breaks,
aneuploidy and centrosome amplification occurs. The pathogenic tumor formation in breast
and ovarian tissue may depend on chromosomal instability that is the result of deficiency of
BRCA1 and BRCA2 genes. In order to reveal this relation, researchers monitored sporadic
breast and ovarian tumors. 50 — 70 % of them were found to have lost an BRCA1 allele and 30
—50 % were found to have lost an BRCA?2 allele [43],[44].

Genomic instability of BRCA1 and BRCA2 genes result from the repetitive DNA elements that
are of high density. 42% of BRCA1 consists of Alu sequences and 5% non-Alu repeats. The
genomic region of BRCA2 consists of 47% repetitive DNA [45]. BRCA1 and BRCA?2 are rare
genes that include high density repetitive DNA regions. Multiple diseases are mediated by
genetic rearrangements of Alu sequences. According to the given density of repeat elements
in BRCA1 and BRCA2, careful analysis of these genes can reveal the risk of breast and ovarian
cancer due to these susceptibility genes.

The source of the large deletions depends on repetitive regions on genes. One mechanism that
manages the large deletions observed around the BRCA1 and BRCAZ2 that are inherited and
sporadic tumors in breast and ovarian cancer (Figurel). These repeat regions may be far apart
from the linear DNA but physically close in the nucleus. For instance, if a chromosome break
occurs near a replication fork during replication, it might be repaired by HR to a replication
fork at a nearby anchorage point.

3.2. Association between DNA damage and BRCA1-BRCA2 genes

Double strand breaks such as exposure to ionizing radiation or certain kinds of DNA-
damaging agents. Genetic defects in DNA damage response genes and/or down-regulation of
the DNA repair mechanisms induces genomic instability, and this can lead to carcinogenesis
[46]. Among the many DNA repair pathways available in mammalian cells are homologous
repair, non-homologous end-joining and single-strand annealing [47]. There are several ways
that cells can repair double strand breaks. A number of signaling pathways are involved in
the detection of DSBs and regulate DNA repair or apoptotic cell death. The main DNA damage
recognition molecule is ATM [48], a checkpoint kinase that phosphorylates a number of
proteins in response to DNA damage, including p53 and BRCA1 [Figure2].

P53 plays a critical role in preventing cancer development. Generally, p53 gene is mutated in
cancer tissue, so it cannot protect the genetic integrity of cells. In physiological conditions, p53
is activated when DNA damage occurs. The failure of DNA damage response results in p53



Relationship of Breast Cancer with Ovarian Cancer
http://dx.doi.org/10.5772/59682

B R (Deletionl) Al

B (Deletion 2} 1

[ deletion 3)

Figure 1. A mechanism for the formation of deletion by loss of a chromatin loop at different stages. Deletions of phase
1 occur in S phase, when the same repetitive sequences are physically brought together by MAR (blue ellipse). Breaks
in DNA, and their repair, might lead to deletion of a chromatin loop (red). Deletions of type 2 and 3 occur by the same
mechanism but occur later during DNA synthesis in the replication cycle. (Adapted from Piri et al [11])

mediated cell apoptosis [49]. Several mechanisms regulate p53 activity. p21WAF-1 has been
shown to play an important role in both p53-dependent [50] and -independent pathways [51].
P21WAF-1 prevents cell cycle progression via interaction with the cyclin-dependent kinase
(CDK) complex. Therefore, p53 plays a role in the most important part of providing stability
to the genome by using cell cycle checkpoints, DNA repair and apoptosis.

BRCAL1 also involves a gold standard for a tumor suppressor gene that is needed to prevent
cancer development and progression. BRCA1 / BRCAZ2 related breast and ovarian cancers are
have defects in a DNA repair pathway [52]. Studies have shed light on the functional roles of
BRCA1/BRCA2 genes in DNA repair, cell cycle checkpoints and DNA damage signaling
pathways [53]. BRCA1 interacts with several cyclins and CDKs, triggers the activation of the
CDK inhibitor, p21WAEF-1, and p53, thus it can control the cell cycle. The main function of
BRCA1 depends on its phosphorylation status, so if the gene becomes hyper-phosphorylated
following any damage or exposure to DNA damaging agents, it becomes non-functional[54].

Also, BRCA1 and BRCA2 genes are not only responsible for DNA damage response but also
their proteins interact with the estrogen and androgen receptors [55]. These genes inhibit
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-1-/

Check point
regulation

Figure 2. Schematic representation and overview of the DNA repair and checkpoint regulation of cell cycle

estrogen receptor-a activity and stimulate androgen receptors. In this way, BRCA1 mutations
are associated with hormone responsive cancer. In other words, the cancer risk of BRCA1
mutation carriers will increase via hormonal factors.

3.3. Association of estrogens — Estrogen receptors with BRCA genes

Estrogen, progesterone and androgen hormones control the initiation of carcinogenesis by
using special hormone receptors. Moreover, hormonal therapies frequently regulate hormone-
mediated diseases such as cancer. A number of candidate genes have been identified as
biomarkers for ovarian and breast cancers [56].

Frequently, damage in the DNA repair system induce growth arrest and cell death. BRCA
deficient mice die in the early stages of embryogenesis. The first question that arises is why
BRCA deficient breast or ovarian epithelial cells develop tumors instead of undergoing
apoptosis? What is special to breast and ovarian epithelial cells that allows them to escape
apoptosis or response to the DNA damage response system? Finally, how are BRCA1 and
BRCA2 genes associated with estrogen levels?

The transition of the hormone independence induces the progression of breast and ovarian
cancer because of DNA repair defects. The estrogen-bound receptor dimerizes and associates
with chromatin. The estrogen response elements that are present on a DNA sequence motif
bind directly to the receptor dimers. There are two kind of estrogen receptors:estrogen
receptor-a and estrogen receptor-3. Estrogen receptor-a plays a role in proliferation, and the
activation of estrogen receptor-3 controls apoptosis [57]. An increase in estrogen receptor-3
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levels might be related with a reduction in breast cancer risk [58]. Estrogen receptor-f3 may
prevent cellular proliferation by action opposite to that of estrogen receptor-a.

Estrogen

\
_BRCA1 - IAM

\ﬂ_': 7 \fﬁf‘_‘/
\,\,\ Cell Proliferatrion

Tumorogenesis
Figure 3. Schematic representation of interaction between BRCA1 and estrogen receptor (ER)-«

A woman exposed to estrogen either endogenously or exogenously, has an increased risk of
developing breast or ovarian cancer. BRCA1 and BRCA2 expression levels are highest during
pregnancy and puberty, when estrogen levels are increased [59].

If estrogens triggers cell proliferation [60], increased estrogens promotes the probability of
developing random genetic rearrangements and errors. Metabolic processes produce reactive
oxygen species (ROS) that cause oxidative damage to genomic DNA. In addition, some
hormone oxidative metabolites catalyzed by cytochrome p450 enzymes can form unstable
adducts in DNA which then leads to mutations [61].

DNA DNA Endocrine
 damage repair o) System

| Tumorogenesis |

T

Immune
System

Figure 4. Connection of the hormone endocrine, immune, DNA damage and DNA repair systems in cancer
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A long period of exposure to estrogen is strongly associated with an increased risk of devel-
oping breast and ovarian cancer. However, activation of DNA damage response mechanisms
may be triggered via androgen signaling [62]. The estrogen receptor-mediated pathways are
inhibited by BRCA1 and BRCA2 proteins which function as a suppressor in mammary
epithelial cell proliferation. Also, the estrogen receptor complex regulates the transcription of
BRCA1 and BRCA?2 under the condition of estrogen stimulation. In addition, estrogens are not
only essential for mammary growth and differentiation, but also enhance the activity of the
P53 tumor suppressor protein [63].

4, Biomarkers in breast and ovarian cancer

4.1. The KRAS-variant (A germline microRNA binding site-disrupting variant)

Cancer susceptibility genes increase the risk of malignancy as a result of mutations in tumor
suppressor or oncogenes that control different pathways. The KRAS variants are active at the
site of the 3’-untranslated region of the complementary site of let-7 miRNA. miRNAs are 22-
nucleotide long noncoding RNAs that are conserved regions. They are a novel class of
oncogenes and tumor supressors that are upregulated in cancers [64]. Recent studies showed
that SNPs that are present in miRNA binding sites can be powerful markers of cancer risk [65].
Ratner et al. reported that KRAS is associated with 61% of cases of breast and ovarian cancer
syndrome. In another study, KRAS variants were observed to be increased within women with
triple-negative breast cancer [66]. A study at Yale University, involving 58 hereditary breast
and ovarian syndrome patients tested for the presence of the KRAS variant. The KRAS-variant
was identified in 60% of HBOC patients who lacked BRCA1 or BRCA2 mutations. These
findings strongly support the hypothesis that the KRAS-variant is a genetic marker of an
increased risk of developing ovarian cancer[67].

The KRAS variant might be a new biomarker for breast and ovarian cancer. Therefore,
preventing or identifying cancer in early steps may be possible by using this biomarker.

4.2. Flap Endonuclease 1 (FEN1) as a biomarker in breast and ovarian cancer

FENT1 is a kind of flap structure endonuclease that is critical for DNA repair processing. It is
involved in long patch base excision repair (LP-BER) and Okazaki fragment maturation during
replication. In addition, it plays a role in rescue delayed in replication forks, managing of
telomere stability and apoptotic formation of DNA [68] [69]. Fenl is also a main actor in
posttranslational modifications such as acetylation, phosphorylation, sumoylation, methyla-
tion and ubiquitylation which control nuclease activities [68] [69].

FENT1 has a role in tumor formation. A FEN1 E160D mutant mouse model shows alteration in
DNA repair [70] [71]. These changes trigger an increased frequency of cancer development.
Polymorphic variations of FEN1 in humans may be associated with high frequency cancer
susceptibility [72, 73].
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FENT1 has an impact on breast tumors. It affects BRCA1, PARP1, XRCC1 and TOP2A genes.
There is an association between high FEN1 and ATM expression. FEN1 may regulate the ER-
induced transcriptional response with interaction of estrogen response elements [74]. There is
a complex network between ER, FEN1 and ATM in breast cancer cells. Similarly, in ovarian
cancer, FEN1 expression is linked to an aggressive phenotype and poor survival [75]. Abdel-
Fatah et al. demonstrated that FEN1 overexpression is associated with an aggressive pheno-
type and poor survival in breast and ovarian cancer.

5. Conclusion

Despite the more intense studies about breast and ovarian cancer, these cancer types are the
most significant cause of death in women in our century. Recent studies have tried to stream-
line the number of mutations for specific genes and identify changes in copy number, expres-
sion profiles, etc. by using high-throughput technologies for identification of variations.
Identification of all kinds of variations will uncover associations between breast and ovarian
cancer, and thus reveal potential disease screening methods and provide an understanding of
the mechanism of metastasis between these two cancer types. In this chapter, we aimed to
gather the current knowledge about susceptibility genes BRCA1 and BRCA2 which are highly
connected with breast and ovarian cancer. Also, mechanisms and hormones (estrogen) that
induce cancer associated with BRCA1/BRCA?2 have been discussed. Finally, new biomarkers
including FEN1 and KRAS for breast and ovarian cancer have been discussed.
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1. Introduction

With more than 10 million new cases each year cancer is at present one of the most devastating
diseases worldwide with an immense affliction burden not only for affected individuals, their
relatives and friends but also representing heavy challenges to health care systems (Steward
& Kleihues, 2003). In the year 2000, cancer was responsible for 12% of nearly 56 million deaths
worldwide and in many countries this percentage is even higher with more than a quarter of
deaths attributable to cancer. Moreover, it is expected that cancer rates further increase by 50%
to 15 million new cases in the year 2020, mainly due to steadily ageing populations in both
developed and developing countries (Fresco et al., 2010).

In recent years, many studies have shown an association between cell cycle regulation and
cancer inasmuch as the cell cycle inhibitors are being considered as a weapon for the manage-
ment of cancer (Hajduch et al., 1999). Ultimately a great level of interest has arisen in the
Gy/G; phase regulatory molecules such as cyclin D1, Cdkls, and p53 as potential therapeutic
targets in diseases where control of inappropriate cellular proliferation would be a therapeutic
benefit (Sherr, 1996).

Apoptosis is an essential physiological process throughout the life of multi-cellular organisms
important in the development and in the maintenance of tissue homeostasis. Apoptosis is
involved in controlling the cell number and proliferation during embryogenesis, deletion of
activated lymphocytes at the end of the immune response, elimination of self-reactive
lymphocytes, in controlled destruction of damaged, aged, infected, transformed, and other
harmful cells (Nagata, 1997; Testa, 2004). Zivny et al. have recently reviewed the apoptotic
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pathways, molecules involved in the cross-talk between individual apoptosis pathways,
apoptosis regulation as well as mechanisms of action of conventional anticancer drugs and
new promising agents, which trigger directly or indirectly apoptosis of hematologic cancer
cells (Zivny et al., 2010).

We report herein the synthesis and antiproliferative activities of purine derivatives 1-11 (Chart
2) against the cancerous MCF-7 and MDA-MB-231 human breast cancer cell lines and the
corresponding normal one (MCF-10A) to define the in vitro therapeutic index (TI) as a measure
of the selectivity. From a structural point of view, the compounds studied differ from others
previously reported (Diaz-Gavilan et al., 2008b) by the addition of an extra halogen or PhS-
groups on the purine ring. Finally the most active racemic compound (1) was resolved and the
antiproliferative activity of its enantiomers was measured (Lopez-Cara et al., 2011).

_N02
o) s o] 0=5=0 " Re
H
N/ N N NJ\IN
3"“ 3“’ BWN)Y\RG
0 \=p

1 Isomer: p'N02Y R2 = RG =Cl 5R= NOZ’ R2 = Cl, RG =1 8 RQ = RG =SPh
2 Isomer: 0-NO2, Ro = Rg = Cl 6 R=NHy Rp=Rs=Cl 9 Ry =Cl, Rg=SPh
3 Isomer: p-NO, Ry =H, Rg=Br 7 R=NHOH, R, =Rg=Cl

4 Isomer: 0-NO, Ry, =H, Rg=Br

NO,
o

0% o
0=8=0 OMe N N /N\”/
N\/L‘MN 3% XN

10 1

Chart 1. New cyclic (1-9) and acyclic (10, 11) purinic O,N-acetals (Lopez-Cara et al., 2011).

Modern drug discovery relies on high speed organic synthesis. Microwave-assisted organic
synthesis is proving to be instrumental for the rapid synthesis of compounds with new and
improved biological activities (Al-Obeidi et al., 2003; Kappe & Dallinger, 2006). We previously
investigated the Vorbriiggen condensation in microwave-assisted organic synthesis (Conejo-
Garcia et al., 2008). Microwave advantage is chiefly the quick access to the target molecules as
well as the better yield obtained in the only isomer formed making the purification processes
much easier.
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2. The chiral switch from the benzo-fused seven-membered O,N-acetal (1)

Preparation of the O,N-acetals 1-4 was achieved by the microwave-assisted Vorbriiggen one-
pot condensation of the cyclic acetals 12 and 13 (Diaz-Gavilan et al., 2004) and the commercially
available purine bases 6-chloro-, 6-bromo-and 2,6-dichloro-purines, using chlorotrimethylsi-
lane (TMSCI), 1,1,1,3,3,3-hexamethyldisilazane (HMDS) and tin(IV) chloride as the Lewis acid
in anhydrous acetonitrile. The reaction mixture was microwave-irradiated at a temperature of
140 °C or 160 °C for 5 min (Scheme 1).

| Lo |
P 2 RG _ N02
el NZNC ) 1410
=Q= A\ =Q=
050, A ) — 0=%=0 | 2411
N RS N ” N 3
4
OMe s
o)
12 p-NO, Ro=H, Cl 14 p-NO,
13 0-NO» Re =Cl, Br 15 0-NO,
i
W s
) 6
2 —1——— 5
iv) 8

Scheme 1. Reagents and conditions: i) purine, TMSCl, HMDS, SnCl, (1 M solution in CH,Cl,), 140 or 160°C, microwave, 5
min; ii) Nal, TFA, butanone, -15°C, 6 hours; iii) SnCl,-2H,0, EtOH, reflux, 2 hours; iv) PhSH, K,CO,, DMF, rt, 4 hours.

Compounds 14 and 15 were isolated from the reactions and the acyclic O,N-acetal 10 was also
obtained in the synthesis of 1. Traces of the N-7’ regioisomer 11 were detected in the synthesis
of 2. The following modifications were carried out on 2: a) selective nucleophilic substitution
of the chorine atom at position 6 of the purine ring using Nal and trifluoroacetic acid (TFA) to
yield 5; b) reduction of the nitro group with SnCl, to give rise to 6 and 7; and c) the treatment
with the PhSH to produce 8 and 9.

Compounds 14 and 15 were obtained along with the cyclic and acyclic O,N-acetals in the
reaction of purines with 12 and 13, respectively. Their importance lies in the information that
they provide of the mechanism of the reaction with purines (Lépez-Cara et al., 2011).
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2.1. Resolution of (RS)-1 into its eantiomers: Biological activities

The issue of drug chirality is now a major theme in the design and development of new drugs,
underpinned by a new understanding of the role of molecular recognition in many pharma-
cologically relevant events. In general, three methods are utilized for the production of a chiral
drug: the chiral pool, separation of racemates, and asymmetric synthesis. Although the use of
chiral drugs predates modern medicine, only since the 1980’s has there been a significant
increase in the development of chiral pharmaceutical drugs. An important commercial reason
is that as patents on racemic drugs expire, pharmaceutical companies have the opportunity to
extend patent coverage through development of the chiral switch enantiomers with desired
bioactivity (Nufez et al., 2009).

(RS)-9-[1-(p-Nitrobenzenesulfonyl)-1,2,3,5-tetrahydro-4,1-benzoxazepin-3-yl]-2,6-di-
chloro-9H-purine (1) is resolved into its two enantiomers: [(R)-1: [«]*®,=-43.6 (c=0.22, THF), and
(5)-1: [a]*p=+41.0 (c=0.23, THF];] using a semipreparative column CHIRALPAK® IA and a
mixture of hexane/t-BuOMe/iPrOH as eluent (Marchal et al., 2010).

Table 1 shows the antiproliferative activity (ICs, values) for 1-11 and 5-fluorouracil (5-FU). All
the compounds were first assayed as antiproliferative agents against the human breast
adenocarcinoma cell line MCF-7 (p53 wild-type and ras mutated). Compounds (1, 2, 5-7, and
10, 11) were selected to be further assayed on the human breast cancer cell line MDA-MB-231,
which has high levels of mutant p53, the most commonly mutated gene in human cancer.
Additionally, we used a non-cancerous human mammary epithelial cell line (MCF-10A), in
order to study the therapeutic index against breast cancer.

Compound IC5, MCF-7 (uM) 1C5, MDA-MB-231 (uM) 1C5, MCF-10A (uM)

1 0.355 +0.011 0.166 + 0.063 1.825 +0.503
2 0.383 +£0.027 0.280 + 0.006 1.530 £0.198
3 1.226 +0.348 N.D.b N.D.b
4 3.618 £0.273 N.D.b N.D.
5 0.610 £ 0.043 0.256 + 0.002 0.351 +£0.020
6 0.820 + 0.050 0.467 +0.017 1.520 + 0.498
7 1.530 + 0.040 0.487 + 0.006 1.233 £0.217
8 9.710 + 0.380 N.D. N.D.b
9 13.85+1.790 N.D.? N.D.b
10 0.355+0.122 0.409 +0.074 1.863 +0.050
11 0.990 + 0.090 0.318 + 0.066 1.265+0.163

5-FU 4.32+0.020 N.D.b N.D.

2All experiments were conducted in duplicate and gave similar results. The data are means + SEM of three independ-
ent determinations. The treatment time was 48 h.

"N.D.=Not determined.

Table 1. Antiproliferative activities® for compounds 1-11 and 5-FU against the cancerous cell lines MCF-7 and MDA-
MB-231, and the non-cancerous cell line MCF-10A (Lépez-Cara et al., 2011).
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It must be pointed out that from the twenty ICs, values against the two cancerous cell lines,
the majority of the IC;, values were below 1 pM. As shown in Table 1, all the compounds were
more active as anti-proliferative agents against MDA-MB-231 than against the MCF-7 human
breast cancer cell line, except for the acyclic derivative 10, whose anti-proliferative effect
remains the same in both cancer cell lines. The 1C5=0.166 pM for compound 1 against the
human cancerous cell line MDA-MB-231 stands out over the rest of the values.

A comparison between the cancerous cell lines (MCF-7 and MDA-MB-231) and the corre-
sponding normal one (MCF-10A) was established in an intent to define the in vitro therapeutic
index as a measure of the selectivity. The in vitro Tl of a drug is defined as the ratio of the toxic
dose to the therapeutic dose (in vitro TI=IC5y non-tumour cell line/IC5, tumour cell line) (Nufiez
et al., 2007). TI was better for compounds 1, 2 and 11 against both cancer cell lines with values
up to 11.0, 5.50 and 4.55, respectively against MDA-MB-231 cell line. 2,6-Dichloro derivatives
1 and 10 were the most selective compounds against the human breast adenocarcinoma MCF-7
cancer cell line (TIs=5.1 and 5.2, respectively) in relation to the normal one. The iodine
derivative 5 showed the most toxic effect against the non-tumour MCF-10A human mammary
epithelial cell line (Table 2).

Therapeutic index (TI)
Compound
MCEF-7 MDA-MB-231
1 5.14 11.0
2 4.00 5.50
5 0.57 1.37
6 1.85 3.25
7 0.80 2.53
10 5.25 4.55
11 1.27 4.00

Table 2. Therapeutic indexes for the most representative compounds.

When the homochiral forms were analyzed we found differences in the IC;, values between
(5)-1 and (R)-1 enantiomers, although no differences in activity were found between the two
enantiomers against the MDA-MB-231 cell line. However both enantiomers present higher
anti-proliferative activity than the racemic compound showing the greatest differences against
MCEF-7 cells. Enantiomer (S5)-1 shows higher anti-tumour activity, up to twice that of (R)-1 in
the MCF-7 cell line (Table 3). Studies with other compounds showed similar results with more
potency in cytotoxicity in an enantiomer in comparison with the racemate. This enantioselec-
tive cytotoxicity indicates that the enantiomers of some chiral drugs may differ both quanti-
tatively and qualitatively in their biological activity (Liu et al., 2009; Shelley et al., 1999).
Moreover, enantiomers demonstrate minimal in vitro but a dramatic in vivo chiral dependency
in their anti-tumour activities (Lai et al., 2007; Brown et al., 2010).
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Compound MCEF-7 (uM) MDA-MB-231 (uM)
(RS)-1 0.355 +0.011 0.166 + 0.063
(R)-1 0.19 +0.001 0.11 +0.001
(5)-1 0.10 + 0.001 0.11 +0.001

2All experiments were conducted in duplicate and gave similar results. The data are means + SEM of three independ-
ent determinations.

Table 3. Anti-proliferative activities of (RS)-1 and its enantiomers against the cancerous cell lines MCF-7 and MDA-
MB-231.

Once the anti-tumour activity of compounds was determined against the different breast cell
lines, we carried out a selection between those that showed a great cytotoxic effect against
MCEF-7, including (R)-1 and (S)-1, in order to determine their influence on the several cell cycle
phases. In this study we have included drugs used in clinic against breast cancer, such 5-FU
and paclitaxel, with a known mechanism of action at the level of cell cycle.

In order to analyze if the anti-tumour effects of the drugs involve changes in cell cycle
distribution, the non-tumour cell line MCF-10A and the breast cancer cell lines MCF-7 and
MDA-MB-231 were treated with the compounds during 48 hours and then analyzed by flow
cytometry. The non-accumulation in a specific phase was detected during treatment with the
drugs in most of the cell lines analyzed in comparison with control-DMSO-treated cells. Only
the (R)-1 enantiomer was able to induce in MDA-MB-231 cells an accumulation in both G,/G,
and G,/M phases with the consequently significant decreased in the S phase. Also an accu-
mulation in the phase G,/M was detected in MCE-7-5 treated cells. Treatment with 5-FU and
paclitaxel, as has been described previously (Grem et al., 1999), induced accumulation in the
S or G,/M phases depending on the cell line analyzed. Similar data were obtained when cell
lines were treated for 24 hours with 0.5 mM mimosine to synchronize the cells in the G,/S phase
(data not shown). These results indicate that compounds inhibited all phases of the cell cycle,
probably through the inhibition of protein synthesis as has been proved with other anti-tumour
drugs (Duncan et al., 2009).

Finally, to determine if the observed growth inhibition was due to apoptosis, both flow
cytometry and confocal microscopy studies were carried out. Cells were treated with the
IG5, values of compounds and stained using Annexin V and propidium iodide (PI) at 24 and
48 hours post-drug treatment. Apoptosis assays were accomplished in the MCF-7 human
breast cancer cell line, where the demonstration of programmed cell death by known apop-
tosis-inducing agents has proved difficult and only few cytotoxic agents act preferentially
through an apoptotic mechanism in human breast cancer cells (Saunders et al., 1997; Chad-
derton et al., 2000). Paclitaxel (Taxol) induced programmed cell death of up to 43% of the cell
population. Simultaneous staining with annexin V-FITC and the PI non-vital dye made it
possible to distinguish between early apoptosis (stained positive for annexin V-FITC and
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negative for PI), and late apoptosis or cell death (stained positive for both annexin V-FITC and
PI). In MCEF-7 control-DMSOQ cultures neither early nor late apoptosis were detected after 24 h
or 48 h. Similarly, compounds did not induce apoptosis after 24 h of treatment. In contrast,
MCE-7 cells treated during 48 h with the novel compounds showed a significant increase of
early apoptotic cells in relation to the control culture with percentages varying from 13.93%
in cells treated with 11 to 43.30% and 41.99% after treatment with 10 and (R)-1, respectively.
It should be noted that levels of early apoptosis induced by (R)-1 were almost double in
comparison with the corresponding racemic 1, which may explain the enantioselective anti-
proliferative activity shown by this enantiomer. These high apoptotic percentages shown by
(R)-1 are consistent with the G, and G,/M arrest since cells exposed to specific agents typically
enter apoptosis from a given phase of the cell cycle (Saunders et al.,, 1997; Marchal et al.,
2004; Lundberg & Weinberg, 1999). Differences in cytotoxicity, cell cycle analysis or apoptotic
levels between (R)-1 and (S)-1 suggest distinct signalling pathways as has been shown with
other anti-tumour enantiomers (De Fatima et al., 2008). Moreover, it is possible that the amount
of cells undergoing apoptosis in response to the compounds have been higher than these
values, because only adherent cells were stained and counted.

The effects of compounds on the pattern of cell death were also confirmed by confocal
microscopy after staining with FITC-conjugated annexin V and the nuclear non-vital stain PI.
MCEF-7 cells treated with compounds showed several staining patterns. Some cells displayed
an intense FITC staining located at the plasma membrane and a nucleus with intensely PI-
labelled marginated chromatin, suggesting that they were in the course of apoptosis. Other
cells showed a peculiar staining pattern, because they exhibited nuclei with the same features
observed in true apoptotic cells and, at the same time, cytoplasm homogeneously stained for
annexin V. In fact, the FITC staining was located not only at the cell surface, but also within
the cytoplasm. Therefore, these cells were considered as aponecrotic cells as has been previ-
ously established (Formigli et al., 2002). In addition, patches of localised partially condensed
chromatin were found in other cells abutted along the inner part of the nuclear membrane. In
the control cultures, most of the cells turned out to be negative for both staining except for
some dying cells with the staining features of apoptosis (data not shown). The present data
support the effect of the compounds in some of the series of steps of the apoptotic process
where a wide range of intermediate morphological and biochemical types of cell death occurs
(Marchal et al., 2004; Gooch & Yee, 1999).

Toxicity was determined selecting (RS)-1, which was the most in vitro cytotoxic compound
against MCF-7 cells. We examined the acute-toxicity profile of (RS)-1in BALB/c mice when it
was administered in a single i.p. bolus injection (n=25) at dose levels of 50, 75, 100, 150 and 200
mg/kg or via gavage (n=25) in a single p.o. bolus at dose levels of 0.05, 0.5, 5 and 50 mg/kg.
Compound (RS)-1 was nontoxic to BALB/c mice even at the highest i.p. bolus dose of 200 mg/
kg and p.o. bolus dose of 50 mg/kg after 2 weeks. Control mice (n=10; 5 mice for the i.p. group
and 5 mice for the p.o. group) were treated with the vehicle alone. All 50 (RS)-1-treated mice
remained healthy and gained weight throughout the 15-day observation period, with no
evidence of morbidity.
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3. Purines linked to racemic benzo-fused six-membered heterocycles

Very recently, a series of 2-and 6-substituted (RS)-9-(2,3-dihydro-1,4-benzoxathiin-3-ylmeth-
yl)-9H-purine derivatives (16-26, Chart 2) was obtained by applying a standard Mitsunobu
protocol that led to a six-membered ring contraction from (RS)-3,4-dihydro-2H-1,5-benzoxa-
thiepin-3-ol via an episulfonium intermediate (Diaz-Gavilan et al., 2008a). The most active
compounds were 17 and 18 with 1C5=6.18 + 1.70 and 8.97 + 0.83 uM, against MCF-7 cells
respectively. These results suggest that the presence of bulky substituents on position 6 of the
purine ring reduces the anti-proliferative activity. An approach that has guided the origin of
novel drugs is bioisosterism, which we have carried out as suitable structural modifications
of the seven-membered building block, such as the modification O-1/S (Nufiez et al., 2005;
Nufez et al., 2007).

16 R; =H, R, =Cl
17 R, =H; R, =Br
18 R; =R, =Cl
R 19 R; =H; R, =SMe
N 20 Ry =H; Ry =0Ph
o N° Y—R, 21R;=H;R,=SPh
— 22 Ry =H; Ro =NHPh
©:S]\K/N\¢N 23 R; = H; R, = OCH,CH=CH,

24 R1 = H, R2 = OCHQPh
25 R-| = H, R2 = SCHQPh
26 Ry =H; Ry = OCH,CgH 11

Chart 2. Series of substituted (RS)-9-(2,3-dihydro-1,4-benzoxathiin-3-ylmethyl)-9H-purine derivatives 16-26 (Diaz-Gav-
ilan et al., 2008a).

The design, synthesis and biological evaluation of two series of substituted (RS)-9-(2,3-
dihydro-1,4-benzoxathiin-2-ylmethyl)-9H-purines 27-30 (Series A, Chart 3), and (RS)-9-(2,3-
dihydro-1,4-benzodioxin-2-ylmethyl)-9H-purines 31-33 (Series B, Chart 3) have been
described (Conejo-Garcia et al., 2011). In series A, the methylene linker that connects the six-
membered ring and the purine moiety has been changed from position 3 to 2 in relation to
derivatives 16-26 (Chart 2). Series B is the isosteric group in which sulfur is replaced by oxygen.
We will show the activity of these compounds in the inhibition of MCEF-7 breast cancer cell
growth to ascertain potential directions for synthetic lead-optimization studies.
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S @)
27 Ry=H;R,=Cl 31 R, = H; R, = Cl
28 Ry=H;R2=Br 32 Ry =H; Ry, =Br
29 R1=R2=C| 33 R1=R2=C|
30 Ry=H;Ry=NH; 34 R;=H; R, =NH,

Chart 3. Substituted (RS)-9-(2,3-dihydro-1,4-benzoxathiin-2-ylmethyl)-9H-purines 27-30 (series A) and (RS)-9-(2,3-di-
hydro-1,4-benzodioxin-2-ylmethyl)-9H-purines 31-34 (series B).

The starting material (RS)-2,3-dihydro-2H-1,4-benzoxathiin-2-methanol (35) was prepared as
previously reported (Diaz-Gavilan et al., 2008a) whilst (RS)-(2,3-dihydro-1,4-benzodioxin-2-
yl)methanol (36) was synthesized by the reaction of cathecol with epichlorohydrin in NaOH
and water (Diaz-Gavilan et al., 2007).

2
7N
o 0 NN 0 N>_2’R2
SO e OO OO
2, )
X X N>_$7R2 X ~
N

Ry
35 X=S 27X=S,Ry=H,R,=ClI 16 X=S, R, =H, R, =ClI
36 X=0 28 X=S,Ry=H;R,=Br 17 X=8§, Ry =H; R, =Br
29X=S,R1=R2=C| 18X=S,R1=R2=CI

30X=S,R1=H;R2=NH2
31X=0,Ry=H; Ry=Cl
32X=O, Ri=H; Ro=Br
33X=0,R;=Ry=Cl

34 X=0,Ry=H; Ry= NH,

Sheme 2. Reagents and conditions: a) Substituted purines, Ph,P, DIAD, anhydrous THF, microwave irradiation, 140 °C, 5
min, or in the case of 32, 160 °C, 15 min (Conejo-Garcia et al., 2011).

Final compounds 27-34 were synthesized by the Mitsunobu reaction in dry THF between 35
or 36 and the corresponding purines (6-chloropurine, 6-bromopurine, 2,6-dichloropurine and
adenine) under microwave-assisted conditions (Scheme 2).
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It must be pointed out that when starting from 35 and using 6-chloro-, 6-bromo-, and 2,6-
dichloro-purines, apart from the target compounds 27, 28 and 29, their corresponding isomers
16, 17 and 18 (Diaz-Gavilan et al., 2008) previously reported were also obtained as side-
products. Therefore we have justified the formation of such "abnormal" products through a
neighbouring-group mechanism (Conejo-Garcia et al., 2011).

The anti-carcinogenic potential of the target molecules is reported against the MCF-7 human
breast cancer cell line (Table 4). In general, (RS)-9-(2,3-dihydro-1,4-benzoxathiin-2-ylmeth-
yl)-9H-purines 27-29 (series A) show a better activity than their isosteres (RS)-9-(2,3-dihy-
dro-1,4-benzodioxin-2-ylmethyl)-9H-purines 31-33 (series B). The anti-cancer activity depends
on the substituent of the purine ring. The most active compound 29, bearing two chlorine atoms
at positions 2 and 6 of the purine ring, shows an IC5,=2.75 + 0.02 pM. In general, compounds
bearing halogen atoms on the purine ring (27-29 and 31-33) present better activity than
compounds substituted bearing an amino group (30 and 34).

Comp. IC;, (uM) Comp. IC;, (uM) Comp. I1C, (UM)
16 10.6 +0.66 28 4.87 +0.02 32 7.64+0.03
17 6.18 £1.70 29 2.75+0.03 33 19.58 + 0.02
18 8.97 +0.83 30 "/>30 34 ">30
27 9.24+0.01 31 18.75+0.02

Table 4. Anti-proliferative activities against the MCF-7 cell line for the (RS)-9-(2,3-dihydro-1,4-benzoxathiin-3-
ylmethyl)-9H-purines (16, 17 and 18), (RS)-9-(2,3-dihydro-1,4-benzoxathiin-2-ylmethyl)-9H-purines (27-30), and (RS)-9-
(2,3-dihydro-1,4-benzodioxin-2-ylmethyl)-9H-purines (31-34).

In recent years, many studies have shown an association between cell cycle regulation and
cancer inasmuch as the cell cycle inhibitors are being considered as a weapon for the manage-
ment of cancer (Hajduch et al., 1999). To study the mechanisms of the anti-tumour activity of
the compounds (27-29 and 32), the effects on the cell cycle distribution were analysed by flow
cytometry (Table 5). DMSO-treated cell cultures contain a 62.79 + 1.30 % of the cells in the G,/
G;-phase, and a 19.29 +2.98 % of the cells in the S-phase, a 13.26 = 2.98 % of the cells in the G,/
M-phase. In contrast, MCF-7 cells treated during 48 h with 27-29 and 32 show important
differences in the cell cycle progression compared with DMSO-treated control cells. The
following can be deduced from the analysis of the cell cycle distribution: compounds 27, 28,
29 and 32 accumulate the cancerous cells in the G,/M-phase (23.35 + 1.97, 31.37 + 1.45, 43.89 +
1.96 and 36.71 + 7.40, respectively) at the expense of the S-phase cells (13.77 £1.13,17.06 + 0.75,
10.83+4.70 and 10.27 + 6.24, respectively) and of the G,/G;-phase cells in the case of compounds
28, 29 and 32 (51.56 + 1.06, 45.28 + 2.73 and 53.02 + 1.16, respectively), except in the case of 27,
which induces a cell cycle arrest in the G,/M-phase cells (23.35 + 1.97) at the expense of the S-
phase cells (13.77 £ 1.13).
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Compound Cell cycle? Apoptosis®<
Gy/G; S G,/M
Control 62.79 +1.30 19.29 +1.68 13.26 +2.98 0.92+1.29
27 62.87 +0.60 13.77 +1.13 23.35+1.97 37.99 +8.56
28 51.56 +1.06 17.06 = 0.75 31.37 +1.45 14.33+1.23
29 4528 £2.73 10.83 +4.70 43.89 +1.96 70.08 +0.33
32 53.02+1.16 10.27 +6.24 36.71+7.40 21.66 +0.30

“Determined by flow cytometry (Marchal et al., 2004).

PApoptosis was determined using an Annexin V-based assay (Marchal et al., 2004). The data indicate the percentage of
cells undergoing apoptosis in each sample.

cAll experiments were conducted in duplicate and gave similar results. The data are means + SEM of three independent
determinations.

Table 5. Cell cycle distribution and apoptosis induction in the MCF-7 human breast cancer cell line after treatment for
48 h with the three most active compounds as anti-proliferative agents.

The protein expression analysis by western blot showed that 27-29 have an important role in
the activation and phosphorylation of the initiation factor elF2a. The initiation factor elF2a
was phosphorylated in MCF-7 human breast cancer cell line after treatment with 27-29. It is
well established that elF2a phosphorylation correlates with a translational block and conse-
quently produces inhibition of protein synthesis (Holcik & Sonenberg, 2005). These results are
in concordance with the delay in the G,/M cell cycle phase produced by compounds. Further-
more, a prolonged induction of elF2a finally triggers the cell cycle arrest and/or the apoptosis
phenomena (Gil et al., 1999; Dagon et al., 2001).

MCEF-7 cells treated for 48 h with compounds 27-29 induced apoptosis, 29 being the compound
that showed a significant increase of apoptotic cells in relation to the control culture with a
percentage of 70.08 + 0.33 (Table 5). Apoptosis is a major form of cell death characterized by
changes in signalling pathways that lead to the recruitment and activation of caspases, a family
of cysteine-containing, aspartate-specific proteases. Caspases exist as inactive proenzymes in
cells, and are activated through their processing into two subunits in response to apoptotic
stimulation. Activated caspases cleave a variety of important cellular proteins, other caspases,
and Bcl-2 family members, leading to a commitment to cell death. Caspase-9 is involved in one
of the relatively well-characterized caspase cascades. It is triggered by cytochrome C release
from the mitochondria, which promotes the activation of caspase-9 by forming a complex with
Apaf-1 in the presence of dATP. Once activated, caspase-9 initiates a caspase cascade that
finally induces cell death (Altieri, 2003). Western blot assays showed that compounds 27-29
induced activation of caspase 9 at late times (16 h and 36 h of treatment) similarly to paclitaxel
used as control compound. These data confirm that levels of apoptosis showed by annexin V
assays that are dependent of intrinsic pathway of cell death. p53 was not activated by the
compounds which indicate that apoptosis was induced in a p53 independent manner (Conejo-
Garcia et al., 2011).
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4. Different apoptosis modulation in breast cancer cells of enantiomers of

benzo-fused six-membered heterocycles linked to purines

The intrinsically chiral and non-racemic nature of the living world often results in its different

interactions with the enantiomers of a given substance. If this substance is a drug, it might well

be that only one of the two isomers is capable of exerting the desired therapeutic effect. The

other may be inert, harmful or responsible for possibly undesirable side effects.

Garcia-Rubifio et al. have described the preparation of homochiral 27-29 and 31-33 (Garcia-
Rubifio et al.,, 2013). Compounds (R)-27-29, (R)-16-18, (S)-27-29 and (S)-16-18 have been
subjected to anti-proliferative, apoptosis (Tables 6 and 7) and cell cycle studies in the MCE-7

and SKBR-3 human breast cancer cell lines.

Comp. 1C;, (UM)? Total apoptosis Comp. IC;, (UM)? Total apoptosis
67.4+0.90° 73.8+0.42b
(RS)-27 9.24+0.01 (RS)-16 10.6 +0.66
10.3 £ 0.14¢ 22.6 £0.07¢
43.0£0.63° 72.0+0.21b
(R)-27 4.73+0.02 (R)-16 15.2+£0.03
9.70 +0.42¢ 20.2+0.21c
89.5+0.70° 31.6 +1.40b
(5)-27 11.4 £0.06 (5)-16 3.30 £0.02
19.0 £ 0.63° 14.0 £ 0.60c
99.4 +0.07 63.4 +1.50°
(RS)-28 4.87 +0.02 (RS)-17 6.18+1.70
38.4+4.73¢ 30.6 +6.78°
63.8 £6.00° 55.8 £12.0°
(R)-28 4.45+0.07 (R)-17 6.17 +0.07
16.0 +£2.33¢ 26.6 +0.20°
50.2+1.13° 60.5 +9.00°
(5)-28 3.33+0.13 (5)-17 6.32+0.04
252 +0.49° 41.8 +0.56°
97.7 £ 0.56° 51.4+0.21°
(RS)-29 2.75+0.03 (RS)-18 8.97£0.83
29.4 +0.30¢ 15.8 £0.49°
99.1+£0.65° 27.4+£0.07°
(R)-29 3.33+0.04 (R)-18 10.3 £0.01
77.0 +2.80¢ 6.25 + 3.30¢
89.4 +1.50° 58.8 +2.75
(5)-29 1.85+0.05 (5)-18 6.93 +0.09
33.2+0.20° 60.4 +2.40°

*All experiments were conducted in duplicate and gave similar results. The data are means + SEM of three independ-
ent determinations. IC5, was determined after 6 days of treatment. *Cells were treated with the 3 x ICs, values of com-
pounds. Cells were treated with the ICy, values of compounds. Apoptosis was measured after 48 h of treatment.

Table 6. Anti-proliferative effect and apoptosis induction for the target compounds 27-29 and 16-18 in the MCF-7 cell

line
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Comp. IG5, (uM)? Total apoptosis Comp. IC;, (uM)? Total apoptosis

55.2 +0.70° 40.8 +0.12b
(RS)-27 8.04 +0.00 (RS)-16 8.17+/-0.00

23.6 +0.10¢ 13.4 +0.14c

60.0+1.13° 29.2+0.11b
(R)-27 6.56 +0.11 (R)-16 12.1+0.04

11.7 £ 0.23¢ 9.35+0.12¢

37.2+0.11° 42.0+2.31b
(5)-27 9.46+/-0.00 (S)-16 450+0.12

12.4 +0.87¢ 18.4 + 0.44c

95.8 +0.21° 28.6 +0.50°
(RS)-28 7.25+/-0.00 (RS)-17 8.98+/-0.00

36.2 +1.03¢ 7.62 +0.70¢

475+2.11° 42.7 +0.15°
(R)-28 5.18+/-0,00 (R)-17 9.24+/-0.00

8.42 +0.41¢ 7.95 + 0.02¢

25.7 +0.55° 26.6 +1.30°
(5)-28 7.78+/-0.00 (5)-17 9.05+0.14

10.6 +0.09¢ 27.2 +0.05¢

78.2+1.26° 59.8+0.11°
(RS)-29 5+/-0.00 (RS)-18 5.73+0.22

27.5+0.33¢ 20.2 +0.04¢

87.4 +0.35° 37.5 +0.05°
(R)-29 4.34+/-0.00 (R)-18 7.52+/-0,01

37.2+0.30° 10.6 +0.32¢

56.1 +0.09° 69.0 £ 0.57°
(5)-29 7.03+/-0.00 (5)-18 4.35+/-0.00

4.85+0.19¢ 27.5 +0.60°

?All experiments were conducted in duplicate and gave similar results. The data are means + SEM of three independent
determinations. IC5, was determined after 6 days of treatment. "Cells were treated with the 3 x IC5, values of compounds.
“Cells were treated with the IC;, values of compounds. Apoptosis was measured after 48 h of treatment.

Table 7. Anti-proliferative effect and apoptosis induction for the target compounds 27-29 and 16-18 in the SKBR3 cell
line.

Compounds 27-29, 16 and 18 show one major bioactive enantiomer against both MCF-7 and
SKBR-3 human breast cancer cells whereas compound 17 has presented equally bioactive
enantiomers. In general, the ICy, values of racemates (RS)-27-29, 16 and 18 are similar to the
average ICs, of the corresponding enantiomers (R)-27-29,-16,-18 and (5)-27-29,-16,-18. Struc-
ture-activity relationship between the configuration of the enantiomers and the anti-prolifer-
ative effect indicates that in general, (S)-enantiomers are more active in the MCF-7 cell line.
Thus, (5)-28, (5)-29, (5)-16 and (5)-18 are more potent than their corresponding enantiomers
while (R)-27 is more active than (RS)-27 in the MCF-7 cell line. However, (R)-27-29 and (5)-16
and (5)-18 show more cytotoxicin the SKBR-3 cell line.

In the MCF-7 cell line racemic and homochiral compounds 27, 28, and 29, with the purine
moiety at position 2, are more active than their corresponding regioisomers 16, 17 and 18, with
the purine moiety at position 3, except for (S)-27. The most active compound (S)-29, with 2,6-
dichloropurine moiety at position 2, shows an IC5=1.85 + 0.05 pM being 2.5-fold more potent
than the clinically used drug 5-FU (IC5,=4.32 £ 0.02 uM) (Garcia-Rubifo et al., 2013). In contrast,
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in the SKBR-3 cell line both racemic and homochiral compounds 27, 28 and 29 are more active
than their corresponding regioisomers 16, 17 and 18, except for (5)-16 and (5)-18. The most
active compound in this case is (R)-29 with 2,6-dichloropurine moiety at position 2, shows an
1C5=4.34 + 0.00 uM.

The cell cycle does not show significant differences among the compounds (data not shown).
Since it is well established that the eukaryotic initiation factor 2 alpha (eIF2a) phosphorylation
correlates with a translational block and consequently leads to the inhibition of protein
synthesis and induction of apoptosis (Garcia-Rubifio et al., 2013), we have analyzed the protein
activation of this factor by western blot. eIF2a is significantly phosphorylated in MCF-7 cancer
cells after treatment with (5)-29, (S)-17 and (R)-16 at 16 h and 36 h.

Interestingly, (S)-29 induces high elF2a phosphorylation in the MCEF-7 cell line in comparison
with its racemate and its enantiomer, where no activation is shown. These results support the
highest anti-proliferative activity displayed by (5)-29 and suggest that this activity is in part
due to the suppression of protein synthesis provoked by elF2a phosphorylation (Baltzis et al.,
2007). Furthermore, a prolonged induction of elF2« finally triggers the apoptosis phenomena
(Gil et al., 1999; 20, Dagon et al., 2001).

The following can be stated from Tables 6 and 7:

a. In the MCF-7 cell line, compounds are more potent as programmed cell-death inducers
than in SKBR-3, and more specifically, (R)-29 and (S)-18 are the more effective apoptotic
inducers (77% and 60% at their IC, respectively) in the MCF-7 cell line.

b. In the SKBR-3 cell line the best apoptotic values are observed at their 3 x IC;, concentra-
tions.

c¢. Compounds (RS)-28, (RS)-29 and (R)-29 present the best apoptotic percentages in both
cancerous cell lines at their 3 x IC;, concentrations (99%, 98%, and 99%, respectively in
MCE-7, and 96%, 78%, and 87%, respectively, in SKBR-3).

Previous works scarcely reports a different pattern in apoptosis levels between enantiomers.
An exception is D-(-)-lentiginosine, the non-natural enantiomer of the iminosugar indolizidine
alkaloid that acts as an apoptosis inducer on different tumour cells in contrast to its natural
enantiomer (Macchi et al., 2010). All homochiral compounds included in this study show a
different apoptosis effect between the two enantiomers. Apoptotic defects in cancer cells are
the primary obstacle that limits the therapeutic efficacy of anticancer agents, and hence the
development of novel agents targeting novel canonical and non-canonical programmed cell
death pathways has become an imperative mission for clinical research (Cummings et al.,
2004). Compounds 27-29, and 16-18 induce strong levels of cell death measured by citotoxicity
analysis and by phosphatidylserine externalization (Annexin V binding) (Tables 6 and 7) even
in the MCF-7 breast cancer cells that have shown deficiency in the caspase-activation mecha-
nisms (Kagawa et al., 2001).

Whereas compound (S5)-27 activates the canonical intrinsic caspase-8/caspase-3 apoptotic
pathway on the MCE-7 cell line, compound (RS)-29 induces caspase-2 activation. However, a
strong apoptosis induction is also detected in the rest of the compounds analysed. The caspase-
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independent apoptosis in cells exposed to different drugs with diverse cellular effects has been
previously described (Macchi et al., 2010). While caspase-2 activation could induce cell death
through cytochrome c/mitochondria damage (Robertson et al., 2002), non-caspase-mediated
increase in phosphatidylserine externalization can occur in response to high intracellular
Ca?levels that alters scramblase and translocase (Vanags et al., 1996; 26, Kagan et al., 2000).
Additionally, non-caspase proteases may activate and cleave the cytoskeleton proteins
attached to phospholipids, including focal adhesion kinase and the actin-capping protein a-
adducin (van de Water, 1999). To further confirm the involvement of caspases, including
caspase-3, in the apoptosis induced by the most apoptotic compounds in the caspase-3 wild
type SKBR-3 cell line, cells were pre-treated with the pan-caspase inhibitor z-VAD-fmk for 2
h, followed by the (RS)-28 and (RS)-29 treatment, and cell viability metabolic-analysis was
carried out. Our results show that (RS)-28 and (RS)-29 were sensible to the effect of z-VAD-
fmk caspase inhibitor, which could rescue SKBR-3 cells from the cytotoxicity of compounds.
These results demonstrate the involvement of caspase activation during cell death induced by
the compounds in the SKBR-3 cells as previously described for numerous anti-tumour
apoptotic drugs (Yang et al., 2012; Kumar et al., 2013; Lamberto et al., 2013). These and other
anti-tumour effects such as autophagy or senescence events could be involved in the caspase-
dependent and caspase-independent cell death induced by the compounds included in this
study. This fact opens an important line of research that is yet to be explored.

coral

‘g 37

CHs;

Indian researchers have very recently investigated the effect of a tyrosine-based benzoxaze-
pine derivative in MCF-7 and MDA-MB-231 cells (Dwivedi et al., 2013). The anti-proliferative
effect of 37 on MCF-7 cells was associated with G, cell-cycle arrest. This G, growth arrest was
followed by apoptosis as 37-dose dependently increased phosphatidylserine exposure. PARP
cleavage and DNA fragmentation that are hallmarks of apoptotic cell death. Compound 37
activated components of both intrinsic and extrinsic pathways of apoptosis characterized by
activation of caspase-8 and-9, mitochondrial membrane depolarization and increase in Bax/
Bcl2 ratio. However, use of selective caspase inhibitors revealed that the caspase-8-dependent
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pathway is the major contributor to 37-induced apopotosis. Compound 37 also significantly
reduced the growth of MCF-7 xenograft tumours in athymic nude mice (Dwivedi et al., 2013).

5. Conclusion

Cancer continues to be a major health problem in developing as well as undeveloped countries.
Although major advances have been made in the chemotherapeutic management of some
patients, the continued commitment to the laborious task of discovering new anticancer agents
remains critically important, in the course of identifying various chemical substances, which
may serve as leads for designing novel anti-tumour agents.

The ever-increasing use of asymmetric syntheses over many years has been manifested by the
biological importance of enantiomerically pure single compound entity factors and further has
been strongly guided by drug regulatory bodies because of strict rules and regulations about
single isomers. A contributing factor to this effect has been, and continues to be the develop-
ment of new, novel and efficient methods for accessing single isomers. In general, the binomial
enantiomers — different biological activities and in particular, enantiomers — different anti-
proliferative activities are rarely known, in spite of their great importance. It seems that in the
future this topic will receive increasing attention and will help better understanding of the
molecular recognition between drugs and biological targets.
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