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Preface

Cancer is a malignant tumor caused by DNA damage, which leads to uncontrolled
cell growth. Tumor progression is locally favored by the mitogenic effects of hor-
mones or growth factors, which stimulate the tumor’s growth, or the activation of
vascular endothelial growth factor receptor, which induces angiogenesis and leads
to metastasis. About 300 out of 25,000 genes that set up the human genome are
involved in cancer pathology. These genes are divided into three groups: oncogenes,
tumor suppressor genes, and DNA repair genes. Activated oncogenes promote the
development of cancer, whereas the tumor suppressor and DNA repair genes have
a protective role by respectively inhibiting cell cycle progression and inducing
apoptosis, or by repairing DNA damage occurring during the cell cycle.

The purpose of this book is to discuss the topics of tumor suppressor genes and
add to knowledge of the understanding of cancer using advanced biochemistry,
cell, and molecular biology tools. Tumor suppressor genes can be used as targets of
preventive therapy, markers of risk that can be used to identify populations at high
risk, or markers of a drug’ toxicity used in prevention, which can help to monitor
its tolerance.

The book is divided in three sections and five chapters.

Section I: Studies of Potential Tumor Suppressor Genes (Chapter 1: N-Myc
Downstream-Regulated Gene 2 (NDRG2) as a Novel Tumor Suppressor in Multiple
Human Cancers; Chapter 2: METCAM/MUC18: A Novel Tumor Suppressor for

Some Cancers).

Section II: Genes with Dual Suppressor and Oncogenic Activities (Chapter 3: Tumor
Suppressor Genes with Oncogenic Roles in Lung Cancer; Chapter 4: Duplicitous
Disposition of Micro-RNAs (miRs) in Breast Cancer).

Section III: Tumor Suppressor Proteins in Cell Signaling Pathways (Chapter 5:
Regulation of HDACi-triggered Autophagy by the Tumor Suppressor Protein p53).

The first chapter discusses the role of the N-myc Downregulated Gene 2 (NDRG2)
as a tumor suppressor gene in multiple cancers. Iz vitro and in vivo studies report
cancer cell inhibition, metastasis cell differentiation, and cell cycle arrest mediated
by NDRG2. The authors suggest that NDRG2 might be considered as a potential
target for cancer therapeutics and treatment. However, the detailed mechanism
requires further investigation to confirm its tumor suppressor function.

The role of METCAM/MUCI18 as a possible tumor suppressor gene is reported in
Chapter 2. METCAM/MUCIS is a cell adhesion molecule (CAM) that belongs to the
Ig-like gene superfamily and is located in the human 11G23-3 chromosome. Multiple
studies have shown evidence that METCAM/MUCI18 might play a tumor suppres-
sor role in many cancers, including mouse melanoma and human nasopharyngeal,
ovarian, prostate, colorectal, hemangioma, and pancreatic cancers. Moreover,

in some cancers such as nasopharyngeal cancers, METCAM/MUC1S8 plays a dual



suppressor and promoter role. Thereby, the authors suggest that METCAM/MUC18
could be used as a new therapeutics target for such cancer treatment.

In the third chapter the authors discuss the issue of tumor suppressor genes with
dual suppressive and oncogenic roles in lung cancer. Among such genes, TP53 (a
well-known tumor suppressor gene in many cancers) activating alterations can pro-
mote cancer development and progression, despite its classic functions of cell cycle
regulation, DNA repair, senescence, and apoptosis, which give it the role of “guard-
ian of the genome.” The authors also describe the role of nuclear factor 1B (NF1B),
which belongs to a transcription factor family, including NF1A, NF1B, NF1C, and
NF1X. These transcription factors lead to DNA repression or activation of genesin a
context-specific manner. NF1B in particular has been described as both an onco-
gene and a potential tumor suppressor gene. It is amplified and/or overexpressed in
many types of cancers such as melanoma, breast and esophagus cancers, and in sali-
vary glands. A lower expression of NF1B is associated with shorter average survival,
less-differentiated tumor features, and repressed expression of cell differentiation
markers in lung adenocarcinoma. A tumor suppressive role of NF1B has been sug-
gested in non-small cell lung cancer. NOTCH is another gene acting as an oncogene
in lung adenocarcinoma and has a potential role as a tumor suppressor gene. The
authors also report the tumor suppressive functions of NKX2-1 in lung adenocar-
cinoma. This gene acts in the restriction of cell motility, invasion, and metastatic
ability. The dual role of NKX2-1 depends on EGFR, KRAS, and TP53 status in lung
adenocarcinoma. NKX2-1 acts by enhancing EGFR-driven tumorigenesis. Another
gene with a dual role is the Metastasis-Associated Lung Adenocarcinoma Transcript
1 (MALAT?1). This gene has been previously identified as an oncogenic transcript
and considered as a marker of metastasis, poor patient survival, and chemotherapy
resistance in non-small cell lung cancer. MALAT1 promotes carcinogenesis through
P53 deacetylation and enhances cell migration. In contrast, MALAT1 has been
shown to reduce invasiveness in PTEN-expressing tumors. For example, MALAT1
reduces invasiveness of cerebral metastasis by sustaining the blood-brain barrier.

In the fourth chapter, the author provides an overview of the role of microRNAs
(miRNAs) in breast cancer. The miRNAs are highly conserved in humans but are
not translated into proteins. However, these molecules are involved in gene regula-
tion and carcinogenesis. The miRNAs have dual roles in cancer pathology. Several
miRNAs are both cancer and tissue specific. Because the primary role of miRNAs
is to decrease target mRNA expression, they are upregulated by cancer cells aren,
often those that support cancer growth and are called oncomirs. Other miRNAs are
downregulated and referred to as tumor suppressor miRNAs. Since miRNAs are
released by cancer cells in the blood, the author concludes by suggesting that both
monitoring and targeting miRNAs enables the diagnosis and monitoring of breast
cancer as well as the opportunity for the development of novel therapeutics.

Studies in the fifth and final chapters report regulation by the tumor suppressor
protein p53, the most common tumor suppressor gene, of autophagy mediated by
histone deacetylase inhibitors (HDACi) in cancer cells. The authors refer to the cel-
lular mechanism of autophagy and describe biological signaling pathways regulated
by tumor suppressor protein p53 in the formation of autophagosomes, the HDACi-
induced cell death.

I am grateful to the IntechOpen Access Publisher team for giving me the oppor-
tunity to be the editor of this book. I am particularly thankful to Ms. Ivana Barac,
the Publishing Process Manager, for guiding me through the publication process
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and coordinating the different steps. I would like to thank all the authors who have
contributed to this book by writing their chapters and for making my requested
revisions to them. I also thank them for sharing their knowledge of the understand-
ing of carcinogenesis surrounding the issue of tumor suppressor genes. I dedicate
this book to all my colleagues and students at Université des Sciences de la Santé of
Libreville, Gabon. Lastly, I would like to thank my family for their support through-
out my academic career, particularly Jeanne-Otoua, Marie-Thérése Moungala, and
my wife Sophie-Mindili for their understanding during this book project process.

Guy Joseph Lemamy, PhD
Professor and Head of Department of Cellular and
Molecular Biology-Genetics

Faculty of Medicine, University of Health Sciences

(Faculté de Médecine, Université des Sciences de la Santé),
Libreville, Gabon
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Chapter1

N-Myc Downstream-Regulated
Gene 2 (NDRG?2) as a Novel
Tumor Suppressor in Multiple
Human Cancers

Jian Zhang, Xia Li, Liangliang Shen, Yan Li and Libo Yao

Abstract

N-myc downstream-regulated gene 2 (NDRG2) was identified as a novel tumor sup-
pressor gene in regulating the proliferation, differentiation, apoptosis and metastasis of
multiple cancer types. Consistent with this finding, we and other groups observed the
decreased NDRG2 expression in multiple human cancer cell lines and tumors, including
breast cancer, colorectal cancer, and cervical cancer. We identified NDRG2 as a stress
sensor for hypoxia, DNA damage stimuli and endoplasmic reticulum stress (ERS). Our
recent data showed that NDRG2 could promote the differentiation of colorectal cancer
cells. Interestingly, we found that reduced NDRG2 expression was a powerful and
independent predictor of poor prognosis of colorectal cancer patients. Furthermore,
NDRG2 can inhibit epithelial-mesenchymal transition (EMT) by positively regulating
E-cadherin expression. Moreover, NDRG2-deficient mice show spontaneous develop-
ment of various tumor types, including T-cell lymphomas, providing in vivo evidence
that NDRG2 functions as a tumor suppressor gene. We believe that NDRG?2 is a novel
tumor suppressor and might be a therapeutic target for cancer treatment.

Keywords: NDRG2, tumor suppressor, stress sensor, p53, differentiation, EMT,
metastasis, cancer metabolism

1. The finding of NDRG2

The human NDRG2 sequence was first described by Deng et al. as a protein contain-
ing an acyl-carrier protein (ACP)-like domain [1, 2]. The gene was cloned from differen-
tially expressed genes between glioblastoma and normal brain tissues using PCR-based
subtractive hybridization in 2003 [2]. NDRG2, NDRG1, NDRG3, and NDRG4 comprise
the NDRG gene family and share approximately 59-68% homology. Additionally,
NDRG family members display over 92% homology between humans and mice [1].

We identified NDRG2 as a novel tumor suppressor gene that plays a role in regu-
lating the proliferation, differentiation, apoptosis and metastasis of multiple types of
malignant tumors [1, 2]. Consistent with this finding, NDRG2 downregulation has
been observed in multiple human cancer cell lines and tumors [3-5]. Additionally,
other groups later confirmed our finding [6, 7]. NDRG2 was identified as a stress
sensor for hypoxia, DNA damage stimuli and endoplasmic reticulum stress (ERS),
and could inhibit the proliferation and promote the differentiation of colorectal
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carcinoma cells [8]. Moreover, NDRG2-deficient mice show spontaneous develop-
ment of various tumor types, providing in vivo evidence that NDRG2 functions as
a tumor suppressor gene. In this chapter, we will introduce the recent findings of
NDRG?2 as tumor suppressor in vitro and in vivo, and also the detailed mechanism.

2.NDRG2 as a hypoxia and DNA damage responder

Our group firstly identified NDRG2 as a protein containing an acyl-carrier
protein (ACP)-like domain. The gene was cloned from differentially expressed
genes between glioblastoma and normal brain tissues using PCR-based subtractive
hybridization in 2003. NDRG2, NDRG1, NDRG3, and NDRG4 comprise the NDRG
gene family [1] and share approximately 59-68% homology. Additionally, NDRG
family members display over 92% homology between humans and mice.

The expression and cellular localization of NDRG2 were altered following
exposure to different stresses, supporting the role of NDRG2 as a cellular stress sen-
sor. Wang et al. found that NDRG2 expression was markedly upregulated in several
cancer cell lines exposed to hypoxic conditions or similar stresses at both the mRNA
and protein levels [9]. Hypoxia-inducible factor-1a (HIF-1a) can directly bind to
hypoxia response elements (HREs) in the NDRG2 promoter, thus upregulating
NDRG2 expression under hypoxia. Importantly, enforcing the expression of NDRG2
can strongly increase the apoptosis of cancer cells. Alternatively, NDRG2 can translo-
cate from the cytoplasm to the nucleus under DNA damage stress. However, no
explicit nuclear localization signal (NLS) sequence has been identified in the NDRG2
protein. Although NLSs are the most common type of nuclear import elements,
other mechanisms may also be involved in NDRG2 translocation. For example, Liu
etal. and Cao et al. confirmed that NDRG2 was upregulated by p53 or adriamycin
(ADR) treatment [10, 11]. Thus, NDRG2 can translocate into the nucleus and
increase p53-dependent cell apoptosis through the DNA damage repair mechanism.
Furthermore, we found that NDRG2 expression was decreased in ADR-resistant
breast cancer cells. However, NDRG2 rescue could promote ADR sensitivity through
inhibiting proliferation and promoting cellular damage responses and apoptosis
in a p53-dependent manner. Interestingly, we found that NDRG2 upregulated Bad
expression by increasing its half-life, which is associated with p53 expression in
mitochondria. Thus, NDRG2 promoted the therapeutic sensitivity of breast cancer
cells in a p53-dependent manner by preventing p53 from entering the nucleus to
participate in DNA damage repair rather than by changing its expression [12].

We first found that NDRG?2 is positively regulated by p53. The first intron of the
NDRG?2 gene contains a site that binds p53 directly and mediates wild-type (WT)
p53-dependent transactivation [11]. In addition, NDRG2 enhances p53-mediated
apoptosis, whereas overexpression of NDRG2 suppresses tumor cell growth inde-
pendently of p53 mutation. NDRG2 enhances p53-mediated apoptosis of hepatocar-
cinoma cells by downregulating ERCC6 (also named cockayne syndrome B—CSB)
expression, which is critical for nucleotide excision repair capacity [10]. Thus, exci-
sion repair cross-complementing complementation group 6 (ERCC6) is an NDRG2-
inducible target gene that is involved in the p53-mediated apoptosis pathway.

3. NDRG2 functions as a novel ER stress-responsive protein and
unfolded protein response (UPR) modulator

The ER is an essential organelle involved in many cellular processes, including
protein folding and maturation, lipid synthesis and calcium homeostasis. When
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cells are challenged by different environmental or intracellular insults, such as
energy or nutrient deficiency, hypoxia, or oxidative stresses, ER’s function is
disrupted, causing accumulation of unfolded or misfolded proteins in the ER, a
condition which is defined as ER stress [13, 14]. This triggers integrated signaling
pathways to deal with the unfolded proteins, a phenomenon known as the UPR,
which operates to restore ER homeostasis or, alternatively, lead to cell death under
prolonged or severe ER stress [13, 14].

The UPR contains three branches initiated by three ER-resident transmembrane
sensors: protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme la
(IREla), and activating transcription factor 6 (ATF6) [15]. ER stress and the UPR
are intensively involved in not only physiological conditions but also the pathogen-
esis of many diseases, including cancer [14, 16]. Accumulating implicates ER stress
and the UPR in different aspects of tumorigenesis and tumor progression.

NDRG?2 is a stress-responsive gene [1], and our laboratory recently reported
that as such, NDRG2 is implicated in ER stress [17] in addition to the hypoxia
and DNA damage response. Different ER stress inducers, including thapsigargin
(Tg), tunicamycin (Tm) and dithiothreitol (DTT), can induce NDRG2 mRNA and
protein expression in human hepatoma SK-Hep-1 and HepG2 cells. In NDRG2-
overexpressing hepatoma cell lines and Ndrg2 knockout (KO) mouse liver tissues,
among the three UPR branches, NDRG2 interacts with PERK upon ER stress and
facilitates PERK pathway activity, enhancing downstream ATF4 and CHOP activity.
Thus, overexpression of NDRG2 promotes ERS-induced apoptosis, while silencing
or knockdown of NDRG2 does the opposite, both in cell lines and in vivo. These
data suggest that NDRG2 is a novel ER stress-responsive protein and an important
component of the UPRosome, acting as a PERK cofactor to facilitate PERK branch
signaling and thereby contributing to ER stress-induced apoptosis [17]. Therefore,
apart from its already established role, NDRG2 could be considered a component
of the UPRosome and a key player in cell fate decisions during ER stress. However,
whether NDRG2 regulates PERK by affecting its dimer/oligomer status or its
post-translational modification or by competing with other regulators for binding is
worthy of further investigation.

4. NDRG?2 as a novel prognostic biomarker in cancer

NDRG2 expression is mainly detected in the muscle, brain, heart, liver, colon
[18]. Interestingly, NDRG2 expression is nearly undetectable in the thymus, the
bone marrow, the testis, and peripheral blood leukocytes, suggesting an inverse
correlation between the NDRG2 gene expression level and cell proliferation status
[18-20]. We and other groups confirmed the pattern of decreased NDRG2 expres-
sion in tumors compared with normal tissues in cancers including glioma [2, 19, 21],
colorectal cancer [8, 22, 23], breast cancer [3, 24], lung cancer [25], thyroid cancer
[26, 27], myeloid leukemia [28, 29] oral squamous cell carcinoma (OSCC) and
cervical cancer [5, 7]. Collectively findings from these studies indicate that NDRG2
expression is decreased in most tumors. Moreover, NDRG2 expression was posi-
tively correlated with tumor differentiation but negatively correlated with lymph
node metastasis and TNM stage (Figure1).

We used a hospital-based study cohort of 226 colorectal cancer patients to
analyze the correlation of NDRG2 mRNA levels with the tumor clinicopathologic
features, disease-free survival, and overall survival of colorectal cancer patients.
NDRG2 mRNA expression was significantly correlated with differentiation status,
lymph node metastasis, and tumor-node-metastasis stage [23]. Patients with reduced
NDRG2 mRNA levels had significantly worse progression-free survival (PFS) and
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R— Differentiation & EMT & Cancer Drug
e Cell cycle arrest Metastasis Resistance
Figure 1.

The molecular working model of NDRG2. NDRG2 can be transcriptionally upregulated by p53 and

KLF4, and repressed by Myc. NDRG2 inhibited cancer cells proliferation through blocking PLK/Akt signaling,
promoted colorectal cancer cells differentiation through decreasing SKP2 and increasing p21/p27 expression,
inhibited EMT through Snail abrogation, and sensitized cancer cells to chemotherapy with DNA damage repair
inhibition.

overall survival (OS) than patients with preserved expression of NDRG2 mRNA. We

provided the first evidence that the NDRG2 mRNA level is a novel independent

prognostic biomarker for both PFS and OS in colorectal cancer patients [23].
Another study analyzed NDRG2 expression in 127 bladder cancer patients and

97 healthy controls. Similar to the findings in colorectal cancer, NDRG2 expression

was significantly downregulated at both the mRNA and protein levels in the urine

of patients with bladder cancer and was independently correlated with tumor grade

and stage [30]. Thus, NDRG2 expression was decreased in patients with bladder can-

cer and might be a potential independent diagnostic biomarker for bladder cancer.

5. NDRG2 and differentiation

Differentiation deficiency is a key characteristic of cancer. Poorly differentiated
cancers show high proliferation and metastasis capacities, which seriously impact
patient survival and prognosis [31]. As a member of the human NDRG gene family,
the involvement of NDRG2 in the regulation of cell differentiation has been fully
addressed. Bioinformatics analysis of NDRG?2 revealed several binding sequences
for different transcription factors, which are mostly involved in growth regulation
and early differentiation.

As a master switch for cell proliferation and differentiation, Myc performs its bio-
logical functions mainly through transcriptional regulation of its target genes, which
are involved in cell interaction and communication with their external environment
[32, 33]. We first provided the evidence that NDRG2 is transcriptionally repressed by
Myc [34]. In addition, c-Myc overexpression dramatically reduced NDRG2 protein
and mRNA levels. The core promoter region of NDRG2 is required for Myc-mediated
repression of NDRG2 transcription, and the interaction of Myc with the core pro-
moter region was verified both in vitro and in vivo. A mechanistic study showed that
Miz-1 is involved in Myc-mediated NDRG2 repression, and is possibly through the
recruitment of other epigenetic factors, such as histone deacetylases, to the promoter.
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In colorectal cancer, the vast majority of poorly differentiated cells contain con-
stitutive activation of WNT/B-catenin signal. WNT signaling-activating truncation
mutations in adenomatous polyposis coli (APC) induce the nuclear translocation
of B-catenin is induced, and consequently contributes to cell-fate determination
via p-catenin/TCF complexes [35-38]. GSK-3p phosphorylates -catenin at criti-
cal serine and threonine residues in its N terminus, which earmarks p-catenin for
ubiquitination by the SCF complex and for subsequent degradation by the protea-
some pathway [39, 40]. GSK-3p inactivation by APC mutation or oncogenic PI3K/
AKT activation leads to the p-catenin/TCF complex formation, and further induced
TCF target gene expressions, such as Myc, cyclin D1 [41, 42]. NDRG2 suppresses
p-catenin nuclear translocation and decreases the occupancy of B-catenin/TCF
complex on the promoter of E3 ligase Skp2, potentially through dephosphorylating
AKT and GSK-3p. NDRG2-mediated suppression of Skp2 contributes to the induc-
tion and stabilization of p21 and p27, which are target proteins for Skp2-mediated
degradation. Thus, NDRG2-meidated induction of cell differentiation is dependent
on suppressing the activity of the Skp2 E3 ligase. In support of the biological
significance of the reciprocal relationship between NDRG2 and Skp2, an NDRG2,,,/
Skp2y;en gene expression signature correlates with poor patient outcome and could
be considered as a diagnostic marker for colorectal cancers.

Additionally, other groups have provided evidence of NDRG2 involvement
of cell differentiation induced by different transcription factors, such as Wilms’
tumor gene 1 (WT1) protein, HIF-1a and glucocorticoids [33, 54, 55]. Through an
oligonucleotide array approach, WT1 was found to indirectly or directly induce the
expression of NDRG2 mRNA in CD34+ cells and in leukemic U937 cells through
an [54]. Moreover, a novel start site for NDRG2 expression appeared to be used in
WT1-transduced cells, suggesting that this promoter is utilized preferentially when
high levels of WT1 are present [54].

6. NDRG2 inhibits EMT and cancer metastasis

Metastasis is a unique feature of tumor cells and an important factor affecting
the survival and prognosis of cancer patients; it is also an important reason that sur-
gery cannot completely remove tumor lesions. EMT is an important process preced-
ing tumor metastasis [43, 44]. During EMT, tumor cells change from an epithelioid
morphology to a mesenchymal cell morphology. The adhesion abilities between
cells were decreased [45, 46]. Various signaling pathways were found involved in
the regulation of EMT, such as, TGF-p pathway [47], Wnt/B-catenin pathway [48]
and Notch pathway [49].

Data indicate that NDRG2 is negatively regulated by TGF-p during the progres-
sion of hepatocellular carcinomas [6]. This observation may be due to impairment
in the TGF-B/Smad signaling pathway or the activation of non-Smad signaling
cascades (PI3K/AKT, p38MAPK and so on) in these cell lines in response to TGF-f.
Accordingly, related evidence has shown that the enhancement of GSK-3p activity
by NDRG2 overexpression causes proteasomal degradation of the Snail transcrip-
tion factor and subsequent transcriptional regulation of EMT-related genes [50].
Thus, the tumor suppressor NDRG2 could inhibit TGF-p-induced EMT as well as
cell invasion and migration in various cancers. Similarly, a study showed the inhibi-
tory effect of NDRG2 on TGF-p-induced tumor metastasis via the attenuation of
active autocrine TGF-p production [51].

In breast cancer, NDRG2 downregulated the expression of Snail, as well as the
phosphorylation of signal transducer and activator of transcription 3 (STAT3), an
oncogenic transcription factor activated in many human malignancies, including
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breast cancer [24]. Further, NDRG2 overexpressing breast cancer cells showed
markedly decreased Snail expression after treatment with STAT3 inhibitors. Thus,
the inhibition of STAT3 signaling by NDRG2 suppresses EMT progression via the
down-regulation of Snail expression. Moreover, high NDRG2 expression induced
inactivation of NF-kB and PI3K/AKT signaling pathways via the dephosphorylation
of the C-terminal domain of PTEN, and the inhibition of the EMT process in OSCC
[7]. Therefore, NDRG2 may regulate tumor EMT via different regulatory mecha-
nisms in different cancers.

7.NDRG?2 is involved in cancer metabolism by regulating glycolysis,
glutaminolysis and fatty acid oxidation (FAO)

A cancerous cell undergoes multiple steps to form a solid tumor entity, dur-
ing which nutrient and oxygen supply insufficiencies frequently occur. In recent
decades, studies have provided deep insight into cancer metabolism. In addition to
glycolysis, metabolic alterations involve almost all metabolic pathways, including
those of lipids, amino acids, nitrogen, and nucleic acids. Metabolic reprogramming
is widely accepted to be a hallmark of cancer [52]. Cancer metabolic reprogram-
ming has been further summarized into six hallmarks, including alterations in
nutrient uptake (deregulated uptake of glucose and amino acids and the use of
opportunistic modes of nutrient acquisition) and intracellular metabolic pathways
(the use of glycolysis/ TCA cycle intermediates for biosynthesis and NADPH pro-
duction and an increased demand for nitrogen) [53]. For instance, cancer cells use
glucose and glutamine as the major sources of energy and precursor intermediates,
thus exhibiting enhanced glycolysis and glutaminolysis [53]. Under various stress
conditions, such as, glucose deficiency, cancer cells can shift from glycolysis to FAO
to maintain ATP levels and satisfy nutrient demands [54]. Not surprisingly, onco-
gene activation and tumor suppressor inactivation are extensively involved in these
processes. For example, c-Myc, HIF-1a, and p53 can regulate the uptake of both
glucose and glutamine and glycolytic flux by affecting the expression of glucose
transporters and metabolic enzymes [53].

As a tumor suppressor, NDRG2 was found to regulate aerobic glycolysis and
glutaminolysis in cancer cells. A previous study from our laboratory showed that
NDRG?2 inhibits glucose uptake by interacting with and promoting the degrada-
tion of glucose transporter 1 (GLUT1) without affecting its transcription in breast
cancer cell lines [55]. Recently, Xu et al. [56] from our laboratory, using colorectal
cancer cells and a xenograft model, also demonstrated that NDRG2 inhibits glucose
uptake and glycolysis by suppressing the expression and activity of the glucose
transporter GLUT1 and key glycolytic enzymes, including hexokinase 2 (HK?2),
pyruvate kinase M2 isoform (PKM2) and lactate dehydrogenase A (LDHA). In
addition, NDRG2 inhibits glutaminolysis by suppressing the expression of the
glutamine transporter ASC amino acid transporter 2 (ASCT2) and glutaminase 1
(GLS1) at the transcriptional level. Mechanistically, NDRG2 exerts such effects by
suppressing the expression of p-catenin, leading to the repression of its target gene
c-Myc. Since c-Myc is a master regulator of metabolism, additional in-depth studies
on NDRG2’s regulatory role in other tumor glucose catabolism pathways are needed.

Under stress conditions such as glucose limitation, FAO is always activated to
preserve the supply of ATP and NADPH [54]. Interestingly, our most recent study
[4] revealed that NDRG2, as a negative regulator of AMPK, suppresses glucose
deprivation-induced activation of the AMPK/ACC pathway and the consequent
induction of FAO genes in hepatoma cells. Thus, NDRG2 overexpression leads to
dysregulation of ATP and NADPH, thereby reducing the tolerance of hepatoma
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cells to glucose limitation. Together, these data further our understanding of the
tumor-suppressive mechanism of NDRG2 through its involvement in cancer meta-
bolic reprogramming. Therefore, the application of NDRG2 alone or in combination
with antiglycolytic agents such as 2-diacylglycerol (2-DG) may effectively and
synergistically inhibit cancer cells, which rely heavily on either glycolysis under
non-stressful conditions or FAO under conditions of metabolic stress.

8. NDRG2 knockout enhances tumorigenesis in vivo

Most of the evidence for the role of NDRG2 as a tumor suppressor was mainly
obtained in vitro, and establishing an in vivo mouse model to confirm these find-
ings was crucial. It is reported that Ndrg2-deficient mice are susceptible to sponta-
neous tumor formation in vivo and Ndrg2 knockout mice developed various types
of tumors, including lymphomas, hepatocellular carcinomas and bronchoalveolar
carcinomas [28]. However, we did not replicate these findings in our established
Ndrg2 knockout mouse model—indeed, we did not detect any tumorigenesis in
mice at 24 months of age. This discrepancy might be due to the different mouse
strains and knockout strategies.

Notably, we established intestine-specific Ndrg2 knockout mice using a Villin-
Cre; Nerg2™/%°* strategy [57]. Intestinal Ndrg2 deficiency significantly augmented
colitis initiation and colitis-associated tumor development. Ndrg2 loss led to the
destruction of adherens junction structure via E-cadherin reduction, resulting in
diminished epithelial barrier function and enhanced gut permeability. We identi-
fied the novel mechanism by which NDRG2 is crucial for the interaction of the E3
ligase FBXO11 with Snail, the repressor of E-cadherin. Thus, Ndrg2 loss increased
Snail protein stability and decreased E-cadherin expression (https://www.biorxiv.
org/content/10.1101/473397v1). Moreover, our study revealed that NDRG2 is an
essential intestinal epithelial barrier regulator and plays important roles in gut
homeostasis maintenance and colitis-associated tumor development.

Recently, we established a liver cancer metastasis model in WT and Ndrg2
knockout (Ndrg2™~) mice and found that expression loss of the tumor suppressor
Ndrg2 in the liver microenvironment significantly suppressed the growth of liver
cell colonies [57, 58]. Our data highlighted the role of NDRG2 in the regulation of
tumor-associated macrophage (TAM) polarization and its function in promoting
cancer liver metastasis. Interestingly, a reduced metastatic burden was correlated
with an increased percentage of M1-like TAMs and decreased expression of
M2-associated markers in the NDRG2-deficient microenvironment [58]. In sum-
mary, our study is the first showing a crucial and unexpected role for NDRG2 in
macrophage polarization and highlights the importance of investigating the func-
tion of NDRG2 in cancer cells and the tumor microenvironment differently.

9. NDRG2 in brain tumors and other nervous system diseases

Accumulating studies have shown that NDRG2 is associated with various
nervous system diseases, including tumors, ischemic stroke, hemorrhage, trauma,
and neurodegenerative disorders [1, 59]. NDRG2 was repeatedly reported to be
downregulated in a variety of cerebral tumors, including glioma and meningioma
[21, 60-66]. The transcription levels of human NDRG2 are significantly reduced
in human glioblastoma tissues and human glioblastoma cell lines, and exogenous
overexpression of NDRG2 repressed glioblastoma cell proliferation in vitro [2].
Although direct structural alterations such as point mutations are very rare in the
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NDRG2 gene, hypermethylation of the NDRG2 promoter region was shown to be
highly correlated with decreased NDRG2 transcription levels in human glioblas-
toma [60, 61, 67, 68]. In addition to the direct impact of NDRG2 hypermethylation
per se, NDRG2 may control glioma cell growth by upregulating the levels of histone
acetylation in glioma cells [62]. Moreover, the expression level of NDRG2 was
negatively correlated with the pathological grade of the brain tumors and positively
correlated with survival in astrocytoma patients [21, 63]. Consistent with the
results in glioblastoma, a decrease in the levels of NDRG2 gene methylation and
NDRG?2 protein expression were detected in human meningioma [64]. In addition,
the expression levels of NDRG2 were significantly further reduced in recurrent
meningioma compared to that in primary meningioma [65]. The above results
suggest that NDRG2 may be a potential biomarker for predicting the prognosis of
human brain tumors.

NDRG family members are abundantly expressed in brain tissue; therefore,
the significant functions of these NDRG2 family members in the central nervous
system were anticipated and have been confirmed with NDRG gene knockout mice-
based studies [69-71]. NDRG1 deficiency leads to a progressive demyelinating in
the peripheral nerves, suggesting that NDRGI is involved in the maintenance of and
axonal survival and myelin sheath structure [69]. Ndrg2~~ mice exhibited typical
ADHD-like behaviors, including hyperactivity, impulsivity, and inattention, as well
as impaired memory [70]. Ndrg4~~ mice showed impaired cognition and increased
susceptibility to ischemic stroke, indicating that NDRG4 has a potential neuropro-
tective effect [71].

In addition, NDRG2 was implicated in the ischemic stress response in several
in vivo and in vitro studies [72-78]. Temporal and spatial patterns of NDRG2
expression in the rat brain were investigated after transient middle cerebral artery
occlusion and reperfusion. Both the mRNA and protein levels of NDRG2 were
increased following reperfusion in the ischemic penumbra, and NDRG2 was trans-
located from the cytoplasm to the nucleus in astrocytes. Moreover, NDRG2 expres-
sion increased in parallel with the enhancement of TUNEL signals in this ischemic
animal model [73]. It is consistent with the results of the animal experiments
described above, the expression of NDRG2 was also revealed to be upregulated
and NDRG2 can translocate from the cytoplasm to the nucleus in C6-originated
astrocytes after oxygen-glucose deprivation (OGD) treatment mimicking ischemic
model in vitro [72]. Furthermore, NDRG2 was implicated in some types of cerebral
ischemic preconditioning-mediated neuroprotection, including electroacupuncture
(EA) [75] and sevoflurane preconditioning [74]. EA preconditioning in the Baihui
acupoint was performed before transient focal cerebral ischemia and reperfusion.
After EA pretreatment, the number of apoptotic cells in the ischemic penumbra and
the volume of cerebral infarct were significantly decreased, and the neurological
outcomes were effectively rescued. After ischemia treatment, the levels of NDRG2
expression were largely suppressed in the EA pretreatment group compared with
sham group. And NDRG2 was mostly localized in the astroglial cytoplasm; only
weak staining was found in the astroglial nucleus after EA pretreatment. However,
NDRG2 protein was remarkably transferred from the cytoplasm into the nucleus in
the sham group [75]. Recently, NDRG2 was also found to exhibit neuroprotective
effects with sevoflurane preconditioning in brain ischemia models both in vivo
and in vitro [74]. These results together indicate that NDRG2 takes part in the
pathological process of brain ischemia-reperfusion injury and that NDRG2 may be a
potential intervention target for ischemic stroke.

NDRG?2 has also been repeatedly reported to be associated with other nervous
system diseases, such as, neurodegeneration [79-81] and depression [82-84].
NDRG2 has been identified as one of six aberrantly phosphorylated proteins in
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human brains with frontotemporal lobe degeneration, and an increased phospho-
spectra of NDRG2 was found in these neurodegenerative tissues [85]. Accumulated
NDRG2 and GFAP were detected in cortical senile plaques from the postmortem
human brain tissues with Alzheimer’s disease (AD) [79]. In addition, the expres-
sion levels of NDRG2 and GFAP were parallelly increased in amyloid precursor
protein (APP)/presenilin (PS1) mouse, a double transgenic AD mouse model

[80]. Suppressed NDRG2 expression and decreased memory impairment were
detected in parallel after EA treatment to APP/PS1 transgenic mice. Furthermore,
the increased reactive astrocytes andNDRG2 expression were detected in the mice
which were exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a Parkinson’s
disease-associated neurotoxin that causes both glial activation and neurodegenera-
tion [86]. Moreover, growing studies have demonstrated that NDRG2 is related
with the function of antidepressants, which can correct depression-like behaviors
and alleviate neural damages observed in depressive animals [82-84]. NDRG2 was
downregulated in the rat frontal cortex after chronic use of antidepressants [84].
In contrast to the results described above antidepressants did not counteract the
increase in NDRG2 expression in the hippocampus of rats with stress-induced
depression-like symptoms and that antidepressants per se induced NDRG2 expres-
sion in normal rats [83]. Further study of the detailed mechanisms by which
NDRG?2 participates in these neurodegenerative or chronic psychiatric diseases
providing novel intervention strategies will thus be interesting.

10. Conclusion and perspectives

To date, both in vitro and in vivo evidence has shown that NDRG2 can inhibit
cancer cell proliferation, EMT, metastasis and can promote cell differentiation and
cell cycle arrest. Thus, NDRG2 might be a target for cancer treatment and therapeu-
tic resistance. Although NDRG?2 is a novel tumor suppressor, the detailed mecha-
nism by which NDRG2 functions requires further elucidation. Moreover, additional
in vivo data are needed to confirm its tumor suppressor function.
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Chapter2

METCAM/MUCI18: A Novel Tumor
Suppressor for Some Cancers

Guang-Jer Wu

Abstract

METCAM/MUCI18, a component of cellular membrane, is a cell adhesion mol-
ecule (CAM) in the Ig-like gene super-family. It is capable of carrying out general
functions of CAMs, such as performing intercellular interactions and interaction of
cell with extracellular matrix in tumor microenvironment, interacting with various
signaling pathways, and regulating social behaviors of cells. METCAM/MUCI18
plays the tumor suppressor function in some cancers, such as colorectal cancer,
nasopharyngeal carcinoma type I, one mouse melanoma subline K1735-9, ovarian
cancer, pancreatic cancer, prostate cancer PC-3 cell line, and perhaps hemangioma.
Possible mechanism in the METCAM/MUC18-mediated tumor suppression is pro-
posed. By taking advantage of the tumor suppressor function of METCAM/MUCI18,
recombinant METCAM/MUCI1S8 proteins and other derived products may be used
as therapeutic agents to treat these cancers.

Keywords: METCAM/MUCI18, Ig-like CAM, iz vivo tumor suppression,
colorectal cancer, nasopharyngeal carcinoma, mouse melanoma, ovarian cancer,
pancreatic cancer, prostate cancer, mouse models

1. Introduction: tumor initiation and malignant progression is mainly
controlled by two sets of genes as well as CAMs

Tumor/cancer is a genetic disease due to accumulated mutations or epigenetic
alterations in our genetic material, DNA [1]. 80-90% of cancer risk comes from
environmental factors and the remaining 10-20% risk from hereditary factors [2].
Environment in a broad sense includes both the physical containment and the social
and cultural environment and its associated effects on our lifestyle choices. The
environmental factors in the physical containment include chemicals (from polluted
drinking water, air and soil, and diet), physical agents (UV and environmental
radiation and medical radiation), biological agents (tumor viruses, bacteria, and
parasites), and the lifestyle. These agents aim to attack our DNA in the somatic cells
and resulting in accumulation of mutations and epigenetic alterations in our genes
throughout our life time. Hereditary factors (lineage specific cues) include both the
inherited genetic mutations and epigenetic imprinting in the germ cells that pass
on from generation to generation. Tumor initiation and malignant progression are
mainly caused by two sets of genes, such as the tumor-promoting genes (oncogenes)
and the tumor suppressor genes, thus, mutations and epigenetic alterations in these
two sets of genes are doom to be responsible for the tumorigenic process [2-4].

In addition to exogenous chemical agents, physical agents, and biological agents in
the environment that cause mutations in the genes, endogenous metabolic processes
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and chronic inflammation from our lifestyle choices produce free radicals that
directly attack our DNA also resulting in mutations [5]. The major sources of free
radicals are reactive oxygen species (ROS), which is a collective term for the unstable,
reactive, partially reduced oxygen derivatives that are the normal by-products of our
metabolic processes. They include hydrogen peroxide (H,0,), superoxide anion (O, "),
hypochlorous acid (HOCI), singlet oxygen (*0,), and hydroxyl radical ("HO). ROS are
also produced by the inflammatory macrophages and neutrophils and are spilled out
to attack the DNA of bystander cells. ROS acts as the secondary messengers in cell sig-
naling and essential for various biological processes in both normal and cancer cells
and as both tumor-promoting and tumor suppressing agents. To keep the system in
check, ROS is balanced by intracellular anti-oxidant enzymes, that produce a number
of anti-oxidants, such as glutathione (GSH) and thioredoxin (Txn), which are also
present in our foodstuffs, to remove ROS. ROS production is a mechanism shared by
most chemotherapeutics to trigger cell-death in cancer cells and unfortunately also to
some extent in normal cells. Thus, ROS has conflicting roles as a secondary messenger
in cancer cells as well as cancer-killers during cancer chemotherapy.

Most of the mutations in the oncogenes are dominant and thus manifest obvious
phenotypes of increased proliferation and survival of tumor cells (gain-of-functions). In
contrast, most of mutations in the tumor suppressor genes are recessive and thus do not
manifest any phenotype until both copies of the gene are mutated or altered epigeneti-
cally (loss-of-functions). Some tumor suppressor genes are gate-keepers that directly
affect proliferation and death, thus directly open to tumor formation. But some tumor
suppressor genes are care-takers that affect DNA repair functions and genomic stability,
thus increase mutation rate of all genes and indirectly affect proliferation [2, 6].

Epigenetic alterations may change the extent of methylation (either hypo- or
hyper-methylation) in the regulatory regions of both oncogenes and tumor-sup-
pressor genes, thus affect the transcriptionally regulatory region of the genes and
directly regulate transcriptional expression of the genes. Epigenetic alterations may
also modify histones and non-histone proteins that affect chromosome remodeling,
thus indirectly affect the transcription of the genes. Epigenetic alterations may also
affect post-transcription processes (namely translational process or stability of
mRNA) of the genes via microRNAs [7].

Besides the above traditional two sets of genes, other genes, such as CAMs, also
contribute directly to the tumor initiation and progression or orchestrate the tumor
microenvironment to affect the tumor progression [8]. CAMs are involved in several
biological functions, such as tissue architecture, organ formation, blood vessel
generation and angiogenesis, immune and inflammatory reactions, wound healing
and social behaviors [8]. An altered expression of CAMs may have implications in
tumorigenesis, since CAMs govern cellular social behaviors by directly contributing
to cell adhesion and cross-talk with the intracellular signal transduction pathways [8].
As a consequence, an aberrant expression of CAMs is capable of changing mobility
and invasiveness, influencing outlasting ability and proliferation of tumor cells, and
altering new blood vessel formation [8]. It also affects distant organ-dissemination
of carcinoma cells, because CAMs orchestrate complex interactions of tumor cells
with various stromal cells in the tumor microenvironment, resulting in augmentation
or reduction of the spreading potential of carcinoma cells [8]. Effects of the aber-
rant expression of the following CAMs on tumorigenesis and malignant progression
are better studied, such as cadherin [9], integrins [10], CD44 [11], CEACAM [12],
mucins [13], LICAM [14], EpCAM [15], ALCAM [16] and METCAM/MUCIS [17].
Over the past several years, our team investigated the role of METCAM/MUC18 in
several types of tumors, such as melanoma, breast, nasopharyngeal, ovarian and
prostate cancers [18-36]. The resulting data showed a dual role of METCAM/MUC18
as a tumor promotor or suppressor in these cancers [17, 37].
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2. METCAM/MUCI18: an immunoglobulin-like (Ig-like) CAM

Originally, METCAM/MUC18 was first demonstrated to be abundantly expressed
on the cellular membrane of most malignant human melanomas, hence named as
MUCI18. It has been implicated to play a pivotal role in the malignant progression
of human melanoma, hence was named as MCAM and Mel-CAM) [38]. However,
METCAM/MUCI18 was found in subsequent studies not to be exclusively expressed
in melanoma, and it did not initiate the transformation of normal cutaneous mela-
nocytes to melanoma either [39]. Instead, METCAM/MUC18 was also expressed
in other epithelial tumors and it could initiate or promote the transformation of
other epithelial cells into carcinomas [40]. Thus, METCAM/MUC18 also bears other
names, such as S-endol, CD146, A32, or METCAM [40, 41]. Later METCAM/MUCI18
was found to be able to suppress tumorigenesis in some cancer cell lines [17, 37, 40].

The human METCAM/MUCIS8 is a cell adhesion molecule (CAM) belonging to
the Ig-like gene superfamily. The naked human METCAM/MUCIS is a single chain
transmembrane protein of 65-72 kDa consisting in 646 amino acids with an extra-
cellular N-terminal domain of 558 amino acids, a 24 amino acids-transmembrane
domain and a cytoplasmic domain of 64 residues (Figure 1) [38, 42].

Figure 1 shows that the N-terminal extra-cellular domain of the protein is com-
posed of a signal peptide sequence (SP) and five immunoglobulin-like domains and
one X domain [37, 42]. The intracellular cytoplasmic domain has one, three, and one
protein kinase consent sequences that are potentially to be phosphorylated by PKA,
PKC, and CK2, respectively [37, 38, 42]. In addition, the METCAM/MUC18 usually
has an apparent molecular weight of 110-150,000 because it is heavily glycosylated in
all cell types. The amino acid sequence of huMETCAM/MUCI8 reveals nine possible
N-glycosylation sites, of which six are conserved between human and mouse proteins,
in the extracellular domain. METCAM/MUCI1S is conserved in mouse, in which the
amino acid sequences of mouse METCAM/MUC18 (moMETCAM/MUC18) are
72.6% identical to the huMETCAM/MUCIS8 [43]. Therefore, both human and mouse
METCAM/MUCI18’s are capable of performing similar general functions of CAMs,
such as controlling cellular social behaviors by impacting the adhesion status of cells
and modulating signaling. Furthermore, over-expression of both human and mouse
METCAM/MUCI18’s similarly affected tumor cells in in vitro motility and invasive-
ness, iz vitro and in vivo tumorigenesis, and iz vivo metastasis [42, 43].

Plasma Membrane
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Figure 1.

The human METCAM/MUC18 (huMETCAM/MUC18). The figure represents the protein structure of
huMETCAM/MUC318 with its 3 domains: (1) a large extracellular domain showing a signal peptide (SP), the
five Ig-like variables (V1 and V2) and conserved (C1, C2, C2' and C2") domains, each of which held together
by a disulfide bond, and one X domain; six conserved N-glycosylation sites indicated as wavy lines in Vi, the
interdomain C2'/C2", C2" and X domains; (2) a short transmembrane domain (TM); and (3) a cytoplasmic
domain containing five potential phosphorylation sites (P).
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The huMETCAM/MUCI18 is expressed in at least 10 normal tissues: hair follicular
cells, smooth muscle cells, endothelial cells, cerebellum, basal cells of the lung, acti-
vated T cells, intermediate trophoblasts [44], breast epithelium [18, 19], nasopha-
ryngeal epithelium [23], and ovarian epithelium [27]. The protein is also expressed
in several carcinomas, such as breast carcinoma, intermediate trophoblast tumors,
melanoma, prostate adenocarcinoma, osteosarcoma, and others [17, 44]. Our studies
also indicate that over-expression of METCAM/MUC18 augments tumorigenesis of
breast carcinoma [18-20], nasopharyngeal carcinoma type III [24, 26], and prostate
adenocarcinoma [34], but it does not have an obvious effect on tumorigenesis of
most melanoma cell lines [21]. METCAM/MUCI18 over-expression also initiates the
distant organ-dissemination of prostate cancer [32, 33] and augments the distant
organ-dissemination of melanoma [21] and breast carcinoma [45].

In contrast, over-expression of METCAM/MUCIS8 represses tumorigenesis of a
mouse melanoma cell line, K1735-9 [22], nasopharyngeal carcinoma type I [24, 25]
and perhaps hemangiomas [46]. METCAM/MUC18 over-expression also represses
the distant organ-dissemination of the mouse melanoma cell line, K1735-9 [22].

3. METCAM/MUCI18: a tumor suppressor in several types of cancer
3.1 Mouse melanoma

Over-expression of moMETCAM/MUC18 in one mouse melanoma cell line
K1735 clone 10 (or K1735-10 subline) has no effect and that in another cell line
K1735 clone 3 a slight suppression effect on subcutaneous tumorigenesis [21], but
in K1735 clone 9 (or K1735-9 subline) it completely suppresses the subcutaneous
tumorigenesis [22]. Thus, METCAM/MUCI18 definitely acts as a tumor suppres-
sor for the K1735-9 subline, but may have a less obvious effect on two other K1735
sublines, K1735-3 and K1735-10. In addition to its effect on tumorigenesis, over-
expression of moMETCAM/MUC18 in K1735-9 also completely suppressed lung
nodule formation in immunocompetent syngeneic C3H brown mouse model. In
contrast, over-expression of moMETCAM/MUC18 in K1735-3 and K1735-10 subline
has an opposite effect (namely promotion) on lung nodule formation. In conclu-
sion, moMETCAM/MUC18 acts as a tumor suppressor with a different severity on
different cell lines in a syngenetic mouse model [21, 22].

3.2 Nasopharyngeal carcinoma

Nasopharyngeal carcinoma (NPC) occurs in the non-lymphomatous, squamous
epithelial lining of the posterior nasopharynx [24]. Histologically, three subtypes
of NPC are defined according to World Health Organization (WHO) classification:
WHO type I (keratinizing squamous cell carcinomas), WHO type II (non-keratin-
izing squamous cell carcinomas), and WHO type III (undifferentiated carcinomas)
[24]. Three major risk factors suggested by epidemiological studies, such as genetic
predisposition, dietary and environmental factors, and the Epstein Barr virus (EBV)
infection, may cause the unusual occurrence of NPC in endemic areas [24-26].
However, the biological mechanisms of their involvement in cancer initiation,
development or malignant progression are not well understood. Nevertheless, it
could be hypothesized that altered cell adhesion molecules (CAMs) in NPC lead to
tumorigenesis and malignant progression, since aberrant expression of CAMs, such
as CD44, connexin 43, E-cadherin, and ICAM, has been associated with the progres-
sion of NPC [23]. In order to test this hypothesis, we previously studied the possible
role of altered METCAM/MUC18 expression in nasopharyngeal carcinoma [23, 24].
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Therefore, we used immunohistochemistry method to determine gene expres-
sion at the protein level in seven tissue specimens of normal nasopharynx, 97
specimens of three different types of NPC and also used immunoblot method to
determine that in several cell lines established from type I and type III NPC [23].
The results showed a weak expression of the protein METCAM/MUCI18 in 27%
of the NPC tissues in contrast to all the normal nasopharynx tissues which exhib-
ited high expression of the protein. According to these results, we suggested that
METCAM/MUC18 may play a tumor suppressor function in the development of
NPC during the progression of the disease [23]. We then tested the hypothesis by
transfecting the cDNA into two NPC cell lines which weakly expressed the protein
and isolated the high-expressing clones for examining the effect of METCAM/
MUC18 over-expression on in vitro cellular behavior and iz vive tumorigenesis of
the two NPC cell lines in athymic nude mice. Consistent with the hypothesis, we
indeed observed that METCAM/MUCI8 over-expression suppressed the tumor
growth of NPC-TWO01 cells, which were established from type I NPC [47], as
previously shown [24, 25]. We thus conclude that METCAM/MUC18 plays a tumor
suppressor role in the development of the type I NPC [24, 25].

Surprisingly, when a different cell line, NPC-TWO04, was used for the similar set
of the experiments we observed a completely opposite effect of METCAM/MUC18.
We observed that over-expression of METCAM/MUC18 promoted iz vitro and in
vivo tumor growth of NPC-TWO04 cells, which were established from type III NPC
[47], as previously reported [24, 26]. We thus conclude that METCAM/MUC18
plays a tumor promoter role in the development of the type III NPC [24, 26].

Taken together we hypothesized that METCAM/MC18 plays a dual suppressor
and promotor role in the different types of NPC.

3.3 Ovarian carcinoma

Two independent groups showed that METCAM/MUCI18 expression is cor-
related with the progression of ovarian cancer [27, 48], and it affects the in vitro
behaviors of ovarian carcinoma cells [49]. However, the role of METCAM/

MUC18 in the progression of epithelial ovarian cancer has not been directly tested
in animal models. To investigate this, we initiated the studies by testing the effect

of over-expression of METCAM/MUCI18 on the iz vitro cellular behaviors and in
vivo tumorigenesis and malignant progression of human ovarian cancer cell lines in
nude mice. First, we used a human ovarian cell line, SK-OV-3, for testing the effects
of METCAM/MUCI8 expression on their iz vitro motility and invasiveness, and in
vivo tumor formation after subcutaneous (SC) injection and also iz vivo progression
after intraperitoneal (IP) injection in athymic nude mice. We observed that over-
expression of METCAM/MUCI18 reduced iz vitro motility and invasiveness [28] and
suppressed in vivo tumorigenesis and malignant progression of the human ovarian
cancer cell line SK-OV-3 [28]. Then, we used the other human ovarian cancer cell
line, BG-1, for similar tests and also observed similar phenomenon [50].

In summary, we supplied in vitro and in vivo evidence to definitely support the
conclusion that METCAM/MUCIS8 plays a suppressor role in the tumorigenesis and
malignant progression of two human ovarian cancer cell lines [28, 50]. Our results
suggest that METCAM/MUCI1S is a strong candidate as a new tumor and metastasis
suppressor in human ovarian cancer cells.

3.4 Prostate cancer

For the previous two decades, we have firmly established the notion that
over-expression of METCAM/MUC18 promotes the tumorigenesis and metastasis
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Figure 2.

Tumorigenicity of four shRNA-knockdown clones of DU145. Effect of METCAM/MUC18 expression on in
vivo tumorigenicity (Left) and final tumor weight (Right). (Left) Average tumor volumes from five mice
S.C. injected with each of the 46 (control), 72, 24, and 27 clones/cells, which were transfected with four
corresponding shRNAs in pGIPZ vector, were plotted against time. (Right) Average final tumor weights from
five mice S.C. injected with the same clones/cells and standard deviations were plotted at the end point of
experiment. P values are shown in the figure by comparing the data to the control clone [51].
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Figure 3.

Tumorigenicity of four shRNA-knockdown clones of PC-3. Effect of METCAM/MUC18 expression on in
vivo tumorigenicity (Left) and final tumor weight (Right). (Left) Average tumor volumes from five mice
S.C. injected with each of the 46 (control), 72, 24, and 27 clones/cells, which were transfected with the four
corresponding shRNAs in pGIPZ vector, were plotted against time. (Right) Average final tumor weights from
five mice S.C. injected with the same clones/cells and standard deviations were plotted at the end point of
experiment. P values ave shown in the figure by comparing the data to the control clone [52].

of human prostate cancer cell line LNCaP, which was established from lymphatic
lesions [31-36]. To check if the conclusion is also extended to another human
prostate cancer cell line DU145, we recently tested the effect of knocking down
the endogenously expressed METCAM/MUC18 on tumorigenesis in a nude mouse
system, since DU145 endogenously expressed a high level of METCAM/MUC18
[51]. We found that knocking down of the endogenously expressed METCAM/
MUC18 with three shRNAs decreased the subcutaneous tumorigenesis in male
nude mice in comparison to a control shRNA, as shown in Figure 2. We thus
concluded that METCAM/MUC18 expression in DU145 cell line, which was
established from brain lesions, plays a positive role in tumorigenesis (and perhaps
metastasis) similar to in LNCaP cells.

In contrast, we recently used the similar knocking down strategy to test the
effect of decreased the endogenous METCAM/MUCI18 expression on iz vivo
tumorigenesis of another human prostate cancer cell line, PC-3, which was estab-
lished from bone lesions, surprisingly we found that knocking down the endog-
enously expressed METCAM/MUCI1S8 increased the tumor proliferation of PC-3
cells (which was opposite to that of DU145, as shown above in Figure 2), suggesting
that expression of METCAM/MUCI8 suppressed the tumorigenesis of the human
prostate cancer cell line PC-3 [52], as shown in Figure 3.
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Tumor/cancer cell lines Tumorigenesis Metastasis References
Colorectal cancer human cell lines HT-29, Suppression Not determined [54]
SWA480, SW948, SW620, colo205, Lovo320, P6C
Hemangioma human cell lines HemEC, Possible Not determined [46]
HDMEC suppression
Mouse melanoma cell line K1735-9 Suppression Suppression [22]
Mouse melanoma cell lines K1735-3, K1735-10 No effect or slight Increasing and [21]

suppression affecting the late

stage

Nasopharyngeal carcinoma type I cell line Suppression Not determined [24, 25]
NPC-TWO01
Ovarian cancer cell lines SK-OV3, BG-1 Suppression Suppression [28, 50]
Pancreatic cancer human cell lines, Suppression Suppression [55, 56]
UACC-1273, PANC1, C81-61, KP-2, SUIT-2,
MIAPaca-2, HS766T and primary CAFs
Prostate cancer human cell line PC-3 Suppression Not determined [52]

Table 1.
The negative role of METCAM/MUC18 in tumor formation and/or cancer metastasis of seven tumor/cancer
cell lines.

We thus conclude that METCAM/MUC18 serves as a tumor suppressor in the PC-3
cell line, different from its role in two other prostate cancer cell lines (LNCaP and
DU145), suggesting that prostate cancer cell lines established from different organs
may have different intrinsic factors that modulate the function of METCAM/MUCI8.

3.5 Colorectal cancer, hemangioma and pancreatic cancer

The protein METCAM/MUCIS is also expressed others cancers, such as angiosar-
coma, gestational trophoblastic tumors, Kaposi’s sarcoma, leiomyosarcoma, some lung
squamous and small cell carcinomas, and some neuroblastoma [44]. However, its role
in the development of most of these cancers is not well known. Recent meta-analysis
suggests that high METCAM/MUC18 expression in many solid tumors appears to be
associated with poor prognosis and patient survival [53]. However, in contrast to the
conclusion, reduced expression of METCAM/MUCIS8 associates with the malignant
progression of hemangioma [46]. Likewise, recent results of the effects of METCAM/
MUCI18 expression on tumorigenesis of colorectal cancer and pancreatic cancer also
appear to support the similar conclusion, as described next. Reduced expression of
METCAM/MUC18 promotes tumorigenesis and stemness of colorectal cancer [54].
Targeting soluble METCAM/MUCI18 with a neutralizing antibody inhibits vascular-
ization, growth and survival of METCAM/MUC18-positive pancreatic tumors [55].
Furthermore, attenuation of METCAM/MUCI18 promotes pancreatic cancer progres-
sion [56]. Thus, the possible tumor and metastasis suppressor role of METCAM/
MUCI18 in solid tumors appear to extend from mouse melanoma K1735-9 subline,
ovarian cancer, and NPC type I, to colorectal cancer [54] and pancreatic cancer [55, 56],
and perhaps hemangioma [46]. Table 1 summarizes the negative role of METCAM/
MUCI18 in the tumor formation and/or cancer metastasis of seven tumors/cancers.

4. METCAM/MUCI1S8: a tumor promoter in most solid tumors

In contrast to the above functions of METCAM/MUC18, recent work done on other
solid tumors appears to be consistent with the meta-analysis results of solid tumors [53],
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Figure 4.

Expression of METCAM/MUC18 in normal lung tissue (SV40-immortalized normal lung cells (WI38, lane
2) and lung type II alveolar epithelial cell carcinoma cell (A549, lane 3) and lung primary adenocarcinoma
(H838, lane 4) (from Guang-Jer Wu, unpublished data).

as described next. For example, METCAM/MUCI18 expression correlates with the epi-
thelial-mesenchymal transition (EMT) markers and a poor prognosis in gastric cancer
[57]. Tumor up-take of glioma in an orthotopic xenograft mouse model correlates with
the expression level of METCAM/MUC18 [58]. METCAM/MUCI8 promotes metasta-
sis and predicts poor prognosis of hepatocellular carcinoma [59]. Increased expression
of METCAM/MUC1S8 has been found in hepatocellular carcinoma (HCC) tumor
tissues as compared with the matched adjacent normal liver tissues and the METCAM/
MUC18"* cells purified from HCC tumors and cells have significantly increased colony-
forming capacity consistent with the cancer stem cells or the tumor-initiating cells [60].
METCAM/MUCIS8 expression has been shown to express in 51% of non-small cell lung
carcinoma (NSCLC) and positive expression of METCAM/MUC18 has been associated
with a shorter survival of patients with adenocarcinomas and used to predict the poor
overall survival in patients with lung adenocarcinomas [61-63]. METCAM/MUCI18
expression mediates acquisition of cancer stemness and enhances tumor invasion and
metastasis in a mouse model [64]. High expression of METCAM/MUCIS correlates
with intrapulmonary metastasis of NSCLC cells in a mouse model [65]. Consistent with
the results, we showed in Figure 4 (Guang-Jer Wu, unpublished data) that METCAM/
MUCI18 is expressed in a lung type II alveolar epithelial cell carcinoma cell, A549,

and highly expressed in an adenocarcinoma cell line, H838, in comparison with its no
expression in an immortalized normal embryonic WI38 cell line.

Furthermore, METCAM/MUC18 mediates chemoresistance of small cell lung
carcinoma (SCLC) [66]. METCAM/MUCI8 is expressed in osteosarcoma cell lines,
but not in normal osteoblast cells [67]. Osteosarcoma is effectively treated with
METCAM/MUC18 monoclonal antibodies [68, 69]. Transcription factor MEIS1
activates METCAM/MUCI18 expression to promote migration of mouse pancreatic
tumor cell lines [70]. METCAM/MUC18 very likely promotes the formation of
angiosarcoma, as supported by our preliminary results as described next. Mouse
METCAM/MUC18 was expressed in one angiosarcoma clone, SVR, which was
transfected with H-Ras, at a higher level than in the control cell line, an immortal-
ized normal endothelial cell line, MS-1 [71]. Furthermore, the tumorigenicity of
the SVR cell line was higher than the control cell line, thus in direct association with
the higher expression level of moMETCAM/MUC18 [40, 71]. This suggests that
METCAM/MUCI18 very likely promotes the formation of angiosarcoma [40, 71].
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Tumor/cancer tissues or cell lines Tumorigenesis Metastasis References
Angiosarcoma human cell lines MS1, Increasing Not determined [40,71]
SVR

Human breast cancer cell line MCF-7 Promotion Not determined [18]
Human breast cancer cell line SK-BR-3 Promotion Not determined [19, 20]
Human breast cancer cell lines Promotion Promotion [19, 45]

MDA-MB-231 and MDA-MB-468

Gastric cancer human tissues Promotion Not determined [57]
Glioma cell lines US7MG, U251 Promotion Not Determined [58]
Hepatocellular carcinoma human cell Promotion Not determined [59, 60]

lines PLC/PRF/5, Huh7, MHCC97H&
97 L HepG2, SMMC-7721, focus,
YY-8103, LM3, HLF and primary HCC
cell lines; normal liver cell line LO2

Non-small cell lung cancer human cell Promotion Promotion [61-65], our
lines A549, H23, H358, H460, H522, unpublished
H838, HCC4006, H1650/ER, PC-9, results
PCIGR, and adenocarcinoma tissues
Small cell lung cancer human cell Promotion Not determined [66]
lines H69, H69AR, H82, H196, H209,
DMS79
Clinical melanoma tissues and human No effect Increasing and [38,72,73]
melanoma cell lines SB-2, SK, XP-44 affecting the late
stage

Mouse melanoma cell lines K1735-3, No effect Increasing and [21]
K1735-10 or slight affecting the late

suppression stage
Nasopharyngeal carcinoma type III Promotion Not determined [24,26]
human cell line NPC-TW04
Osteosarcoma human cell lines CR9, Promotion Augmentation [67-69]

MNNG-HOS, OHS, KPDX, KRIB,
MG-63, shYY1, SaOS, Sa0S-2, TESS,

U208
Pancreatic cancer mouse cell lines Promotion Possible [70]
ptfla, LSL-Kras, LSL-Trp53, Pdx1, augmentation
Clinical prostate cancer human tissues Increasing Increasing and [31]
affecting initiation in
the early stage (PIN)
Human prostate cancer cell line Increasing Increasing and [32,34-36]
LNCaP affecting initiation in
the early stage
Human prostate cancer cell line DU145 Increasing Not determined [51]
Prostate adenocarcinoma in TRAMP Increasing Increasing and [33]
mice affecting initiation in
the early stage
Table 2.

The positive role of METCAM/MUC18 in tumor formation and/or cancer metastasis of various tumors/cancers.

Hence, the positive role played by the METCAM/MUCI8 in the progression of solid
tumors have been extended from breast cancer, human and mouse melanoma,
prostate cancer to angiosarcoma [40, 71], gastric cancer [57], glioma [58], hepato-
cellular carcinoma [59, 60], non-small cell lung adenocarcinoma [61-65], small cell

27



Genes and Cancer

lung cancer [66], osteosarcoma [67-69], and mouse pancreatic cancer [70]. Taken
together, METCAM/MCUI18 appears to be more prevalently in playing a positive
role than a negative role in the tumorigenesis of solid tumors. Table 2 summarizes
the positive role of METCAM/MUC1S8 in the tumor formation and/or cancer metas-
tasis of various tumors/cancers.

In conclusion, METCAM/MUC18 appears to play a dual role in the tumori-
genesis and perhaps also in metastasis of solid tumors. At this point, it is not
clear why METCAM/MUCI1S8 plays a dual role in this aspect. Since METCAM/
MUC18 only plays a dual role in different cell lines from the same type of cancer
or in different type of cancers, but never in the same cancer cell line. It is logical
to suggest a possible explanation that the intrinsic properties of each cancer cell
line may provide specific co-factors or heterophilic ligands that may positively
or negatively modulate the METCAM/MUC18-mediated tumorigenesis and
metastasis. This can be readily scrutinized by identifying these specific intrinsic
co-factors or heterophilic ligands by using immunological co-precipitation
method in the future studies. This approach is feasible as described in one of the
following sections, Section 5.1.

5. Putative mechanisms

Since the huMETCAM/MUC18 was first discovered in the 1980s, three groups
have worked on the role of huMETCAM/MUC18 in melanoma metastasis [38,

39, 72, 73], another group on the role of huMETCAM/MUC18 in the biology of
endothelial cells [41], and our group joined in the effort to study the role of huMET-
CAM/MUCI1S8 in the progression of mouse melanoma [43] and prostate cancer
[31-36, 51, 52], and later breast cancer [18-20], ovarian cancer [27-30], and NPC
[23-26], as described above. Recently, more groups have participated in further
exploring the possible role of METCAM/MUC1S8 in other solid tumors in different
organs, such as colorectum [54], gastro-organ [57], glioma [58], liver [59, 60], lung
[61-66], pancreas [55, 56, 70], and bone [67-69]. Preliminary work in leiomyosar-
coma, esophagus squamous cell carcinoma, clear cell renal sarcoma, and gallblad-
der adenocarcinoma are also beginning to emerge [53].

After many decades of group effort, we are beginning to understand the biol-
ogy of METCAM/MUC18-mediated tumor progression. However, the biological
mechanisms describing the role of METCAM/MUC18 in tumorigenesis and malig-
nant progression are still not well clarified such as: the protein’s domain involved
in cell adhesion, the domain which mediates the interactions of tumor cells with
the tumor microenvironment leading to tumor progression and in the METCAM/
MUC18-mediated tumorigenesis and malignant progression, and the effects of
N-glycosylation on the functions of METCAM/MUC18 in tumorigenesis. Though
the huMETCAM/MUC18-mediated outside-in and inside-out signaling in endo-
thelial cells are understood to some extent, and the METCAM/MUC18-mediated
signaling, which is leading to the progression of various cancer cells, are not much
known. How METCAM/MUCI18 is positively or negatively regulated at the level of
transcription in different cancer cells remains minimally known. As such, the fol-
lowing five important aspects are much needed for immediate future studies, such
as different kinds or quantities of co-factors or heterophilic ligand(s) in different
cancer cell lines, contributions of different domains of the protein, different signal-
ing pathways involved, differential regulation at the transcription level in tumors of
different organs, and possible different extent of N-glycosylation in different cancer
cell lines, which may critically modulate the function of METCAM/MUC18 in
tumor progression.
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5.1 The heterophilic ligands of METCAM/MUC18

The heterophilic ligands of METCAM/MUC18 may play an important role in the
cell-cell and cell-extra-cellular matrix interactions and cancer metastasis. Our pre-
liminary results suggest that the 72 kDa protein identified by immunoprecipitation
method may be one of the heterophilic ligands for METCAM/MUCI18, as shown in
Figure 5 [40].

As shown in Figure 5, the putative heterophilic ligand 72 kDa is highly expressed
in the PC-3 cell line, but much less in the DU145 cell line. This may reveal a possible
explanation for the different role of huMETCAM/MUCI1S8 in the tumorigenicity of

the two prostate cancer cell lines [40].

5.2 The domains of huMETCAM/MUCI18 required for tumorigenesis and
metastasis

The relation of the protein structure of huMETCAM/MUCI1S8 to its functions
in tumorigenesis and metastasis have not been systematically defined. To begin
addressing this question, we have generated mutants deleted different domains of
huMETCAM/MUCI1S8 by using a special PCR method [74] and used them to deter-
mine their contribution to tumorigenesis. Surprisingly, our results showed that the
ecto-domain of huMETCAM/MUC18 induced tumorigenesis in LNCaP cells in nude
mice, as well as the whole wild type of cDNA. These preliminary results suggested
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Figure 5.
Putative hetevophilic ligand of METCAM/MUC18 in PC-3 and DU145 cell lines.

29



Genes and Cancer

the key role of the ecto-domain in tumorigenesis induction in prostate cancer cells
in vivo. This may implicate a puzzling notion that the cytoplasmic domain was not
essential for this process (Guang-Jer Wu, data not shown). However, the critical
direct test of using only the cytoplasmic domain for inducing tumor has not been
performed for LNCaP cells. From the above puzzling observation, it is very clear
that a systematic study has also to be performed in other cancer cell lines before a
definitive conclusion can be drawn.

5.3 Signaling pathways in the METCAM/MUC18-mediated tumorigenesis and
cancer metastasis

The huMETCAM/MUCIS8 contains three sites which are potentially phosphory-
lated by PKC, PKA and CK2 in the cytoplasmic tail [38, 42]. However, these putative
phosphorylation sites have not been biochemically proven. Thus, the immediate
question to be answered is that how many sites in the cytoplasmic tail of the native
METCAM/MUCIS8 protein, which are to be isolated from different cancer cell lines, are
actually phosphorylated? Which protein kinase is responsible for the phosphorylation?
After this is answered, then we can further study how METCAM/MUC18 mediates
crosstalk and networking with different signal pathways and to see if it is similar to or
different from the cytoplasmic tails of other CAMs [41, 75-77]. Knowledge learned
from other CAMs seem point to one aspect that METCAM/MUCIS8, as an integral
membrane protein and a cell adhesion molecule, should mediate inside-in, inside-out,
and outside-in signals to participate in intercellular communication and interaction of
cell with extra-cellular matrix, which results in impacting cell motility and invasive-
ness [78, 79]. Furthermore, its interaction with co-factors or cognate heterophilic
ligand(s) may alter these signals, which in turn should affect intrinsic tumor prolifera-
tion or impact tumor angiogenesis and/or mediate targeting to specific organs and pro-
moting metastasis. Moreover, METCAM/MUC18 may interact with various hormonal
receptors, growth or anti-growth factors/receptors, various chemokines/receptors,
and the Ca**-mediated signaling members, which in turn affect the process of tumor
progression. Figure 6 summarizes the possible preliminary crosstalk of huMETCAM/
MUC18 with many members of signal transduction pathways that may affect its func-
tion during tumor initiation and development and malignant progression.

5.4 Regulation of the huMETCAM/MUCI18 gene transcription

The mechanism of transcriptional control of METCAM/MUC18 gene is mini-
mally studied [17]. Up to now, only the 900 bp sequences in the core promoter
region of the huMETCAM/MUC18 gene are well-characterized [80]. This core
promoter is rich in GC sequences but does not contain a TATA box. It includes many
consensus sequences presumably as putative binding sites for various transcription
regulatory factors, such as SP-1, CREB [81], AP-2 [82, 83], c-Myb [84], N-Oct2
(Brn2) [85], Ets [86], CArG [87], and Egr-1 [88]. In addition, it also contains three
insulin responsive elements (one Ets and two E-box motifs) [89], suggesting that
huMETCAM/MUC18 gene expression may respond to the cue of various growth
signals [37, 40], as shown in Figure 7.

In addition, some sequences upstream of the minimal core promoter sequences
should also be expected for conferring the tissue-specific expression of the huMET-
CAM/MUCI18 gene [90]. Recently this notion has been definitely supported by a
finding that Ets sequence in the 10 kilo-bp up-stream region is involved in the regu-
lation of the expression of huMETCAM/MUC18 gene [91]. We have also engaged
in this task by searching the sequence of the up-stream region of the huMETCAM/
MUC18 promoter in the Celera or other web sites. By taking advantage of the
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METCAM/MUC18-mediated signal transduction in tumorigenesis and malignant progression.
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Putative transcription factor-vecognized motifs in the 900 bp core promoter and 5-10 kilo bp up-stream region
of the huMETCAM/MUC18 gene.

known sequence searched, we designed many pairs of primers to screening a
genomic library and obtained several phage clones which contain at least 4 kilo-bp
of the gene for future studies (Guang-Jer Wu, unpublished data).

The epigenetic control of the expression of huMETCAM/MUC18 gene has not
been extensively studied in NPC, though it has been implicated [92]. This is because
huMETCAM/MUCI1S8 gene is located at the locus of human chromosome 11¢23.3
that has been shown to be hypermethylated in NPC, suggesting that the expression
of this gene may be regulated by epigenetic controls [93]. To support this notion,
our preliminary results of treating NPC cell lines with 5-Aza-2’'-deoxycytidine
(Aza-C) showed that after the treatment with Aza-C, METCAM/MUCI18 expres-
sion was somewhat elevated in the NPC-TWO1 cell line, but not in the NPC-TW04
cell line (Guang-Jer Wu, unpublished data). METCAM/MUC18 has also been shown
to be methylated in most of the early stage of prostate cancer [94]. Further system-
atic studies in this aspect should be very interesting and rewarding in the future.
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5.5 The possible roles of glycosylation on the protein of METCAM/MUCI8 in
tumorigenesis and tumor progression

Glycosylation of a protein may affect the proper folding, stability, and/or
activity of a protein [95], however, the possible roles of glycosylation in the func-
tion of MCETCAM/MUC18 protein have not been explored. The glycosylation
of METCAM/MUC18 may also affect its ability in inducing/promoting or sup-
pressing the metastasis of cancer cells [95-99]. Both huMETCAM/MUC18 and
moMETCAM/MUCI18 may very likely to be heavily glycosylated, sialylated, and
post-translationally modified, because both have an apparent molecular weight of
about 110-150 kDa, which is much more than the naked protein with a molecular
weight of about 65-70 kDa [100]. To initiate the study, we subjected the huMET-
CAM/MUCI18, which was expressed in a human cancer cell line, to the digestion
with N-glycosidase F, neuraminidase (sialidase), O-glycosidase, or endoglycosi-
dase H, and we observed that the apparent molecular weight of the protein was
decreased after digestion with N-glycosidase F and neuraminidase (sialidase), but
not with O-glycosidase or endoglycosidase H [37, 40]. From this, we suggested
that both sialic acid and N-glycans are probably the major carbohydrate side chains
of huMETCAM/MUCI18. It is also possible that glycosylation may differ depend-
ing on the type of cancers. Thus, we suggested that different N-glycans at the
N-glycosylation sites of huMETCAM/MUC18 may differ in different cancer cell
lines, which may have significant positive or negative impacts on their EMT abili-
ties as well as tumorigenesis and metastasis. According to our hypothesis, a recent
study described GCNT3 as an up-stream regulator of METCAM/MUC18. Moreover,
GCNT3 glycosylates METCAM/MUC18 and extends its half-life which results in
further elevation of SI00A8/A9-mediated cellular motility in melanoma cells [101].

By searching in the primary sequence of the human huMETCAM/MUC18
protein, nine potential N-glycosylation sites (Asn-X-Ser/Thr or N-X-S/T sites)
have been revealed [37, 38, 40, 42], whereas only seven sites found in the mouse
METCAM/MUCI18 [43]. Six N-glycosylation sites are conserved between the
two proteins: 56/58 NL/FS, 418/420NRT, 449/451NLS, 467NGT/469NGS,
507NTS/509NTT, and 544/546NST [37, 38, 40, 42]. We suggest that only these six
conserved N-glycosylation sites are actually glycosylated, because the apparent
molecular weights of human METCAM/MUC18 and mouse METCAM/MUC18
are similar in the SDS gel. All the N-glycosylation sites are located in the external
region of the protein, such as the domains of V1, C’, C” and X. First, all these six
sites should be biochemically identified before further molecular genetic task.
Then, we will use genetic tools to alter the N-glycosylation sites. The mutants will
be transfected back into cancer cell lines without the endogenous expression of the
protein. The clones, which only express these mutated METCAM/MUC1S8, will be
used for various in vitro and in vivo experiments to test the effect of N-glycosylation
on the function huMETCAM/MUC18. They also will be used for testing effects on
in vitro cell-cell aggregation and cell-extracellular matrix adhesion and on iz vivo
tumorigenesis and metastasis of human cancer cells. We anticipate that systematic
studies on this aspect should be very informative to reveal the essential role of
N-glycosylation played in the METCAM/MUC18-mediated tumor progression.

6. Conclusions
METCAM/MUCI18 plays a key role in suppressing the progression of colorectal

cancer, one mouse melanoma cell line, NPC type I, ovarian cancer, pancreatic cancer,
prostate cancer PC-3 cell line, and perhaps hemangioma and possibly in other cancers.
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On the other hand, METCAM/MUCIS also play a key positive function in the progres-
sion of breast cancer, gastric cancer, hepatocellular carcinoma, lung cancer, melanoma,
NPC type III, pancreatic cancer, and prostate cancer. To further understand its role in
these processes, it is essential to further identify its co-factor regulators and cognate
heterophilic ligands, define its functional domains, and study its crosstalk with mem-
bers of various signal transduction pathways, the regulation of its expression at the
level of transcription, and effects of N-glycosylation on the functions of the protein.

7. Research perspectives and clinical applications
7.1 Research perspectives

The current studies have laid an important biological basis for inspiring future
intense investigation to further understand the detailed knowledge of METCAM/
MUC18-mediated suppression of tumorigenesis and metastasis of various cancer cell
lines. For this purpose besides those have been described above, other future endeav-
ors may include: (a) understanding three major mechanisms involved in METCAM/
MUC18-induced tumor and metastasis dormancy, such as key players participated in
inhibition of intrinsic growth capability, key chemokines and cytokines participated
in suppression of immunological responses, and key pro-angiogenic and anti-
angiogenic factors participated in the reduction of angiogenesis [102], (b) identifica-
tion of possible miRNAs and non-coding RNAs participated in the process upstream
and downstream of METCAM/MUCI18 [103], and (c) possible clinical applications
should be explored. Precaution should be taken that a complete picture may only be
possibly constructed after all the above studies are successfully executed.

7.2 Clinical applications

The majority of the cancer-associated mortality is due to dissemination of
primary tumor to distant organs (metastasis). If we are able to decrease or stop
the metastatic propensity of cancer cells and keep them stayed only at the primary
site, it should be a major success in cancer therapy. Alternatively, it is also a major
success if we are able to control cancer cells at the state of dormancy or remaining
them at the stage of micro-metastatic lesions [104]. Thus, similar to other tumor
and metastasis suppressors, such as KISS1, KAI1, nm23, MAP2K4, and some
micro-RNAs, METCAM/MUC18 may be used as a new therapeutic target for some
clinical cancer treatments [105]. Strategically four major approaches may be taken
for this purpose: (a) use gene therapeutic method to restore the functional copy of
the suppressor genes or use epigenetic method to re-activate the genes. For gene
therapy, the METCAM/MUC18 cDNA gene may be transported by an adenovirus-
associated virus vector or a replication-defective adenovirus [106]. The human
METCAM/MUC18 gene, located on 11q23-3 chromosome may be targeted with
clinical reagents to reverse epigenetic repression, like Aza-C [107], or to change
histone modifications to induce remodeling of the chromosome [108], (b) dispense
recombinant proteins directly to the patients. For this approach, a complete copy
or a partial portion of the METCAM/MUC18 recombinant protein, oligopeptides,
or small molecule mimetics of METCAM/MUC18 may be directly dispensed to
cancer patients, (c) target at downstream key members in the signaling pathways
which are activated by the loss of the suppressor function, and (d) the co-factors
or the cognate heterophilic ligand(s) of METCAM/MUC18 may be targeted. The
above strategies may be used in single, or better in combination for treating the
patients for the purpose of holding tumor cells at the primary sites, stopping them
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in a dormant state, or keeping the disseminating cancer cells at the state of micro-
metastases. However, the dual role of METCAM/MUCI18 in cancer progression
may limit the above clinical applications to only cancers exhibiting an anti-tumor
activity mediated by METCAM/MUCIS.
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Abstract

Lung cancer is one of the most common cancers and the leading cause of cancer-
related deaths worldwide. High-throughput sequencing efforts have uncovered the
molecular heterogeneity of this disease, unveiling several genetic and epigenetic
disruptions driving its development. Unlike oncogenes, tumour suppressor genes
negatively regulate cell cycle control and exhibit loss-of-function alterations in
cancer. Although tumour suppressor genes are more frequently disrupted, onco-
genes are more likely to be drug-targeted. Many genes are described as presenting
both tumour suppressive and oncogenic functions in different tumour types or
even within the natural history of the disease in a single tumour. In this chapter, we
describe current knowledge of tumour suppressor genes in lung tissues, focusing on
tumour suppressor/oncogene duality.

Keywords: tumour-suppressor genes, oncogenes, dual roles, lung cancer,
targeted therapy

1. Introduction

Cancer cells arise in non-malignant tissue due to the sequential acquisition of
molecular alterations that drive proliferation, permit the evasion of growth sup-
pression and apoptosis signals and promote angiogenesis, invasion and metastasis
[1]. This process is stochastic, and over time the tumour continues to evolve in
a dynamic manner, generating a group of cells harbouring different genetic and
epigenetic features [2]. The resulting heterogeneity is the basis of tumour evolution
and leads to the selection of tumour cells. These cells often present with rewired
signalling networks and often oncogene addiction [3].

The uncontrolled growth of cancer cells can in part be explained by their
aberrant gene expression patterns. While most cancer genes are characterized
as either oncogenes or tumour suppressors based on their typical behaviour in
tumours, some genes display dual oncogenic and tumour suppressive functions
[4, 5]. The majority of these genes encode multiple isoforms, which are further
post-translationally modified and form a variety of protein complexes, generating
a context-dependent cellular network [6]. In diploid organisms, gain-of-function
(GOF) mutations in oncogenes are typically dominant (single events are sufficient
to promote tumourigenesis), while loss-of-function alterations are recessive in TSGs
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(requires two inactivation events) [7]. For example, for a TSG with dual oncogenic
roles, one gain-of-function mutation can potentially cease its tumour suppressive
function and turn on oncogenic signalling [5].

Recently, genes with both oncogenic and tumour-suppressive functions were
described across 12 main cancer types using The Cancer Genome Atlas (TCGA)
database [5]. Using a text mining approach, the authors identified genes mainly
represented by kinases (e.g. BCR, CHEK2, MAP2K4, NTRK3 and SYK) or tran-
scription factors (e.g. BRCA1, EZH2, NOTCHI1, NOTCH2, STAT3 and TP53) and
evaluated them at the genomic and gene expression levels. Using an iz silico analy-
sis, it was shown that genes with dual functions interact with more partners and are
more important hub-genes in protein-protein interaction networks.

In this chapter, we discuss TSGs with both tumour suppressive and oncogenic
functions in lung cancer.

1.1 Lung cancer classification

Lung cancer is one of the most common cancers and the leading cause of cancer-
related deaths worldwide [8]. In the United States, lung cancer accounts for 13.5%
of all new cancer cases and 25.3% of all cancer deaths. The five-year survival rate is
dismal, with only 18.6% of patients surviving 5 years [9]. The majority of lung cancer
cases (approximately 80%) are attributed to cigarette smoking [10]. About 10-25% of
cases occur in people who have never smoked [11]. The aetiology behind these cases is
most likely a combination of genetic factors, as well as the effects of exposure to envi-
ronmental carcinogens such as asbestos, radon gas or other forms of pollution [12].

Lung cancer is classified according to histological type. There are two major types:
small cell lung cancer (SCLC), which accounts for 15-20% of lung cancer patients, and
non-small cell lung cancer (NSCLC), comprising the remaining 80-85% (Figure1)
[13]. SCLC, primarily originating from the central airways, is thought to be derived
from neuroendocrine cells [14]. NSCLC is composed of three major histological
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Figure 1.

Histological classification of lung cancer. (A) Lung cancer histological types. (B) Location of the tumours and
cell origins. SCLC, small cell lung cancer; NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; LCC, large cell carcinoma.
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Figure 2.

Mutational frequency of TSGs in small cell lung cancer (SCLC; n = 110) [16], lung adenocarcinoma (LUAD;
n = 660) [23] and lung squamous cell carcinoma (LUSC; n = 484) [23]. TSGs were defined according to
COSMIC Cancer Gene Census (https://cancer.sanger.ac.uk/census) and mutation frequency of the most
commonly disrupted TSGs in these subtypes of lung cancer were retrieved using cBioPortal (http://wwuw.
chioportal.org/).

subtypes: adenocarcinoma (LUAD), squamous cell carcinoma (LUSC) and large cell
carcinoma (LCC). LUAD is the most common, accounting for approximately 40% of
all lung cases [15]. LUAD typically arises from glandular epithelium, from bronchioal-
veolar stem cells, club (Clara) cells or type II pneumocytes in the lung periphery [13].
LUAD is also the predominant subtype that arises in patients who have never smoked
[15]. LUSC develops primarily in the central airways and segmental bronchi, strongly
associates with a history of smoking and accounts for approximately 20% of all lung
cancer cases. LCC may arise anywhere in the lung and are classified as tumours
without general features associated with SCLC, LUAD or LUSC [13].

1.2 TSG mutation spectrum in lung cancer

Beyond the histological heterogeneity of lung cancer, genomic studies of large
cohorts have uncovered the complex molecular landscape of lung tumours. Indeed,
it has been observed that a wide variety of oncogenes and TSGs can be altered in
lung cancer, and these molecular events are vastly different between histological
subtypes [16, 17].

Clinical studies have shown that molecularly defined lung cancer subgroups can
correlate with characteristics such as ethnicity [18], smoking history [19], treatment
sensitivity [20] or prognosis [21]. Many of the commonly identified gain-of-func-
tion alterations in proto-oncogenes have been actively investigated for therapeutic
purposes. For example, EGFR, ALK, ROS1, BRAF, MET, RET and HER?2 are rou-
tinely assessed in the clinic to offer targeted therapy for eligible LUAD patients [22].

Three TSGs are frequently mutated in all three major lung cancer subtypes:
TP53, LRP1B and CSMD3. Other TSGs of particular interest in lung cancer are as
follows RB1 and CREBBP in SCLC, KEAP1 and STK11 in LUAD, CDKN2A in LUSC,
NOTCH1 and PTEN in both SCLC and LUSC and NF1 in both LUAD and LUSC
(Figure 2). Mutations in these TSGs are usually mutually exclusive, indicating that
individual genes are capable of driving lung cancer progression.

2. TSGs with oncogenic roles in lung cancer

Several TSGs in lung cancer have also been shown to behave as oncogenes,
depending on the molecular context and/or the mechanism by which they are
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altered (Table 1). Among them are TP53, NFIB, members of the NOTCH family,
NKX2-1, NFE2L2, as well as some non-coding RNAs (MALAT1, mir-125, and mir-
378), which will be discussed in detail below.

21TP53

TP53 is a well-known TSG, representing the most common somatically mutated
gene in human cancer, especially in lung tumours [24]. The classic functions of
the encoded p53 protein are cell cycle regulation, DNA repair, senescence medi-
ated by stress, apoptosis and angiogenesis. These functions mainly occur through

Gene Main function Role as TSG Role as oncogene
TP53 TF: regulates cell cycle, TSG in several tissues: Missense mutations confer
DNA repair, senescence  frequently lost through gain-of-function oncogenic
and apoptosis mutations [24] properties [31]
NFIB TF: crucial in lung Underexpressed in NSCLC Amplified and OE in
development and associated with poor SCLC: inducing chromatin
survival in LUAD [32] reprogramming during
metastasis [33]
NOTCH1/NOTCH2 Transmembrane Inactivated by inhibitor Maintains stem cell features;
receptors: proliferation,  ligands and through promotes proliferation in LUAD
differentiation and mutations, especially in SCLC  [35]
survival [34]
NFE2L2 TF: cellular defense Protects lung tissue against Mutational activation: aids cells
mechanism against exposure to oxidative stress to escape from endogenous
oxidative stress [36] tumour suppression [37]
NKX2-1 TF: essential for lung ActsasaTSG in KRAS-driven Enhanced oncogenic signals in
development p53-mutant LUAD [38] EGFR-driven LUAD [39]
STK11 Serine-threonine kinase: ~ Mutational inactivation OE maintains metabolic
regulation of energetic =~ promotes cancer development homeostasis and attenuates
metabolism and cell [40] oxidative stress [40]
polarity
TGFB Cytokine: regulates Expression loss leads to OE promotes tumour growth in
development, growth arrest in early-stage ~ advanced cancer stages [42]
differentiation and lung and other cancers [41]
homeostasis
TUSC3 Endoplasmic reticulum  Hypermethylation; OE in NSCLC accelerates cancer
protein in magnesium expression loss in NSCLC; growth; induces EMT [44]
uptake, glycosylationand inhibits cell proliferation and
embryonic development  promotes apoptosis [43]
WT1 TF: role in urogenital Loss of function enhances cell OE promotes survival in KRAS-
system development viability and proliferationin ~ mutated NSCLC [46]
Wilms’ tumour [45]
MALAT1 Long non-coding RNA  OE reduces invasiveness in OE associated with
PTEN expressing tumours chemotherapy resistance in
[47] NSCLC [48]
miR-125b microRNA OE induces apoptosis [49] OE promotes metastasis [50]
miR-378 microRNA OE reverses chemoresistance ~ OE is associated with invasion

to cisplatin in LUAD [51]

and brain metastasis [52]

TF, transcription factor; OE, overexpression; EMT, epithelial-mesenchymal transition. Numbers in brackets refer to

the list of reference.

Table 1.

Main TSGs with dual functions reported in lung cancer.
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the binding of a p53 tetramer to the promoter of target genes [25]. In many cancer
types, TP53 mutation is associated with poor prognosis, including local and distant
metastases events, resistance to treatment and decreased survival [26, 27].

Despite having a reputation as a ‘guardian of the genome), recent work has shown
that activating TP53 alterations can act to promote cancer development and pro-
gression [25, 28]. Depending on the location of the mutation within the TP53 gene,
protein structure and subsequent DNA binding activity can be lost or altered, result-
ing in either loss or gain of function [25]. In contrast to the majority of TSGs, TP53
is not commonly inactivated by deletions or truncating mutations. Indeed, 74% of
mutations within the TP53 locus are missense point mutations, which can be found
in proteins in human tumours [25]. In fact, altered TP53 was initially considered as
a cancer antigen with putative oncogenic properties [25]. Together, this highlights
the dichotomous role of TP53 disruptions, in that both the loss of wild-type p53 and
gain-of-function mutations can provide a growth advantage to tumours [28].

Lung cancer is commonly associated with tobacco use, where the prolonged
exposure to carcinogens damages the DNA of the exposed cells. These alterations
are especially enriched in missense mutations in TP53, leading to GOF-p53 [29].
The oncogenic GOF mutation in p53 was previously shown to be related with the
inactivation of AMP-activated protein kinase (AMPK) signalling in head and
neck cancer and another tobacco-related cancer [30]. AMPK is a master regulator
of metabolic homeostasis and GOF-mutated p53 is able to physically interact and
inhibit AMPK, stimulating aerobic glycolysis under energetic stress conditions and
leading to invasive growth.

In lung cancer mouse models, prevention of tumour formation by inhibit-
ing GOF p53 mutants has been demonstrated [53]. Although the highly aberrant
genomes in p53-mutated tumours should lead to unfeasible mitosis, these mutations
facilitate the survival and proliferation of these cells through stabilizing replication
forks and promoting micronuclei arrangement [31].

GOF p53 mutants are most likely involved in multiple mechanisms that coordi-
nate tumour progression. For example, GOF-p53 (R175H, R273H and D281G) was
demonstrated to upregulate CXCL5, CXCL8 and CXCL12 through its transcription
factor activity, promoting migration of lung cancer cell lines [54]. CXCL5 expres-
sion was shown to be elevated in human lung tumour samples harbouring GOF-p53,
and its inhibition could reverse cell motility in lung cancer and melanoma cell lines
[54]. In NSCLC, it was recently reported that GOF-p53 can physically interact with
HIF-1 and binds to the SWI/SNF chromatin remodelling complex, inducing the
expression of hypoxia-responsive genes [55]. Importantly, specific extracellular
matrix components are upregulated by this process and mediate pro-tumourigenic
features in NSCLC [55].

2.2 NFIB

Nuclear factor I (NFI) is a transcription factor family, comprising NFIA, NFIB,
NFIC and NFIX, that plays important roles in normal development and in numer-
ous diseases [56]. These proteins bind to specific DNA sequences leading to repres-
sion or activation of gene expression in a context-dependent manner, regulating cell
differentiation and proliferation through their target genes [57]. NFIB, in particu-
lar, has been implicated in a wide range of malignancies, being described as both an
oncogene and a potential TSG [58].

Using an iz vivo model, it was demonstrated that NFIB is a metastatic driver
in SCLC, inducing global chromatin reprogramming during metastasis [33]. The
authors isolated tumour cells from primary and metastatic sites of genetically engi-
neered mice, and using genome-wide analysis, they showed a pronounced increase
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in chromatin accessibility during tumour progression, resulting from NFIB copy
number amplifications. Interestingly, the distal regions that became accessible upon
NFIB upregulation were similar to open regions found in neural tissue. Recently,
the same group described two metastatic models in SCLC, one dependent and other
independent of NFIB amplification [59]. NFIB was likewise reported as amplified
and/or overexpressed in melanoma [60], breast [61], oesophagus [62] and salivary
gland malignancies [63].

A gene fusion involving NFIB (MYB-NFIB) is frequently found in adenoid cystic
carcinomas from salivary glands [64] and in adenoid cystic carcinoma from other
topologies [65]. Despite the putative oncogenic function of NFIB, studies have
focused on its fusion partner MYB as the main oncogenic driver in these cancers
[66]. Given the fact that other fusion partners of NFIB have been reported in
adenoid cystic carcinomas [67] and that MYB-NFIB fusions lead to NFIB truncation
[68], NFIB may have a possible independent role as a TSG in these malignancies.

While the MYB-NFIB fusion is not observed in lung cancers, NFIB is frequently
underexpressed in NSCLC tissues [32] and during epithelial-to-mesenchymal tran-
sition in NSCLC cell lines [69]. NFIB is an essential transcriptional factor in lung
development [70] and was demonstrated to be targeted by many microRNAs that
recapitulate their foetal lung expression patterns in NSCLC [32]. Lower expression
of this gene was associated with shorter overall survival, less-differentiated tumour
features and repressed expression of cell differentiation markers in LUAD patients
[32]. Therefore, contrary to the established oncogenic role of NFIB in SCLC, these
observations suggest a tumour suppressive role in NSCLC.

2.3 NOTCH gene family

The Notch signalling pathway is important in the regulation of cell fate during
embryogenesis and maintenance of homeostasis in adult tissues [71]. It includes
Notch receptors (NOTCH1, NOTCH2, NOTCH3 and NOTCH4) and ligands from
the DSL family, which suppress or induce tumour-related mechanisms under
specific cellular contexts [71].

In SCLC, Notch signalling is frequently inactivated by either a mutation in Notch
receptors or the overexpression of ligands that inhibit downstream signalling [34].
Despite this potential role as a TSG, Notch signalling in lung tumours is complex, as
it has also been shown to be related to chemoresistance in SCLC [72]. In addition,
the overactivation of this pathway through several mechanisms acts like an onco-
gene in LUAD by preserving stem cell features and promoting proliferation [35, 73].
Notchl expression is required in Kras-driven LUAD carcinogenesis, suppressing
apoptosis via the p53 pathway [35]. The inhibition of the Notch pathway is able to
restrain lung cancer stem cell maintenance, which is characterized by subpopula-
tions of cells expressing aldehyde dehydrogenase [74].

Conversely, loss-of-function mutations of Notch receptors generating truncated
receptors imply a TSG role in LUSC [75]. Although functional studies to further
corroborate this hypothesis are still needed, reports in other squamous cell carcino-
mas substantiate the idea that the inactivation of this signalling pathway promotes
tumourigenesis [76].

2.4 NKX2-1 (also known as TTF-1)

Nkx2-1 is a homeobox-containing transcription factor that is essential for lung
development and is expressed in type II pneumocytes and bronchiolar cells in adults
[77]. It is expressed in 40-50% of lung cancers and is amplified and overexpressed
in 6-11% of LUAD [78].
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Nkx2-1 acts as a lineage-specific oncogene in some LUAD cases [79], enhancing
cell viability and proliferation in lung cancer cell lines [78]. This function relies on
the activation of (i) the pro-survival PI3K-AKT pathway, through ROR1 kinase-
dependent c-Src activation as well as maintaining the EGFR-ERBB3 association
[80], and (ii) LMO3, a member of the LMO family of oncogenes that is translocated
inT-ALL [81].

On the other hand, Nkx2-1 expression has been associated with good patient
outcome [82] and the loss of Nkx2-1 expression was associated with the aggres-
sive behaviour of NSCLCs [83]. Mechanistically, tumour suppressive functions of
Nkx2-1 in lung adenocarcinoma rely on the restriction of cell motility, invasion and
metastatic ability, through the inhibition of the TGF-p [41] and IKK-B/NFk-B [39]
pathways. The dual role of Nkx2-1 is dependent on EGFR, KRAS and TP53 status in
LUAD: NKX2-1 acts as aTSG in KRAS-driven and TP53-mutant tumours, whereas it
enhances EGFR-driven tumourigenesis [84, 85].

2.5NFE2L2

NFE2L2 encodes a transcription factor that regulates proteins involved in cel-
lular defense mechanisms against metabolic, xenobiotic and oxidative stress [86].
NFE2L2 has been often considered a TSG due to its protective role against genome-
damaging agents, the higher propensity to cancer development in NFE2L2-deficient
mice and its protective effects in cancer chemoprevention [87].

Due to the constant exposure to oxidative stress in the lung, the NFE2L2 path-
way is important to guarantee the genomic stability of these cells [88]. However,
once transformation of normal to cancer cells occurs, NFE2L2 favours tumour
development by acting to protect against oxidative stress resulting from the tumour
microenvironment and exposure to genotoxic agents during patient treatment [86].
In fact, mutations in NFE2L2 and KEAPI, an important member of the NFE2L2
signalling, are very common and mutually exclusive in NSCLC [89]. Curiously, a
recent study demonstrated that lung cancer patients presenting NFE2L2 or KEAP1
mutations are highly resistant to chemotherapy [89]. However, the relation between
the NFE2L2 pathway and treatment response prediction needs further investigation.

2.6 MALAT1 and other non-coding RNAs

While large-scale genomic sequencing efforts have uncovered an invaluable num-
ber of genetic alterations related to cancer biology, in the past, they were commonly
focused on the 2% of the genome that encodes protein [90]. In the last decade, non-
coding RNA transcripts have been shown to have important regulatory functions in
normal and disease biology [91]. Indeed, many non-coding genes have been shown to
play tumour-suppressive or oncogenic roles in numerous cancer types [92].

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was one
of the first cancer-related long non-coding RNAs to be described [93]. MALAT1 is
broadly expressed in normal cells, where it has been shown to regulate the alterna-
tive splicing of pre-mRNAs by changing the distribution of splicing regulators in
nuclear speckles [94]. MALAT1 was primarily identified as an oncogenic transcript
in lung cancer and has since been widely considered a marker of metastasis, poor
patient survival [93] and chemotherapy resistance in NSCLC [48]. Mechanistically,
MALAT1 has been shown to promote carcinogenesis through P53 deacetylation [95]
and enhance cell migration through Akt/mTOR signalling [96] and TGF-f-induced
endothelial-to-mesenchymal transition [97]. Conversely, MALAT1 has also been
shown to reduce invasiveness by modulating the expression of EpCAM and ITGB4 in
PTEN-expressing tumours [47] and by downregulation of MMP2 and inactivation
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of ERK/MAPK signalling [98]. MALAT1 also binds the nuclear p65/p50 heterodimer
and thus inhibits NF-xB-dependent pathways [99] and is thought to be involved in
the response to DNA damage [100]. Furthermore, MALAT1 reduces the invasiveness
of cerebral metastases by sustaining the blood-brain barrier [101]. MALAT1I expres-
sion and subcellular location is finely tuned through various regulatory mechanisms
[102], which may drive its pro- or anti-tumour effects [103]. Analysis of the dual role
of MALAT1 highlights not only the complexity of non-coding RNA function but also
their relevance to broad areas of cancer biology and management.

MicroRNAs (miRNAs) are short transcripts that typically regulate coding genes
post-transcriptionally through direct interaction with mRNA transcripts. Many are
deregulated in lung cancer [104], where they have documented tumour-suppressive
and oncogenic roles [105]. For example, miRNA-125b has been shown to have a
multifaceted function as a tumour suppressor and oncogene, being underexpressed
in bladder [106] and ovarian cancer [107] and overexpressed in glioma [108] and
prostate cancer [109]. It was shown that miRNA-125b induces apoptosis in cancer
cell lines exposed to nutrient starvation and chemotherapy, including in lung
cancer [49]. On the other hand, miRNA-125b may also function as an oncogene
in NSCLG, asit is able to promote metastasis by targeting TP53INP1 [50]. In addi-
tion, inhibition of miR-125b can also decrease the invasive potential and leads to
cell cycle arrest and apoptosis in NSCLC [110]. Similarly, miR-378 was reported to
be overexpressed in lung cancer and other tumour types, inducing cell migration,
invasion and tumour angiogenesis [111]. However, it was previously demonstrated
that upregulation of this miRNA sensitizes lung cancer cell lines to cisplatin [51].

3. Conclusions and future directions

Here, we summarize the commonly disrupted genes in lung cancer with dual
roles as both tumour suppressors and oncogenes. These conflicting roles are a result
from the complexity of biological pathways and the heterogeneity of cancer cells.

Most of the current molecular therapies are based on hyperactivated oncogene
inhibitors. In lung cancer, only a fraction of the cases exhibit alterations in targe-
table genes, such as EGFR, BRAF and MET mutations and ALK, RET and ROS1
fusions [112]. Therefore, there is an urgent need for the development of novel
therapeutic strategies exploiting non-oncogene alterations of lung tumour cells.

Considering that TSGs are found altered more frequently than oncogenes in
human tumours [113], the existence of TSGs with dual oncogenic roles opens a new
window of opportunities for the development of new targeted therapies. However,
therapeutic action against TSGs remains challenging, as many are not amenable to
current pharmacologic inactivation strategies. Most of the TSGs are not a kinase
that can be pharmacologically blocked and are not located at the cell surface to be
targeted by an antibody.

In summary, there is an unmet need to clarify the ambiguity found within genes,
both coding and non-coding, with both pro- and anti-tumour functions. Broadening
our understanding of these features may enable the development of novel and
specific therapeutic strategies that consider both molecular and tissue contexts.
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Chapter 4

Duplicitous Dispositions of
Micro-RNAs (miRs) in Breast
Cancer

Amal Qattan

Abstract

In 1993, a gene silencer known as lin-4 was first discovered in Caenorhabditis
elegans and demonstrated to be critical for larval development. Lin-4 belongs to a
family of signaling molecules known as non-protein coding microRNAs (miRNAs)
which are not only highly conserved in humans, but also involved in the funda-
mental processes of oncogenesis. While miRNAs are not translated to proteins
themselves, they are capable of regulating the expression and translation of other
genes thus affecting a multitude of biological and pathological pathways as well as
those essential to the malignant landscape. The aim of this chapter is to explore the
diverse roles of miRNAs in the context of breast cancer. Following a brief overview
of miRNA biogenesis, this chapter covers the production of miRNAs by tumor cells
and stromal cells, onco-suppressor miRNAs, use as therapeutics, contribution to
therapeutic resistance, and finally their emerging role as biomarkers.

Keywords: microRNAs (miRs), breast cancer epigenetic alteration, microRNA-based
therapy, miRNA pharmacogenomics, miRSNPs, miR-polymorphisms, clinical trials

1. Introduction

A gene silencer known as lin-4 was first discovered in Caenorhabditis elegans and
demonstrated to be critical for larval development [1]. Lin-4 belongs to a family of
signaling molecules known as non-protein coding microRNA (miRNAs) which are
not only highly conserved in humans, but also involved in the fundamental processes
of oncogenesis [2]. Approximately 2000 miRNAs are present in the human genome [3].
While miRNAs are not translated into proteins themselves, they are implicated in the
regulation of 30% of all genes and are thereby capable of regulating the expression
and translation of other genes influencing a multitude of biological and pathological
pathways [4]. This chapter explores the diverse roles of miRNAs in the most frequent
cancer among women in the world: breast cancer (BC). BC impacts 2.1 million women
yearly [5] and it also causes the greatest number of cancer-related deaths among
women. Early detection and diagnosis are critical to survival. In the context of BC,
miRNAs are dynamically regulated implicating their use in diagnosis, prognosis and
tracking of drug efficacy during treatment. Following a brief overview of miRNA
biogenesis, this chapter covers the production of miRNAs by tumor cells, onco-sup-
pressor and tumor-suppressor miRNAs, their contribution to therapeutic resistance,
therapeutic miRNAs (as well as therapeutics targeting of miRNAs), and finally their
emerging role as biomarkers for BC prognosis, treatment responsiveness and efficacy.
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2. MiRNA biogenesis and mechanisms of action

Since 1993, researchers have proceeded to learn that miRNAs were of ancient
evolutionary origins. Single stranded, non-protein coding miRNAs with genetic
suppression activities were found in algae, plants, invertebrates, vertebrates and
even viruses [6]. Further characterization has revealed that miRNAs are not only
critical for normal human development, but their aberrant expression is associated
with diseases such as cancer [7, 8].

The miRNAs are encoded by genetic sequences which may be located within
the introns of protein coding genes as well as in the exons and introns of long
noncoding RNAs, and even intergenic regions [9]. According to the miRIAD
database, 1157 (61.5%) miRNAs are intragenic (169 exonic and 988 intronic) and
724 (38.5%) are intergenic [10]. MiRNA’ are single-stranded RNA transcripts
that are transcribed from DNA sequences and are usually around 22 nucleotides
in length. They often form distinct secondary folding conformational motifs.
Most miRNAs are first transcribed into primary miRNAs (pri-miRNAs) and
processed into precursor miRNAs (pre-miRNAs) and mature miRNAs. Usually
they bind to the 3’-untranslated region (UTR) of target mRNAs to suppress their
target’s expression by inhibiting its translation. However, they can also interact
with coding sequences, the 5’UTR and gene promoter regions. Though less com-
mon, some are involved in the translation activation and stabilization of target
transcripts. Furthermore, the shuttling of miRNAs between different cellular
compartments can also control rates of transcription and translation of their
targets.

In the canonical pathway of miRNA biogenesis, RNA polymerase II transcribes
miRNAs into primary miRNAs (pri-miRNAs) greater than 200 nucleotides long.
Pri-mRNAs are then cleaved into pre-mRNAs by the RNAse III enzyme, Drosha
with the help of double stranded RNA binding proteins Pasha and DiGeorge
Syndrome Critical Region 8 (DGCRS). The 60-70 nucleotides long pre-mRNAs are
then exported out of the nucleus and into the cell cytoplasm by exportin-5 and Ran
GTPase. Once in the cytoplasm, pre-mRNAs are cleaved by the RNAse III enzyme
Dicer which removes hairpin loops resulting in miRNA duplexes composed of a
guide strand and a passenger strand. The passenger strand is discarded and the
guide strand associates with Argonaute 2 (Ago2) to form the RNA-induced silenc-
ing complex (RISC) which brings the miRNA to its target mRNA. A 6-8 nucleotide
sequence on the miRNA, referred to as the “seed sequence” locates the correspond-
ing sequence of the target mRNA. A double stranded complex is formed which
impedes the ribosome from translating the target [11]. Imperfect complementarity
between the seed sequence and the target mRNA can also cause target degradation
indirectly via deadenylation at the 3’-UTR. Non-canonical miRNA biogenesis is
less common and can generally be grouped into Drosha/DGCR8-independent and
Dicer-independent pathways which are outside the scope of this chapter. In addition
to the inhibition of target miRNAs, there is evidence indicating that some miRNAs
directly increase target translation via recruitment of protein synthesis complexes
to the translation initiation region. Alternatively, target mRNA expression can
also be increased due to inhibition of modulating repressors that block transla-
tion. Moreover, some miRNAs enhance ribosome biogenesis resulting in increased
protein synthesis [12].

In summary, miRNA biogenesis is a multi-step process that requires various
enzymes and shuttling proteins to reach a final product. Mature miRNAs are either
stable molecules with half-lives of greater than 24 h or they display shorter half-lives
of less than 12 h, depending on the functionality of the product [13]. More on the
regulation of miRNA expression is discussed in the next section.

64



Duplicitous Dispositions of Micro-RNAs (miRs) in Breast Cancer
DOI: http://dx.doi.org/10.5772/intechopen.88466

3. Regulation of miRNA expression

In general, just as protein-coding genes are regulated by transcription factors
(TF), TFs are one of the central ways by which miRNA expression is regulated.
Tissue and developmental stage specific TFs can control the transcription of miRNA
genes. Many miRNAs and TFs form autoregulatory loops, in which they mutually
regulate each other [14]. In addition, various physiological and pathological stimuli,
such as steroid hormones, retinoids, hypoxia, interferons, stress, as well as estro-
gen, can affect miRNA expression [15]. Finally, while transcription regulates the
magnitude of miRNA expression, decay rates influence miRNA dynamic regula-
tion. Slow decay leads to a high level of accumulation while fast decay leads quick
changes in miRNA expression levels implying that fast turnover may be involved in
transient biological processes.

Epigenetic mechanisms are heritable changes in gene expression that occur with-
out any modifications in the DNA sequence itself and include DNA methylation and
histone modifications as well as miRNAs themselves [16]. The covalent binding of
methyl groups to cytosine bases located among CpG dinucleotide sequences is the
major modification of eukaryotic genomes which results in down regulation of gene
expression. DNA methylation controls embryonic cell fate lineages and prevents
reversion to an undifferentiated state [17]. Frequency of methylation is nearly one
order of magnitude higher in human miRNA genes compared to the methylation
of other protein-coding genes [18, 19]. This indicates strict epigenetic control of
miRNA expression and also reveals how epigenetic changes in cancer cells can lead
to dysregulated expression of miRNAs by cancer cells.

Genome variations include genetic mutations and polymorphisms; defined as
a DNA variation in which a possible sequence is present in at least 1% of people.
Single nucleotide polymorphisms (SNPs) constitute approximately 1% of the
human genome. SNPs contribute to phenotypic diversity within a species as well
as disease susceptibility. MiRSNPs/miR-polymorphisms are a new mechanism and
novel class of functional SNPs. As miRNA molecular interactions with their targets
are affected via base pairing as well as genetic variation, such as changes in genome
sequence; which influences binding energy and annealing strength, SNPs can result
in no change, off target or absence of miRNA binding to the predicted target [20].
Carcinogens such as those from cigarettes, dietary elements and other foreign
chemical toxicities referred to as “xenobiotics,” can also affect miRNA expression.
Importantly, many more changes in miRNA expression were observed in cancer-
target tissues than in the non-target tissues following acute or chronic exposure
to carcinogens thus implicating their use as potential biomarkers for exposure
to xenobiotics [21]. Finally, circadian rhythm control of miRNA expression has
significant consequences for circadian timing as some miRNAs have promoter
sequences inducible by circadian clock proteins. Moreover, some miRNAs can even
be regulated by light and dark cycles which confer important rhythmic expressions
in organs such as the liver and heart [22].

In summary, miRNA regulation is similar to other protein coding gene regula-
tion as changes in expression can occur based on the presences or exposure to TFs,
genetic polymorphisms, epigenetic factors, xenobiotics and carcinogens. How
miRNA expression is regulated in the context of BC is discussed in the next section.

4. miRNAs (miRs) production by breast cancer cells

As summarized above, TF, SNPs, epigenetics, hormones and xenobiotics all
affect the regulation of miRNAs; therefore, it is not surprising that breast cancer
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(BC) leads to significant, dynamic changes in miRNA expression both by tumor
cells and by surrounding stromal cells. This section describes BC tumor cell produc-
tion of miRNAs as well as the surrounding non-cancerous stromal cells. In general,
miRNAs either support or suppress tumorigenesis and are often dysregulated due
to tumor-specific epigenetic changes. Likewise, tumor secreted factors such as exo-
somes and cytokines can also lead to aberrant signaling in the surrounding stromal
cells. Furthermore, while all BCs begin in the breast, there are many subtypes which
are named to reflect their particular molecular pathogenesis. Subtype diagnosis

can help select appropriate therapies. Likewise, aberrant regulation of miRNAs can
be subtype specific. Therefore, this section begins with a brief overview of cancer
subtypes.

Breast carcinoma can begin either in the ducts or the lobules and as such,
termed either ductal carcinoma in situ (DCIS), or lobular carcinoma in situ
(LCIS). Both can either stay contained to the area or travel to surrounding tissue
and lymph nodes in which case the clinical diagnosis is either invasive ductal car-
cinoma (IDC) or invasive lobular carcinoma (ILC). IDC is the most common type
of BC (50-75%) followed by ILC (5-15%) [23]. Rare BC is characterized by tumor
origination in the mucinous, papillary, medullary or cribriform compartments of
the breast [24]. Metastasis of breast cancer to other organs is the main cause of
mortality and up to 5% of patients will already have experienced metastasis at the
time of diagnosis [25].

MiRNA microarray performed on 1542 breast tissue samples procured via the
Molecular Taxonomy of Breast Cancer International Consortium and the Akershus
University Hospital (AHUS) revealed that no miRNAs were differentially expressed
in DCIS patients relative to IDC, supporting the idea that miRNA dysregulation
occurs at an early stage of BC development [26]. Among the invasive subtypes,
however, expression of seven miRNAs was consistently downregulated, including
tumor suppressors let-7c-5p, miR-125b-5p, miR140-3p, miR-145-3p, miR-145-5p,
miR-193a-5p, and miR378a-3p while expression of four oncogenic miRNAs was
consistently upregulated including miR-106b-5p, miR-142, miR-342-3p, and
miR425-5p. Taken together these miRNAs may significantly contribute to the
transition to an invasive BC subtype [26].

While Bloom and Richardson’s histologic grading system which was modified
by Elston and Ellis in 1991 is the most commonly used system to gain prognostic
insight, hormone receptors status, tumor size, nodal status and whether tumorous
cells have invaded the lymph or blood vessels is also considered during initial diag-
nosis. Hormone receptor statuses including estrogen receptor (ER) and progester-
one receptor (PR) as well as the tyrosine kinase receptor, human epidermal growth
receptor type two (HER?2) are always measured on newly diagnosed invasive BCs.
Subtypes are identified via immunohistochemical staining for hormone receptors,
HER2 expression status, and Ki-67 proliferation index as: luminal A (ER-positive
and/or PR-positive, HER2-negative, low proliferation), luminal B (ER-positive
and/or PR-positive, HER2-negative, high proliferation; or hormone receptor (HR)-
positive and HER2-positive), HER2-positive (HR-negative and HER2-positive)
and finally TNBC type (HR-negative and HER2-negative) [27]. ER+ breast cancer
subtype is particularly prevalent in postmenopausal women taking hormone
replacement therapy (HRT) which activates the transcription factor estrogen
receptor alpha (ERa) which promotes the expression of numerous oncogenic
genes. While ERa-signaling is targeted by miRNAs for degradation, aberrant
activation of this receptor leads to aberrant expression of miRNAs controlled by
ERa-signaling [28].

Several miRNAs are both tissue and cancer specific. As the primary role of
miRNA is to decrease target mRNA expression, miRNAs that are upregulated by
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cancerous cells are often those that support cancer growth and are referred to as
oncomiRs. miR-10b, miR-21 and miR-155 are well characterized oncomiRs in BC
[29]. Their main role is to downregulate tumor suppressor genes which results in
the promotion of cancer cell proliferation, de-differentiation and invasion [30]. BC
cells also produce less tumor-suppressor miRNAs (miR-31, miR-125b, miR-200 and
miR-205) which downregulate oncogenic proteins. Cancer-initiating cells (CSCs)
were first isolated from breast cancer tumors and are considered the seed-cells of
tumor development [31]. While CSCs are similar to normal somatic stem cells in
that they are capable of asymmetric cell division and the efflux of small molecules,
they have more phenotypic plasticity. The family of miRNAs known as let-7 was
demonstrated to be a master regulator of self-renewal and tumor-seeding ability
[32]. Likewise, the process of epithelial to mesenchymal transition (EMT) which
enables tumorigenicity and invasion, was facilitated via transforming growth factor
p2 (TGF-p2) and Zebl transcription factor mediated repression of the miR-200 and
miR-141; two miRNAs which are responsible for epithelial differentiation [33].

In summary, reflecting the cancer cells aim of aberrant, dysregulated gene
expression needed for tumor cell survival and proliferation, a global downregula-
tion of all miRNAs is observed in cancer. In tumor cells, the main mechanism by
which global miRNA production is suppressed is via the upregulation of miRNAs
that target the crucial miRNA biogenesis enzyme Dicer, miR-103 and miR-107 [34].
Likewise, chromatin remodeling that results in an increase in miRNAs that sup-
port EMT and self-renewal rather than continuation of a differentiated cell type is
observed [35].

5. miRNAs affecting breast cancer chemotherapy efficacy and resistance

Chemoresistance is the primary cause of treatment failure in breast cancer.
Dysregulation of some miRNAs can result in increases in drug efflux, alter drug
targets and energy metabolism, stimulate DNA repair pathways and evasion of
apoptosis and result in loss of cell cycle control. The first BC drug was a DNA-
replication blocker called doxorubicin. Resistance to doxorubicin correlated with
downregulation of miR-505, miR-128, and miR-145 tumor suppressors [36-41]. In
contrast, miR-663, miR-181a, and miR-106b are oncogenic miRNAs whose down-
regulation resulted in enhancement of doxorubicin sensitivity in formerly resistant
cells [41-43]. Like doxorubicin, cisplatin inhibits DNA replication and was also
one of the first established therapies for BC. Upregulation of miR-345 and miR-7
contribute to cisplatin-resistance, while miR-302b can sensitize resistant cells to
cisplatin therapy [44, 45]. A list of miRNA expression levels and targets of BC drug
resistant is listed in Table 1.

In addition to doxorubicin and cisplatin, efficacy of the chemotherapeutic
agents docetaxel and paclitaxel which inhibit microtubule formation during cell
division, can also be compromised by miRNAs. Downregulation of miR-34a, miR-
100, and miR-30c were observed in paclitaxel-resistant BC cell while the upregula-
tion of miR-129-3p was found to contribute to resistance [57-61].

In ER+ breast cancer, de novo and acquired resistance to conventional endocrine
therapies such as aromatase inhibitors, fulvestrant and tamoxifen, can occur in
more than 30% of patients [63]. Evidence suggests that resistance to these drugs is
in part mediated by miRNAs. As most BC patients have high estrogen receptor-o
(ER-a) expression, targeting ER-« signaling is a critical therapy. Resistance to
tamoxifen, an agent which blocks interaction between estrogen and estrogen
receptor is associated with the downregulation of the following tumor suppres-
sor miRNAs: miR-15a, miR-16, miR-214, miR-320, miR-342, miR-451, miR-873,
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miRNA BC therapy Targets Level Mechanism/Refs.

miR-200 Carboplatin Zeb l Reverses EMT [46]

miR-345 Cisplatin MRP1 1 Not yet characterized [45]

miR-7

miR-302b Cisplatin E2F1 (direct) 1 Inhibit cell cycle progression

ATM (indirect) [44]

miR-24 Cisplatin BimL F1H1 1 Promotes EMT and cancer stem
cells [47]

miR- Doxorubicin EP300 1 Activates EMT [43]

106b~25

cluster

miR-128 Doxorubicin Bmi-1 ABCC5 l Increases apoptosis [48]

miR-145 Doxorubicin MRP1 l Induces intracellular
doxorubicin accumulation [36]

miR-181a Doxorubicin Bcl-2 1 Increases apoptosis [41]

miR-181a Doxorubicin Bax 1 Inhibits apoptosis [49]

miR-25 Doxorubicin ULK1 T Inhibits autophagy [50]

miR-326 Doxorubicin MDR-1 | Downregulates MRP-1 [51]

miR-505 Doxorubicin Akt3 (indirect) l Not yet investigated [37]

miR-644a Doxorubicin CTBP1 | Inhibits EMT [52]

miR-663 Doxorubicin HSPG2 1 Inhibits apoptosis [42]

miR-129-3p Docetaxel CP100 ) Reduces cell cycle arrest and
apoptosis [53]

miR-34a Docetaxel BCL-2 CCND1 1 Inhibit apoptosis [54]

miR-484 Gemcitabine CDA 1 Promote proliferation and cell-
cycle redistribution [55]

miR-218 MDR Survivin | Enhance apoptosis [56]

miR-100 Paclitaxel mTOR 1 Enhance cell cycle arrest and
apoptosis [57]

miR-125b Paclitaxel Sema4C l Reverses EMT [58]

miR-125b Taxol Bakl T Inhibits apoptosis [59]

miR-30c Doxorubicin TWF1 (PTK9) VIM l Reverses EMT [60]

Paclitaxel IL-11
miR-34a Doxorubicin HDAC1HDAC7 T Inhibits autophagic cell death
Cisplatin [61]

Abbreviations: Expression level of miRs: upregulation (1) or downregulation (|) of miRNAs in breast cancer therapy.
The reference of each miR is included in the table. Table adapted from Hu et al. [62].

Table 1.

miRNAs involved in the regulation of common breast cancer drugs.

miRNA-375, miR-378a-3p, and miR-574-3p [64-71] .In contrast, oncogenic miRs:
miR-101, miR-221/222, miR-301, and miRNAs-C19MC were highly expressed in
tamoxifen resistant cells [72-75]. In addition, both the humanized monoclonal
antibody targeting HER2 named trastuzumab, as well as lapatinib, which is a small-
molecule tyrosine kinase inhibitor targeting both HER2 and epithelial growth factor
receptor (EGFR), improve therapeutic outcome but result in resistance after 1 year.
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Resistance to these two drugs is correlated with an upregulation of miR-21, miR-221
and miR-375 [76-80].

The role of miRNA in chemotherapeutic resistance is associated with the modi-
fication of drug transporters which has a net effect of drug efflux out of the cell
via exosomes as well as modifications of autophagy and apoptosis pathways which
lead to enhanced survival, the promotion of growth factors and activation EMT
[81]. The tumor microenvironment which consists of the surrounding stromal cells
serve as the normal foundation upon which the deviant tumor “house” is con-
structed supplying it with blood vessels, signaling molecules and ECM. Exosomes
transport bioactive molecules and mediate cellular communication in the tumor
microenvironment, facilitating a more cancerous and recalcitrant milieu [82].

For example, exosome-derived miRNAs such as miR-222 transfer doxorubicin-
resistance by inhibiting PTEN in recipient cells, 22 miRNAs were concentrated

in exosomes and correlated to chemotherapy resistance [83]. While the major
function of exosomes in the context of BC and drug resistance is the shuttling of
drugs out of the tumor, exosomes can also be bio-hacked for use as a prime chemo-
therapy delivery system [84-86].

In summary, in the context of breast cancer, tumor cells regulate miRNAs in a
way that promotes tumor survival, growth and invasion. Aside from a global down-
regulation of most miRNAs and especially tumor suppressor miRNAs, oncogenic
miRNAs are increased and often exported via exosomes where they are taken up by
non-cancerous cells, transforming the local environment to a pro-cancer milieu.
Knowing how BC cells regulate miRNAs opens the door for potential therapies that
target oncogenic miRNAs (antagomirs) or add back tumor suppresser miRNAs
(mimic miRNAs). The targeting of miRs in breast cancer is discussed in the follow-
ing section.

6. miRNAs as breast cancer therapy

Asreviewed in this chapter, miRNAs are dynamically regulated in BC and can
also contribute to drug resistance. Therefore, interventions that disrupt activities
of dysregulated miRNAs offer promising targets for novel therapeutics in the
form of mimics or antagomirs. In addition, mature miRNAs and their precursors
can also be targeted by small molecules. In general, there are two strategies for
targeting miRNA in BC. In the first strategy, tumor suppressor miRNAs which
are down regulated by tumor cells can be added back to the tumor microenviron-
ment using chemically synthesized miRNA mimics which imitate endogenous
mature double-stranded miRNA [87]. MiRNA mimics could be delivered in viral
vectors which would allow extended expression. The second strategy is to target
oncogenic miRNAs which are highly expressed and exported by tumor cells. In
this strategy, oligonucleotides, locked-nucleic-acids antisense oligonucleotides
(LNAs), miRNA sponges, multiple-target anti-miRNA antisense oligo-deoxyribo-
nucleotides (MTg-AMOs), miRNA-masking and nanoparticles are used to target
for degradation or impede aberrantly expressed oncogenic miRNAs from reaching
their targets [88-91].

As previously mentioned, the majority of highly expressed, dysregulated miRNAs
in tumor cells are oncomirs, or those that support tumorigenesis, while tumor
suppressor miRNAs are suppressed [92]. For example, miR-155 is an oncogenic
miRNA upregulated in BC tumor tissue. Targeting of miR-155 with an antisense
oligonucleotide (miR-155) in a BC cell line blocked proliferation and augmented
apoptosis [93]. MiR-892b is an example of a tumor suppressor miRNA that is
significantly downregulated in BC tissue specimens. By supplementing miR-892b
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“mimics” in BC cells, a decrease in tumor growth, metastases rate, and angiogenesis
was observed. MiR-892b mimic blocked impeded tumorigenesis by attenuating
nuclear transcription factor kappa B (NF-kB) signaling [94]. Artificial miRNAs can
also be constructed to inhibit targets that are not normally targeted by endogenous
miRNAs. For example, a novel artificial miRNA (amiRNA) called miR-p-27-5p,
which targets the 3’-UTR of cyclin-dependent kinase 4 (CDK4) mRNA, inhibited
cell cycle progression via downregulation of CDK4 expression and suppression of
retinoblastoma protein (RB1) phosphorylation [95]. Likewise, an a miRNA against
a C-X-C motif chemokine receptor 4 (CXCR4) inserted into an expression vector
reduced CXCR4 expression and suppressed migration and invasion of BC cells [96].
While in vitro experiments provide proof of concept for further development of
miRNA targeting in oncogenic diseases, only clinical trial results can determine
whether miRNA therapy is truly efficacious. Patents, clinical trials and biophar-
maceutical companies invested in the development of miRNA therapies are sum-
marized by Chakraborty et al, [97]. A seminal trial for miRNA replacement therapy
took place employing the tumor suppressor miR-34 mimic (MRX34). MRX34 was
formulated for intravenous injection using a liposome delivery system for patients
with metastatic liver cancer. MRX34 along with dexamethasone was associated
with safety and showed evidence of antitumor activity in a subset of patients with
refractory advanced solid tumors [98]. However, there were adverse events in the
trial which indicate the need for alternative approaches in formulation design and
delivery.

In summary, there is much research to be done in the emerging field of miRNA
therapeutics. Drug developers, pharmacists, physicians and molecular biologists
must work together to develop novel strategies for miRNA delivery that is more
targeted and controlled in order to mitigate off-target effects by affecting only cell
signaling of targeted tumor cells.

7.miRNAs as breast cancer biomarkers

MiRNAs that maintain a stable presence in the serum are referred to as “cir-
culating” miRNAs. Thus, in addition to therapeutic targeting, many studies have
reported utility of miRNAs in the context of BC as biomarkers for diagnostic,
prognostic, or predictive of drug efficacy. In this final section, miRNAs currently
being used as biomarkers in the context of BC are discussed.

In the context of diagnostics, the current gold standard for BC is mammography.
However, many women avoid mammograms for fear of pain or inconvenience in
scheduling thus rendering assays performed on less invasive, routine blood draws
amenable to early screening for BC. Global profiling of circulating miRNAs in
early-stage ER+ BC (# = 48) and age-matched healthy controls (n = 24) revealed a
panel of nine miRNAs (miR-15a, miR-18a, miR-107, miR-133a, miR-139-5p, miR-
143, miR-145, miR-365 and miR-425) that discriminated between patients with
early-stage ER+ BC and healthy controls [99]. A study in Japan performed on serum
(n = 1280 BC, n = 2836 non-cancer controls) found a combination of five miRNAs:
miR-1246, miR-1307-3p, miR-4634, miR-6861-5p and miR-6875-5p, could predict
breast cancer with a sensitivity of 97.3% overall, 98% sensitivity for early stage BC
and a specificity of 82.9% and accuracy of 89.7% [100]. A study based in Prague
(n = 63 early stage BC, 7 = 21 non cancer controls) found that several oncogenic
miRNAs were significantly elevated in early stage BC; including: miR-155, miR-19a,
miR-181b, and miR-24 and unsurprisingly, their expression dropped following sur-
gical resection of the tumor [101]. A study in Singapore performed global profiling
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Source miRNA Expression/Refs DX PX PR VA
Blood miR-195, let-7 and -155 1 in BC [108] N N
Serum miR-214 Indicates malignant Y N N
from benign and
healthy [109]
Plasma miR-127-3p, -376a, -148b, 1 1in BC [110] Y N N Y
-409-3p, -652 and -801
Plasma miR-148b, -133a, and -409-3p 1in BC [111] N
Serum miR-15a 1in BC [99] N
miR-18a, -107, -425, -133a, 1 inBC [99]
-139-5p, -143, -145, and -365
Serum miR-484 1in BC [112] N N
Serum miR-1246, -1307-3p, and 11in BC [100]
-6861-5p
miR-4634 and -6875-5p | in BC [100]
Serum miR-155, -19a, -181b, and -24 1in BC [101] N
Serum miR-1, -92a, -133a, and -133b 1 in BC [102] Y N
Plasma miR-505-5p, -125b-5p, -21- 1in BC [113] Y N N Y
5p, and -96-5p
Serum let-7c | inBC [103] Y N N N
Serum miR-182 11in BC [114] Y N N N
Blood miR-138 1in BC [115] Y N N N
Serum miR-155 Correlates w/PR Y N N N
status [116]
Serum miR-21, -126, -155, -199a, Associated w/ Y N N N
and -335 histological tumor
grade and sex
hormone receptor
expression [117]
Serum; miR-4270, -1225-5p, -188-5p, 1 in BC and correlates Y N N Y
Plasma -1202, -4281, -1207-5p, wistage and
-642b-3p, -1290, and -3141 molecular subtype
[118]
Serum miR-202 and let-7b 1 expression in BC Y Y N N
and correlates w/
tumor aggressive and
overall survival [119]
Serum miR-148b-3p and -652-3p | inthe BC [120] Y Y N Y
miR-10b-5p 1 levels correlate w/
poor prognosis [120]
Serum miR-18b, -103, -107, and -652 Associated w/tumor Y Y N Y
relapse and overall
survival in TNBC
[105]
Plasma miR-10b and -373 1 in breast cancer w/ Y Y N Y
LN metastasis [121]
Serum miR-10b, 34a, and -155 Correlates w/ Y Y N N

tumor stage and/or
metastasis [122]
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Source miRNA Expression/Refs DX PX PR VA
Serum miR-29b-2, miR-155, miR Correlates w/tumor Y Y N N
-197 and miR -205 grade and metastasis
[123]
Serum miR-92a 1 inBC,LN Y Y N N
metastasis [124]
miR-21 1in BC, LN
metastasis [124]
Serum miR-21-5p, -375, -205-5p, and 1 in recurrent BC Y Y N Y
-194-5p [125]
miR-382-5p, -376¢-3p, and | inrecurrent BC
-411-5p [125]
Serum miR-34a, -93, -373, -17, and Expression correlated Y N N N
-155 w/metastasis and

HER2, PR, and ER
status [126]

Serum miR-125b 1 expression in non- Y N Y N
responsive [127]

Serum miR-122 linNR and pCR N N Y Y
[128]

miR-375 1inNR and pCR

[128]

Serum miR-155 1inBC; | post chemo Y N Y N
[107]

Abbreviations: DX, diagnostic; PX, prognostic; PR, predictive; VA, validated; BC, breast cancer; ddPCR, droplet
digital PCR; DS, deep sequencing; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; LN,
lymph node; miRNA (miR), microRNA; PR, progesterone veceptor; qRT-PCR, quantitative veverse transcriptase real-
time PCR; TNBC, triple-negative breast cancer; NR, non-relapse; pCR, Pathologic complete response.

Table 2.
Circulating miRNAs; diagnostic, prognostic, predictive and validated biomarkers in breast cancer.

of miRNA expression in BC tumor tissue, non-tumor tissue and serum samples
obtained from BC patients (z = 132) and from healthy controls (# = 123) revealed
miR-1, miR-92a, miR-133a and miR-133b as significantly upregulated diagnostic
markers in BC sera [102]. In addition to upregulation of oncogenic miRNAs, tumor
suppressor Let-7c was decreased in BC tissue and sera according to a study per-
formed in China (n = 90 BC, # = 64 controls) [103]. Although some studies have
suggested that let-7 and miR-195 restoration may be therapeutic, results of Qattan
et al. in 2017 [104] supported literature indicating that tumor cells export hsa-
miR-195 and let-7 miRNAs. While the data of this study did not generally support
the use of these miRNAs as therapies, it suggested that these markers may be the
most robust markers to use in a blood-based screen for the early detection of TNBC
and luminal breast cancer [104].

The definition of a prognostic biomarker is one that indicates recurrence or
progression; such as chance of survival, independent of the course of therapy.
In a study based in Germany, pre-operative serum (# = 102) and post-operative
serum (n = 34) of BC patients was compared to healthy women (7 = 37) or those
with benign breast disease (# = 26). The mean follow-up time of for BC patients
was 6.2 years. In this study, high expression of miR-202 positively correlated with
reduced overall survival (poor prognosis). In a European study, genome-wide
miRNA expression profiling using serum from TNBC patients (z = 130) and healthy
controls (n = 30), revealed a four-miRNA signature (miR-18b, miR-103, miR-107
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and miR-652) that predicted tumor recurrence and overall survival [105]. While
few studies have investigated the use of miRNA serum expression levels as a predic-
tive metric for treatment response, clinically relevant outcomes were revealed in the
studies performed indicating the need for incentivizing investigations into miRNA
biomarkers. For example, elevated miR-125b expression predicts poor prognosis, is
associated with tumor size and TNM stage in HER2+ BC as well as poor responsive-
ness to paclitaxel-based neoadjuvant chemotherapy [106]. Therefore, miR-125b
may be a potential predictor of clinical outcome, particularly in HER2+ BC patients
receiving paclitaxel-based neoadjuvant chemotherapy. In another example, miR-155
was significantly increased in BC patients (# = 103) compared with healthy normal
(n = 55). Post-surgical resection and four cycles of chemotherapy, a subset of BC
patient sera (n = 29) were collected to evaluate the effects of clinical treatment on
serum levels of candidate miRNAs. Decreased levels of circulating miR-155 post-
treatment was associated with response to therapy and stable disease [107].

In summary, the data from these studies and others suggest that BC patients
with novel miRNA signatures correlating with poor prognosis are not receiving
adequate treatment and should be selected for inclusion in novel randomized clini-
cal trials for the chance to receive alternative life-saving therapies. Table 2 sum-
marizes studies revealing statistically significant regulation of circulating miRNAs
with diagnostic (DX), prognostic (PX), predictive biomarkers (PR) potential for
BC. Some studies were validated (VA) with alternative cohorts.

8. Conclusions

In conclusion, this chapter provided an overview of the most recent studies
describing the dynamic roles of miRNAs in the context of BC. This overview
demonstrates that just as miRNAs are integral to maintaining normal homeosta-
sis, they are simultaneously sensitive to changes in overall physiology and local
micro-environments thus studying them will likely lead to insight into the unique
manifestation of BC in an individual. Given that they are actively released by tumor
cells into the circulatory system, both monitoring and targeting miRNAs enables
the diagnosis and monitoring of BC as well as the opportunity for the development
of novel therapeutics. Future studies should employ well standardized methods for
sample collection and multi-center global miRNA profiling to reveal novel nuances
and robust results regarding miRNA signaling in the context of BC. Taken together,
the emerging field of precision oncology may rely on understanding miRNA
profiles.

73



Genes and Cancer

Author details
Amal Qattan™

1 Department of Molecular Oncology, King Faisal Specialist Hospital and Research
Centre, Riyadh, Saudi Arabia

2 Department of Biochemistry and Molecular Medicine, School of Medicine
and Health Science (SMHS), GW University, Washington, DC, USA

*Address all correspondence to: aqattan5@gwu.edu; akattan@kfshrc.edu.sa

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. 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 reproduction in any medium,

provided the original work is properly cited.

74



Duplicitous Dispositions of Micro-RNAs (miRs) in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.88466

References

[1] Lee RC, Feinbaum RL, Ambros V.
The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense
complementarity to lin-14. Cell.
1993;75:843-854

[2] Barbato S, Solaini G, Fabbri M.
MicroRNAs in oncogenesis and
tumor suppression. In: International
Review of Cell and Molecular Biology.
Galluzzi L, Vitale I, editors. MiRNAs
in Differentiation and Development.
Elsevier. 2017;333:229-268. DOI:
10.1016/bs.ircmb.2017.05.001. ISBN:
978-0-12-811870-2

[3] Kawahara Y. Human diseases caused
by germline and somatic abnormalities
in microRNA and microRNA-related
genes. Congenital Anomalies (Kyoto).
2014;54:12-21. DOI: 10.1111/cga.12043

[4] Schmidt MF. Drug target miRNAs:
Chances and challenges. Trends in
Biotechnology. 2014;32:578-585. DOI:
10.1016/j.tibtech.2014.09.002

[5] WHO. Breast cancer. 2018. Available
from: https://wwwwho.int/cancer/
prevention/diagnosis-screening/
breast-cancer/en/

[6] Moran Y, Agron M, Praher D,
Technau U. The evolutionary origin of
plant and animal microRNAs. Nature
Ecology and Evolution. 2017;1:0027.
DOI: 10.1038/s41559-016-0027

[7] Alvarez-Garcia I, Miska

EA. MicroRNA functions in animal
development and human disease.
Development. 2005;132:4653-4662.
DOI: 10.1242/dev.02073

[8] LinY, Zeng Y, Zhang F, Xue L, Huang
Z, LiW, et al. Characterization of
microRNA expression profiles and the
discovery of novel microRNAs involved
in cancer during human embryonic
development. PLoS One. 2013;8:1-11.
DOI:10.1371/JOURNAL.PONE.0069230

75

[9] Rodriguez A, Griffiths-Jones S,
Ashurst JL, Bradley A. Identification of
mammalian microRNA host genes and
transcription units. Genome Research.
2004;14:1902-1910. DOI: 10.1101/
gr.2722704

[10] Hinske LC, Franca GS, Torres HAM,
Ohara DT, Lopes-Ramos CM, Heyn ],

et al. miRIAD—Integrating microRNA
inter- and intragenic data. Database.
2014;2014:1-9. DOI: 10.1093/database/
bau099

[11] Ha M, Kim VN. Regulation of
microRNA biogenesis. Nature Reviews.
Molecular Cell Biology. 2014;15:509-524.
DOI: 10.1038/nrm3838

[12] Vasudevan S, Tong Y, Steitz

JA. Switching from repression

to activation: MicroRNAs can
up-regulate translation. Science (80-).
2007;318:1931-1934. DOI: 10.1126/
science.1149460

[13] Ruegger S, Grof$hans H. MicroRNA
turnover: When, how, and why. Trends
in Biochemical Sciences. 2012;37:436-
446. DOI: 10.1016/j.tibs.2012.07.002

[14] Tsang J, Zhu J, van Oudenaarden A.
MicroRNA-mediated feedback and
feedforward loops are recurrent
network motifs in mammals. Molecular
Cell. 2007;26:753-767. DOI: 10.1016/j.
molcel.2007.05.018

[15] Gulyaeva LF, Kushlinskiy NE.
Regulatory mechanisms of microRNA
expression. Journal of Translational
Medicine. 2016;14:143. DOI: 10.1186/
s12967-016-0893-x

[16] Goldberg AD, Allis CD, Bernstein
E. Epigenetics: A landscape takes shape.
Cell. 2007;128:635-638. DOI: 10.1016/j.
cell.2007.02.006

[17] Messerschmidt DM, Knowles BB,
Solter D. DNA methylation dynamics



Genes and Cancer

during epigenetic reprogramming in the
germline and preimplantation embryos.
Genes & Development. 2014;28:812-
828. DOI: 10.1101/gad.234294.113

[18] Weber B, Stresemann C, Brueckner
B, Lyko F. Methylation of human
microRNA genes in normal and
neoplastic cells. Cell Cycle. 2007;6:1001-
1005. DOI: 10.4161/cc.6.9.4209

[19] Morales S, Monzo M, Navarro A.
Short conceptual overview epigenetic
regulation mechanisms of microRNA
expression. Biomolecular Concepts.
2017;8:203-212. DOI: 10.1515/
bmc-2017-0024

[20] Wilk G, Braun R. regQTLs: Single
nucleotide polymorphisms that
modulate microRNA regulation of gene
expression in tumors. PLoS Genetics.
2018;14:€1007837. DOI: 10.1371/journal.
pgen.1007837

[21] CHEN T. The role of MicroRNA
in chemical carcinogenesis. Journal
of Environmental Science and
Health, Part C. 2010;28:89-124. DOI:
10.1080/10590501.2010.481477

[22] Hansen KF, Sakamoto K, Obrietan
K. MicroRNAs: A potential interface
between the circadian clock and human
health. Genome Medicine. 2011;3:10.
DOI: 10.1186/gm?224

[23] Cruz-Roa A, Gilmore H,
Basavanhally A, Feldman M, Ganesan
S, Shih NNGC, et al. Accurate and
reproducible invasive breast cancer
detection in whole-slide images:

A deep learning approach for
quantifying tumor extent. Scientific
Reports. 2017;7:46450. DOI: 10.1038/
srep46450

[24] Russnes HG, Lingjaerde OC,
Borresen-Dale A-L, Caldas C. Breast
cancer molecular stratification. The
American Journal of Pathology.
2017;187:2152-2162. DOI: 10.1016/j.
ajpath.2017.04.022

76

[25] Jemal A, Bray F, Center MM, Ferlay
J, Ward E, Forman D. Global cancer
statistics. CA: A Cancer Journal for
Clinicians. 2011;61:69-90. DOI: 10.3322/
caac.20107

[26] Tahiri A, Leivonen S-K, Liiders T,
Steinfeld I, Ragle Aure M, Geisler J,

et al. Deregulation of cancer-related
miRNAs is a common event in both
benign and malignant human breast
tumors. Carcinogenesis. 2014;35:76-85.
DOI: 10.1093/carcin/bgt333

[27] Coates AS, Winer EP, Goldhirsch
A, Gelber RD, Gnant M, Piccart-
Gebhart M, et al. Panel members:
Tailoring therapies—Improving the
management of early breast cancer: St
Gallen international expert consensus
on the primary therapy of early breast
cancer 2015. Annals of Oncology.
2015;26:1533-1546. DOI: 10.1093/
annonc/mdv221

[28] Howard EW, Yang X. microRNA
regulation in estrogen receptor-positive
breast cancer and endocrine therapy.
Biological Procedures Onlin. 2018;20:17.
DOI: 10.1186/512575-018-0082-9

[29] Hemmatzadeh M, Mohammadi H,
Jadidi-Niaragh F, Asghari F,

Yousefi M. The role of oncomirs

in the pathogenesis and treatment

of breast cancer. Biomedicine &
Pharmacotherapy. 2016;78:129-139.
DOI: 10.1016/j.biopha.2016.01.026

[30] Wang W, Luo Y. MicroRNAs in
breast cancer: Oncogene and tumor
suppressors with clinical potential.
Journal of Zhejiang University. Science.
B. 2015;16:18-31. DOI: 10.1631/jzus.
B1400184

[31] Al-Hajj M, Wicha MS, Benito-
Hernandez A, Morrison SJ, Clarke MF.
Prospective identification of
tumorigenic breast cancer cells.
Proceedings of the National Academy
of Sciences. 2003;100:3983-3988. DOI:
10.1073/pnas.0530291100



Duplicitous Dispositions of Micro-RNAs (miRs) in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.88466

(32] YuF, Yao H, Zhu P, Zhang X, Pan Q,
Gong C, et al. Let-7 regulates self
renewal and tumorigenicity of breast
cancer cells. Cell. 2007;131:1109-1123.
DOI: 10.1016/].CELL.2007.10.054

[33] Burk U, Schubert J, Wellner U,
Schmalhofer O, Vincan E, Spaderna S,
etal. A reciprocal repression between
ZEB1 and members of the miR-200 family
promotes EMT and invasion in cancer
cells. EMBO Reports. 2008;9:582-589.
DOI: 10.1038/embor.2008.74

[34] Martello G, Rosato A, Ferrari F,
Manfrin A, Cordenonsi M, Dupont S,
et al. A microRNA targeting dicer for
metastasis control. Cell. 2010;141:1195-
1207. DOI: 10.1016/j.cell.2010.05.017

[35] Song SJ, Poliseno L, Song MS, Ala
U, Webster K, Ng C, et al. MicroRNA-
antagonism regulates breast cancer
stemness and metastasis via TET-family-
dependent chromatin remodeling.

Cell. 2013;154:311-324. DOI: 10.1016/j.
cell.2013.06.026

[36] Gao M, Miao L, LiuM, Li C, YuC,
Yan H, et al. miR-145 sensitizes breast
cancer to doxorubicin by targeting
multidrug resistance-associated
protein-1. Oncotarget. 2016;7:59714-
59726. DOI: 10.18632/oncotarget.10845

[37] Yamamoto Y, Yoshioka Y, Minoura
K, Takahashi R, Takeshita F, Taya T,

et al. An integrative genomic analysis
revealed the relevance of microRNA
and gene expression for drug-
resistance in human breast cancer cells.
Molecular Cancer. 2011;10:135. DOI:
10.1186/1476-4598-10-135

[38] Vivanco I, Sawyers CL. The
phosphatidylinositol 3-kinase-AKT
pathway in human cancer. Nature
Reviews. Cancer. 2002;2:489-501. DOI:
10.1038/nrc839

[39] Yuan X-J, Whang YE. PTEN

sensitizes prostate cancer cells to death
receptor-mediated and drug-induced

77

apoptosis through a FADD-dependent
pathway. Oncogene. 2002;21:319-327.
DOI: 10.1038/sj.onc.1205054

[40] Wan X, Yokoyama Y, Shinohara A,
Takahashi Y, Tamaya T. PTEN
augments staurosporine-induced
apoptosis in PTEN-null Ishikawa

cells by downregulating PI3K/Akt
signaling pathway. Cell Death and
Differentiation. 2002;9:414-420. DOI:
10.1038/sj/cdd /4400982

[41] ZhuY, Wu], Li S, MaR, Cao H, Ji
M, et al. The function role of miR-181a
in Chemosensitivity to Adriamycin by
targeting Bcl-2 in low-invasive breast
cancer cells. Cellular Physiology and
Biochemistry. 2013;32:1225-1237. DOI:
10.1159/000354521

[42]HuH, LiS, Cui X, LvX, Jiao,
YuF, et al. The overexpression of
hypomethylated miR-663 induces
chemotherapy resistance in human
breast cancer cells by targeting heparin
sulfate proteoglycan 2 (HSPG2).

The Journal of Biological Chemistry.
2013;288:10973-10985. DOI: 10.1074/
jbc.M112.434340

[43] ZhouY, HuY, Yang M, Jat P, Li K,
LombardoY, et al. The miR-106b~25
cluster promotes bypass of doxorubicin-
induced senescence and increase in
motility and invasion by targeting the
E-cadherin transcriptional activator
EP300. Cell Death and Differentiation.
2014;21:462-474. DOI: 10.1038/
cdd.2013.167

[44] Cataldo A, Cheung DG, Balsari A,
Tagliabue E, CoppolaV, Iorio MV,

et al. miR-302b enhances breast
cancer cell sensitivity to cisplatin

by regulating E2F1 and the cellular
DNA damage response. Oncotarget.
2016;7:786-797. DOI: 10.18632/
oncotarget.6381

[45] Pogribny IP, Filkowski JN, Tryndyak
VP, Golubov A, Shpyleva SI, Kovalchuk
O. Alterations of microRNAs and their



Genes and Cancer

targets are associated with acquired
resistance of MCF-7 breast cancer
cells to cisplatin. International Journal
of Cancer. 2010;127:1785-1794. DOI:
10.1002/ijc.25191

[46] Nurse P. Cyclin dependent kinases
and cell cycle control (Nobel Lecture)
Copyright © The Nobel Foundation,
2002. We thank the Nobel foundation,
Stockholm, for permission to print this
lecture. Chembiochem. 2002;3:596.
DOI: 10.1002/1439-7633(20020703)3:
7<596::AID-CBIC596>3.0.CO;2-U

[47] Bai W-D, Ye X-M, Zhang M-Y,

Zhu H-Y, Xi W-], Huang X, et al. MiR-
200c suppresses TGF-f signaling and
counteracts trastuzumab resistance and
metastasis by targeting ZNF217 and
ZEB1 in breast cancer. International
Journal of Cancer. 2014;135:1356-1368.
DOI: 10.1002/ijc.28782

(48] ZhuY, Yu F, Jiao Y, Feng J, Tang W,
Yao H, et al. Reduced miR-128 in
breast tumor-initiating cells induces
chemotherapeutic resistance via Bmi-1
and ABCCS. Clinical Cancer Research.
2011;17:7105-7115. DOI: 10.1158/1078-
0432.CCR-11-0071

[49] Clarke R, Skaar TC, Bouker KB,
Davis N, Lee YR, Welch JN, et al.
Molecular and pharmacological aspects
of antiestrogen resistance. The Journal
of Steroid Biochemistry and Molecular
Biology. 2001;76:71-84

[50] Wang Z, Wang N, Liu P, Chen Q,
Situ H, Xie T, et al. MicroRNA-25
regulates chemoresistance-associated
autophagy in breast cancer cells, a
process modulated by the natural
autophagy inducer isoliquiritigenin.
Oncotarget. 2014;5:7013-7026. DOLI:
10.18632/oncotarget.2192

[51] Liang Z, Wu H, Xia ], LiY, Zhang Y,
Huang K, et al. Involvement of miR-

326 in chemotherapy resistance of breast
cancer through modulating expression
of multidrug resistance-associated

78

protein 1. Biochemical Pharmacology.
2010;79:817-824. DOI: 10.1016/j.
bcp.2009.10.017

[52] Reed JC. Bcl-2 family proteins.
Oncogene. 1998;17:3225-3236. DOLI:
10.1038/sj.0nc.1202591

[53] Zhang Y, Wang Y, Wei Y, Li M, Yu
S, Ye M, et al. MiR-129-3p promotes
docetaxel resistance of breast cancer
cells via CP110 inhibition. Scientific
Reports. 2015;5:15424. DOI: 10.1038/
srepl5424

[54] LiL, Yuan L, Luo ], GaoJ, Guo]J,
Xie X. MiR-34a inhibits proliferation
and migration of breast cancer through
down-regulation of Bcl-2 and SIRT1.
Clinical and Experimental Medicine.
2013;13:109-117. DOI: 10.1007/
s10238-012-0186-5

[55] Ye F-G, Song C-G, Cao Z-G, Xia
C, Chen D-N, Chen L, et al. Cytidine
deaminase axis modulated by miR-
484 differentially regulates cell
proliferation and Chemoresistance

in breast cancer. Cancer Research.
2015;75:1504-1515. DOI: 10.1158/0008-
5472.CAN-14-2341

[56] HuY, Xu K, Yagiie E. miR-218
targets survivin and regulates resistance
to chemotherapeutics in breast cancer.
Breast Cancer Research and Treatment.
2015;151:269-280. DOI: 10.1007/
s10549-015-3372-9

[57] Zhang B, Zhao R, He Y, Fu X,

Ful, Zhu Z, et al. Micro RNA 100
sensitizes luminal a breast cancer cells to
paclitaxel treatment in part by targeting
mTOR. Oncotarget. 2016;7:5702-5714.
DOI: 10.18632/oncotarget.6790

[58] Yang Q, Wang Y, Lu X, Zhao Z, Zhu
L, Chen S, et al. MiR-125b regulates
epithelial-mesenchymal transition

via targeting Sema4C in paclitaxel-
resistant breast cancer cells. Oncotarget.
2015;6:3268-3279. DOI: 10.18632/
oncotarget.3065



Duplicitous Dispositions of Micro-RNAs (miRs) in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.88466

[59] Zhou M, Liu Z, Zhao'Y, Ding Y,
Liu H, XiY, et al. MicroRNA-125b
confers the resistance of breast
cancer cells to paclitaxel through
suppression of pro-apoptotic Bcl-2
antagonist killer 1 (Bakl) expression.
The Journal of Biological Chemistry.
2010;285:21496-21507. DOI: 10.1074/
jbc.M109.083337

[60] Bockhorn ], Dalton R, Nwachukwu
C, Huang S, Prat A, Yee K, et al.
MicroRNA-30c inhibits human breast
tumour chemotherapy resistance by
regulating TWF1 and IL-11. Nature
Communications. 2013;4:1393. DOI:
10.1038/ncomms2393

[61] Wu M-Y, Fu ], Xiao X, Wu]J,

Wu R-C. MiR-34a regulates therapy
resistance by targeting HDAC1 and
HDAC?7 in breast cancer. Cancer Letters.
2014;354:311-319. DOI: 10.1016/j.
canlet.2014.08.031

[62] HuW, Tan C, He Y, Zhang G, Xu
Y, Tang J. Functional miRNAs in breast
cancer drug resistance. OncoTargets
and Therapy. 2018;11:1529-1541. DOL:
10.2147/0TT.S152462

(63] EBCTCG, Davies C, Godwin J, Gray
R, Clarke M, Cutter D, et al. Relevance
of breast cancer hormone receptors

and other factors to the efficacy of
adjuvant tamoxifen: patient-level
meta-analysis of randomised trials.
Lancet. 2011;378:771. DOI: 10.1016/
S0140-6736(11)60993-8

[64] Cui], Yang VY, Li H, Leng Y,

Qian K, Huang Q, et al. MiR-873
regulates ERa transcriptional
activity and tamoxifen resistance via
targeting CDK3 in breast cancer cells.
Oncogene. 2015;34:3895-3907. DOLI:
10.1038/0nc.2014.430

[65] Cittelly DM, Das PM, Salvo

VA, Fonseca JP, Burow ME, Jones

FE. Oncogenic HER2{Delta}16
suppresses miR-15a/16 and deregulates
BCL-2 to promote endocrine resistance

79

of breast tumors. Carcinogenesis.
2010;31:2049-2057. DOI: 10.1093/carcin/
bgq192

[66] Lii M, Ding K, Zhang G, Yin M,
Yao G, Tian H, et al. MicroRNA-320a
sensitizes tamoxifen-resistant breast
cancer cells to tamoxifen by targeting
ARPP-19 and ERRy. Scientific Reports.
2015;5:8735. DOI: 10.1038/srep08735

[67] Liu Z-R, Song Y, Wan L-H, Zhang
Y, Zhou L-M. Over-expression of
miR-451a can enhance the sensitivity
of breast cancer cells to tamoxifen by
regulating 14-3-3(, estrogen receptor
a, and autophagy. Life Sciences.
2016;149:104-113. DOI: 10.1016/j.
1£5.2016.02.059

[68] YuX, Luo A, LiuY, Wang S, Li,
Shi W, et al. MiR-214 increases the
sensitivity of breast cancer cells to
tamoxifen and fulvestrant through
inhibition of autophagy. Molecular
Cancer. 2015;14:208. DOI: 10.1186/
§12943-015-0480-4

[69] Ward A, Balwierz A, Zhang JD,
Kublbeck M, Pawitan Y, Hielscher T,
et al. Re-expression of microRNA-375
reverses both tamoxifen resistance
and accompanying EMT-like
properties in breast cancer. Oncogene.
2013;32:1173-1182. DOI: 10.1038/
onc.2012.128

[70] Ikeda K, Horie-Inoue K, Ueno T,
Suzuki T, Sato W, Shigekawa T, et al.
miR-378a-3p modulates tamoxifen
sensitivity in breast cancer MCF-7 cells
through targeting GOLT1A. Scientific
Reports. 2015;5:13170. DOI: 10.1038/
srep13170

[71] Ujihira T, Tkeda K, Suzuki T,
Yamaga R, Sato W, Horie-Inoue K,

et al. MicroRNA-574-3p, identified by
microRNA library-based functional
screening, modulates tamoxifen
response in breast cancer. Scientific
Reports. 2015;5:7641. DOI: 10.1038/
srep07641



Genes and Cancer

[72] Sachdeva M, Wu H, Ru P, Hwang L,
Trieu 'V, Mo Y-Y. MicroRNA-101-
mediated Akt activation and estrogen-
independent growth. Oncogene.
2011;30:822-831. DOI: 10.1038/
onc.2010.463

[73] Zugmaier G, Ennis BW, Deschauer
B, Katz D, Knabbe C, Wilding G,

et al. Transforming growth factors
type f1 and 2 are equipotent growth
inhibitors of human breast cancer cell
lines. Journal of Cellular Physiology.
1989;141:353-361. DOI: 10.1002/
jcp.1041410217

[74] McEarchern JA, Kobie JJ, Mack V,
Wu RS, Meade-Tollin L, Arteaga CL,
et al. Invasion and metastasis of a
mammary tumor involves TGF-beta

signaling. International Journal of
Cancer. 2001;91:76-82

[75] Shi W, Gerster K, Alajez NM,
Tsang J, Waldron L, Pintilie M, et al.
MicroRNA-301 mediates proliferation
and invasion in human breast Cancer.
Cancer Research. 2011;71:2926-2937.
DOI: 10.1158/0008-5472.CAN-10-3369

[76] ZhaoY, Liu H, Liu Z, Ding Y,
Ledoux SP, Wilson GL, et al.
Overcoming trastuzumab resistance in
breast cancer by targeting dysregulated
glucose metabolism. Cancer Research.
2011;71:4585-4597. DOI: 10.1158/0008-
5472.CAN-11-0127

[771 Gong C, Yao Y, Wang Y, Liu B, Wu
W, Chen]J, et al. Up-regulation of miR-
21 mediates resistance to Trastuzumab

therapy for breast cancer. The Journal of

Biological Chemistry. 2011;286:19127-
19137. DOI: 10.1074/jbc.M110.216887

[78] Dall P, Lenzen G, Gohler T,
Lerchenmuller C, Feisel-Schwickardi
G, Koch T, et al. Trastuzumab in the
treatment of elderly patients with
early breast cancer: Results from an

observational study in Germany. Journal

of Geriatric Oncology. 2015;6:462-469.
DOI: 10.1016/jjgo.2015.06.003

80

[79] De Mattos-Arruda L, Bottai

G, Nuciforo PG, Di Tommaso

L, Giovannetti E, Peg V, et al.
MicroRNA-21 links epithelial-
to-mesenchymal transition and
inflammatory signals to confer
resistance to neoadjuvant trastuzumab
and chemotherapy in HER2-positive
breast cancer patients. Oncotarget.
2015;6:37269-37280. DOI: 10.18632/
oncotarget.5495

[80] Ye X-M, Zhu H-Y, Bai W-D, Wang
T, Wang L, Chen, et al. Epigenetic
silencing of miR-375 induces
trastuzumab resistance in HER2-
positive breast cancer by targeting
IGF1R. BMC Cancer. 2014;14:134. DOLI:
10.1186/1471-2407-14-134

[81] Russo F, Di Bella S, Nigita G,
MaccaV, Lagana A, Giugno R, et al.
miRandola: extracellular circulating
microRNAs database. PLoS One.
2012;7:e47786. DOI: 10.1371/journal.
pone.0047786

[82] Falcone G, Felsani A, D’Agnano

I. Signaling by exosomal microRNAs
in cancer. Journal of Experimental and
Clinical Cancer Research. 2015;34:32.
DOI: 10.1186/s13046-015-0148-3

[83] YuD, WuY, Zhang X, Lv M, Chen
W, Chen X, et al. Exosomes from
adriamycin-resistant breast cancer
cells transmit drug resistance partly by
delivering miR-222. Tumor Biology.
2016537:3227-3235. DOI: 10.1007/
s13277-015-4161-0

[84] Yang M, Chen]J, SuF, YuB,
SuF, Lin L, et al. Microvesicles
secreted by macrophages shuttle
invasion-potentiating microRNAs
into breast cancer cells. Molecular
Cancer. 2011;10:117. DOI:
10.1186/1476-4598-10-117

[85] Federici C, Petrucci F, Caimi S,
Cesolini A, Logozzi M, Borghi M, et al.
Exosome release and low pH belong to
a framework of resistance of human



Duplicitous Dispositions of Micro-RNAs (miRs) in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.88466

melanoma cells to cisplatin. PLoS One.
2014;9:¢88193. DOI: 10.1371/journal.
pone.0088193

[86] Hannafon BN, Ding

WQ. Intercellular communication by
exosome-derived microRNAs in cancer.
International Journal of Molecular
Sciences. 2013;14:14240-14269. DOI:
10.3390/ijms140714240

[87] Bader AG, Brown D, Winkler

M. The promise of microRNA
replacement therapy. Cancer Research.
2010;70:7027-7030. DOI: 10.1158/0008-
5472.CAN-10-2010

[88] Esau CC. Inhibition of microRNA
with antisense oligonucleotides.

Methods. 2008;44:55-60. DOI: 10.1016/j.

ymeth.2007.11.001

[89] Elmén ], Lindow M, Schiitz S,
Lawrence M, Petri A, Obad S, et al.
LNA-mediated microRNA silencing
in non-human primates. Nature.
2008;452:896-899. DOI: 10.1038/
nature06783

[90] Kriitzfeldt ], Rajewsky N, Braich
R, Rajeev KG, Tuschl T, Manoharan
M, et al. Silencing of microRNAs

in vivo with ‘antagomirs’. Nature.
2005;438:685-689. DOI: 10.1038/
nature04303

[91] Majid S, Dahiya R. MicroRNA
based therapeutic strategies for cancer:
Emphasis on advances in renal cell
carcinoma. In: MicroRNA Targeted
Cancer Therapy. Cham: Springer
International Publishing; 2014.

pp. 175-188

[92] Romero-Cordoba S, Rodriguez-
Cuevas S, Rebollar-Vega R,
Quintanar-Jurado V, Maffuz-Aziz
A, Jimenez-Sanchez G, et al.
Identification and pathway analysis
of microRNAs with No previous
involvement in breast cancer. PLoS
One. 2012;7:€31904. DOI: 10.1371/
journal.pone.0031904

81

[93] Zheng S-R, Guo G-L, Zhai Q,
Zou Z-Y, Zhang W. Effects of miR-155
antisense oligonucleotide on breast
carcinoma cell line MDA-MB-157

and implanted tumors. Asian Pacific

Journal of Cancer Prevention.
2013;14:2361-2366

[94] Jiang L, Yu L, Zhang X, Lei F,
Wang L, Liu X, et al. miR-892b
silencing activates NF-B and promotes
aggressiveness in breast Cancer. Cancer
Research. 2016;76:1101-1111. DOI:
10.1158/0008-5472.CAN-15-1770

[95] Tseng C-W, Huang H-C, Shih
AC-C, Chang Y-Y, Hsu C-C, Chang

JY, et al. Revealing the anti-tumor
effect of artificial miRNA p-27-5p

on human breast carcinoma cell

line T-47D. International Journal of
Molecular Sciences. 2012;13:6352-6369.
DOI: 10.3390/ijms13056352

[96] Liang Z, Wu H, Reddy S, Zhu A,
Wang S, Blevins D, et al. Blockade of
invasion and metastasis of breast cancer
cells via targeting CXCR4 with an
artificial microRNA. Biochemical and
Biophysical Research Communications.
2007;363:542-546. DOI: 10.1016/j.
bbrc.2007.09.007

[97] Chakraborty C, Sharma AR,
Sharma G, George C, Doss P, Lee
S-S. Therapeutic miRNA and siRNA:
Moving from bench to clinic as

next generation medicine. 15 Sep
2017;8:132-143. DOI: 10.1016/j.
omtn.2017.06.005

[98] Beg MS, Brenner AJ, Sachdev ],
Borad M, Kang Y-K, Stoudemire J, et al.
Phase I study of MRX34, a liposomal
miR-34a mimic, administered twice
weekly in patients with advanced

solid tumors. Investigational New
Drugs. 2017;35:180-188. DOI: 10.1007/
s10637-016-0407-y

[99] Kodahl AR, Lyng MB, Binder H,
Cold S, Gravgaard K, Knoop AS, et al.
Novel circulating microRNA signature



Genes and Cancer

as a potential non-invasive multi-
marker test in ER-positive early-stage
breast cancer: A case control study.
Molecular Oncology. 2014;8:874-883.
DOI: 10.1016/j.molonc.2014.03.002

[100] Shimomura A, Shiino S, Kawauchi
J, Takizawa S, Sakamoto H, Matsuzaki J,
et al. Novel combination of serum
microRNA for detecting breast cancer
in the early stage. Cancer Science.
2016;107:326-334. DOI: 10.1111/
cas.12880

[101] Sochor M, Basova P, Pesta M,
Dusilkova N, Bartos J, Burda P, et al.
Oncogenic MicroRNAs: miR-155,
miR-19a, miR-181b, and miR-24 enable
monitoring of early breast cancer in
serum. BMC Cancer. 2014;14:448. DOI:
10.1186/1471-2407-14-448

[102] Chan M, Liaw CS, Ji SM, Tan HH,
Wong CY, Thike AA, et al. Identification
of circulating MicroRNA signatures for
breast cancer detection. Clinical Cancer
Research. 2013;19:4477-4487. DOI:
10.1158/1078-0432.CCR-12-3401

[103] Li X-X, Gao S-Y, Wang P-Y,

Zhou X, Li Y-], Yu, et al. Reduced
expression levels of let-7c in human
breast cancer patients. Oncology
Letters. 2015;9:1207-1212. DOI: 10.3892/
01.2015.2877

[104] Qattan A, Intabli H, Alkhayal
W, Eltabache C, Tweigieri T, Amer
SB. Robust expression of tumor
suppressor miRNA’ let-7 and miR-
195 detected in plasma of Saudi
female breast cancer patients. BMC
Cancer. 2017;17:799. DOI: 10.1186/
s12885-017-3776-5

[105] Kleivi Sahlberg K, Bottai G, Naume
B, Burwinkel B, Calin GA, Borresen-
Dale A-L, et al. A serum microRNA
signature predicts tumor relapse and
survival in triple-negative breast cancer
patients. Clinical Cancer Research.
2015;21:1207-1214. DOI: 10.1158/1078-
0432.CCR-14-2011

82

[106] Luo Y, Wang X, Niu W, Wang H,
Wen Q, Fan S, et al. Elevated
microRNA-125b levels predict a worse
prognosis in HER2-positive breast
cancer patients. Oncology Letters.
2017;13:867-874. DOI: 10.3892/
01.2016.5482

[107] SunY, Wang M, Lin G, Sun S, Li X,
Qi J, et al. Serum MicroRNA-155 as a
potential biomarker to track disease in
breast cancer. PLoS One. 2012;7:e47003.
DOI: 10.1371/journal.pone.0047003

[108] Heneghan HM, Miller N, Kelly R,
Newell ], Kerin MJ. Systemic miRNA-
195 differentiates breast cancer from
other malignancies and is a potential
biomarker for detecting noninvasive
and early stage disease. The Oncologist.
2010;15:673-682. DOI: 10.1634/
theoncologist.2010-0103

[109] Schwarzenbach H, Milde-Langosch
K, Steinbach B, Miller V, Pantel

K. Diagnostic potential of PTEN-
targeting miR-214 in the blood of breast
cancer patients. Breast Cancer Research
and Treatment. 2012;134:933-941. DOI:
10.1007/s10549-012-1988-6

[110] Cuk K, Zucknick M, Madhavan D,
Schott S, Golatta M, Heil ], et al. Plasma
MicroRNA panel for minimally invasive
detection of breast Cancer. PLoS One.
2013;8:¢76729. DOI: 10.1371/journal.
pone.0076729

[111] Shen ], Hu Q, Schrauder M, Yan
L, Wang D, Liu S. Circulating miR-
148b and miR-133a as biomarkers for
breast cancer detection. Oncotarget.
2014;5:5284-5294. Available

from: https://doi.org/10.18632/
oncotarget.2014

[112] Zearo S, Kim E, Zhu Y, Zhao JT,
Sidhu SB, Robinson BG, et al.
MicroRNA-484 is more highly
expressed in serum of early breast
cancer patients compared to healthy
volunteers. BMC Cancer. 2014;14:200.
DOI: 10.1186/1471-2407-14-200



Duplicitous Dispositions of Micro-RNAs (miRs) in Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.88466

[113] Matamala N, Vargas MT, Gonzalez-
Campora R, Minambres R, Arias]I,
Menendez P, et al. Tumor microRNA
expression profiling identifies
circulating microRNAs for early breast
cancer detection. Clinical Chemistry.
2015;61:1098-1106. DOI: 10.1373/
clinchem.2015.238691

[114] Wang P-Y, Gong H-T, Li B-F, Lv
C-L, Wang H-T, Zhou H-H, et al. Higher
expression of circulating miR-182 as

a novel biomarker for breast cancer.
Oncology Letters. 2013;6:1681-1686.
DOI: 10.3892/01.2013.1593

[115] Waters PS, Dwyer RM, Brougham
C, Glynn CL, Wall D, Hyland P, et al.
Impact of tumour epithelial subtype on
circulating microRNAs in breast cancer
patients. PLoS One. 2014;9:e90605.
DOI: 10.1371/journal.pone.0090605

[116] Zhu W, Qin W, Atasoy U, Sauter
ER. Circulating microRNAs in breast
cancer and healthy subjects. BMC
Research Notes. 2009;2:89. DOI:
10.1186/1756-0500-2-89

[117] Wang F, Zheng Z, Guo ], Ding X.
Correlation and quantitation of
microRNA aberrant expression in
tissues and sera from patients with
breast tumor. Gynecologic Oncology.
2010;119:586-593. DOI: 10.1016/j.
ygyno.2010.07.021

[118] Hamam R, Ali AM, Alsaleh KA,
Kassem M, Alfayez M, Aldahmash A,

et al. microRNA expression profiling on
individual breast cancer patients identifies
novel panel of circulating microRNA

for early detection. Scientific Reports.
2016;6:25997. DOI: 10.1038/srep25997

[119] Joosse SA, Miiller V, Steinbach B,
Pantel K, Schwarzenbach H. Circulating
cell-free cancer-testis MAGE-A RNA,
BORIS RNA, let-7b and miR-202 in the
blood of patients with breast cancer and
benign breast diseases. British Journal of
Cancer. 2014;111:909-917. DOI: 10.1038/
bjc.2014.360

83

[120] Mangolini A, Ferracin M,
Zanzi MV, Saccenti E, Ebnaof SO,
Poma VYV, et al. Diagnostic and
prognostic microRNAs in the serum
of breast cancer patients measured
by droplet digital PCR. Biomarker
Research. 2015;3:12. DOI: 10.1186/
s40364-015-0037-0

[121] Chen W, Cai F, Zhang B, Barekati
Z, Zhong XY. The level of circulating
miRNA-10b and miRNA-373 in
detecting lymph node metastasis of
breast cancer: Potential biomarkers.
Tumor Biology. 2013;34:455-462. DOL:
10.1007/s13277-012-0570-5

[122] Roth C, Rack B, Muller V, Janni W,
Pantel K, Schwarzenbach H. Circulating
microRNAs as blood-based markers for
patients with primary and metastatic

breast cancer. Breast Cancer Research.
2010;12:R90. DOI: 10.1186/bcr2766

[123] Shaker O, Maher M, Nassar,
Morcos G, Gad Z. Role of microRNAs
-29b-2, -155, -197 and -205 as diagnostic
biomarkers in serum of breast cancer
females. Gene. 2015;560:77-82. DOI:
10.1016/].GENE.2015.01.062

[124] Si H, Sun X, ChenY, Cao,

Chen S, Wang H, et al. Circulating
microRNA-92a and microRNA-21 as
novel minimally invasive biomarkers
for primary breast cancer. Journal of
Cancer Research and Clinical Oncology.
2013;139:223-229. DOI: 10.1007/
s00432-012-1315-y

[125] Huo D, Clayton W, Yoshimatsu T,
Chen J, Olopade O. Identification of

a circulating microRNA signature to
distinguish recurrence in breast cancer
patients. Oncotarget. 2016;7:55231-
55248. https://doi.org/10.18632/
oncotarget.10485

[126] Eichelser C, Flesch-Janys D,
Chang-Claude J, Pantel K,
Schwarzenbach H. Deregulated serum
concentrations of circulating cell-free
microRNAs miR-17, miR-34a, miR-155,



Genes and Cancer

and miR-373 in human breast cancer
development and progression. Clinical
Chemistry. 2013;59:1489-1496. DOI:
10.1373/clinchem.2013.205161

[127] Wang H, Tan G, Dong L, Cheng L,
Li K, Wang Z, et al. Circulating
MiR-125b as a marker predicting
chemoresistance in breast cancer. PLoS
One. 2012;7:e34210. DOI: 10.1371/
journal.pone.0034210

[128] Wu X, Somlo G, Yu Y, Palomares
MR, Li A, ZhouW, et al. De novo
sequencing of circulating miRNAs
identifies novel markers predicting
clinical outcome of locally advanced
breast cancer. Journal of Translational
Medicine. 2012;10:42. DOI:
10.1186/1479-5876-10-42

84



Section 3

Tumor Suppressor
Proteins in Cell Signalling
Pathways







Chapter 5

Regulation of HDACi—Triggered
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Suppressor Protein p53

Mavria Mrakovcic and Leopold F. Frohlich

Abstract

Cancer is a complex genetic and epigenetic-based disease that has developed
a multitude of mechanisms in evading cell death. Deregulation of apoptosis and
autophagy are commonly encountered during the development of human tumors.
Histone deacetylase inhibitors (HDACI) have been employed to reverse epigeneti-
cally deregulated gene expression caused by aberrant post-translational protein
modifications. These interfere with histone acetyltransferase- and deacetylase-
mediated acetylation of histone and non-histone proteins, and thereby exert a wide
array of HDACi-stimulated cytotoxic effects. Key determinants of HDACiI lethality
that interfere with cellular growth in a multitude of tumor cells are apoptosis and
autophagy. Currently, the factors that determine the mode of HDACi-elicited cell
death are mostly unclear however. Experimental evidence of the last decade con-
vincingly reports that the frequently mutated tumor suppressor protein p53 can act
either as an activator or as an inhibitor of autophagy depending on its subcellular
localization, and linked to its mode of action. Consistently, we recently described
P53 as a regulatory switch that governs if histone deacetylase inhibitor-adminis-
tered uterine sarcoma cells undergo autophagy or apoptosis. By highlighting this
novel finding, we summarize in this chapter the role of p53-mediated signaling dur-
ing the activation of the autophagic pathway in tumor cells in response to HDACi.
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1. Introduction

Evading cell death has been defined as a cornerstone of cancer development [1, 2].
Exploring the pathogenetic mechanisms that determine different cell death modes
therefore facilitated the avenue for increased specifically directed interference with
these molecular pathways. Morphologically, apoptosis, autophagy, and necrosis could
be distinguished as major categories of programmed cell death very early that either
act mutually exclusive or in combination involving cross talk for the elimination of
tumor cells. While apoptosis and necrosis lead to inevitable cellular demise, autoph-
agy can have either a cytotoxic or a cytoprotective function [3]. Basal autophagy in
normal eukaryotic cells provide a possibility to save energy and reuse damaged or
aged macromolecules or organelles by redirecting them toward lysosomal degrada-
tion via so-called autophagosomes and can be triggered by nutrient-starving condi-
tions [4, 5]. Thus, in early phases of tumorigenesis, autophagy obviously presumes a
cytoprotective or pro-survival role by suppressing necrosis and inflammation with
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concomitant disruption of necrotic and apoptotic cell death induction [6, 7]. In later
stages of irreversible tumor development however, autophagy may promote cell death
by largely non-elucidated mechanisms that expedite the “self-degradation” program
[8]. Disruption of autophagy in the latter case, which was recently enforced as novel
strategy in chemotherapeutic cancer treatment, will advance the survival of tumor
cells. This insight stresses the significance to confirm the context-reliant function of
autophagy before initiating cancer therapy involving autophagic intervention [9, 10].

2. The molecular mechanism of autophagy

During macro-autophagy the formation of autophagosomes, representing double
enveloped vesicles that enable the engulfment of targeted long-lived molecules and
other cellular complexes from the remaining cytosol, are accomplished [11]. The
following fusion with lysosomes containing proteolytic enzymes, i.e., the formation
of autophagolysosomes, allows final degradation and reprocessing of their content
[12]. The formation of the autophagosome is initiated by the phagopore assembly site
(PAS) where autophagy-related (ATG) proteins are then recruited [13]. Particularly,
the substantial work of the Nobel Prize laureate Ohsumi of ATG proteins in yeast has
expedited our knowledge about the formation of the autophagosomes [14]. So far, 20
ATG proteins have been uncovered in mammalians that are activated during forma-
tion, enlargement, and closure of the autophagosome in a specific order. The process
of autophagy has been categorized into several steps involving the ATG1/ULK kinase
complex (initiation), the ATG12 conjugation system (nucleation), the ATG8/LC3
conjugation/deconjugation system (elongation), the phosphatidyl-inositol 3-kinase
complex (maturation), and the ATG9/ATGIL1 cycling system (degradation).

Either tumor suppressor proteins or oncogenes resulting in activation or suppres-
sion, respectively, have been determined to control the process of autophagy [15].
Consistently, key regulators that participate in the initial phase of autophagosome
formation are the nutrient-sensing serine/threonine kinase mammalian target of
rapamycin (mTOR), the unc-51 like autophagy activating kinases (ULK1/ULK2),
the Beclin-1 (BECN1) lipid kinase complex, and the ubiquitin-like conjugation
system (Figure 1) [16-19]. As an overall major player, the mTOR multiprotein
complex (mTORC) functions, comparable to p53, as a sensor for multiple kinds of
stress signals which are of genotoxic and oxidative nature, particularly represented
by reactive oxygen species (ROS), and nutrient levels such as energy, amino acids,
glucose, or growth factors [19, 20]. The integration of these signals by mTOR beside
autophagy also serves for the regulation of various other cellular functions such

as translation, cell cycle, microtubule organization, or lipid biogenesis [21]. The
mTOR complex subsequently inhibits the ATG13-ULK-FIP200 complex, consist-
ing of ATG13, ULK1 (ATG1), and the focal adhesion kinase interacting protein

of 200 kD (FIP200), which is necessary to initiate phagopore formation [22-24];
frequently, nutrient starvation-induced autophagy involves the formation of this
complex. Further reports however, also noticed mTOR-mediated downregulation
of the p53 family member p73 entailing the transcriptional activation of ATGS5,
ATG7, and UVRAG genes [25, 26]. Together with the ATG13-ULK-FIP200 complex,
mTOR binds to the haplo-insufficient tumor suppressor protein Beclin-1 (ATG6)
that organizes the phagopore formation and subsequently elongation and matura-
tion of the autophagosome in a concerted action with various interacting proteins
[27, 28]. For this purpose, Beclin-1 forms the Vps34 core complex consisting of
Vps15 and class III phosphatidylinositol 3-kinase (PIKC3) that enables the genera-
tion of phosphatidylinositol 3-phosphate (PI3P) [28, 29]. Due to death associated
protein kinase (DAPK)-mediated phosphorylation, Beclin-1 is not only controlling
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Figure 1.

Nuclear ps53-mediated transcription-dependent autophagy, apoptosis and cell cycle arrest in response to stress
conditions. By upregulation of tuberous sclevosis complex 2 (TSC2) or phosphatase and tensin homolog (PTEN;
not shown), or AMP-activated protein kinase (AMPK) or its activators sestrins (not shown) p53 prevailingly
attenuates mammalian target of vapamycin (mTOR) and the unc-51 like autophagy activating kinase 1
(ULK1) complex (consisting of autophagy-velated gene 13 (ATG13) and the focal adhesion kinase interacting
protein of 200 kD (FIP200)) as the autophagic canonical pathway. ULK-1 then interacts with Beclin-1
(BECN1) to initiate autophagosome formation. A shortcut for activation of autophagy involves damage-
regulated autophagy modulator (DRAM), death associated protein kinase (DAPK), or autophagy-related gene
5 (ATGs) upregulation by the p53-family members, p63 and p73, or disruption of BCL2-family-or alternate
reading frame protein product of the CDKN2A locus (p14ARF)-mediated release of BECN1 inhibition.

In addition to autophagy, DRAM and p63/p73 are able to activate apoptosis. Arrowlines, upregulation or
activation by indicated proteins; double arrow, major pathway activity. ps53-mediated upregulation of the
cyclin-dependent kinase inhibitor 1 (p21) enforces cell-cycle arvest. This figure is used under the terms and
conditions of the creative commons attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/)
derived from Mrakovcic and Fréhlich [57].

autophagy but found as a general regulator of lysosomes and endosome formation
during membrane trafficking [30]. Further maturation of autophagosomes involves
the interaction of the PI3P-binding proteins WIPI 1/2 with ATG12-ATG5-ATG16L
and LC3-phosphatidylethanolamine (LC3-PE) complexes, both representing
ubiquitin-like conjugation systems [4, 18, 31]. LC3 (microtubule-associated protein
1A/1B-light chain 3) and p62/Sequestosome-1 are two markers that are regularly
employed for documenting autophagic flux as they are involved in the maturation of
autophagosomes [32]. While LC3-I is processed to LC3-II, the scaffold protein p62
interacts with LC3 via its LC3-binding motif and seems to have a role in selectively
guiding ubiquitinated proteins toward the autophagosome via its ubiquitin-binding
domain [33]; thus, p62 levels decease during the induction of autophagy and have
been found moreover to regulate protein deacetylation and is associated with
tumorigenesis [34-36]. Autophagosome-lysosome fusion that requires the trans-
membrane protein LAMP2 and small Rab GTPases, finally permits hydrolase and
cathepsin-mediated processing of the autophagosome content [37, 38].

2.1 Positive regulation of p53-mediated autophagy

The tumor suppressor protein and transcription factor p53, which represents
a “guardian” of the cell, has a fundamental role in the regulation of cell integrity
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and homeostasis and consequently in tumor defense. It coordinates cellular
responses such as cell cycle arrest, apoptosis, senescence, metabolism, differentia-
tion, angiogenesis, and even modulates autophagy. Among a multitude of other
post-translational modifications, acetylation assists the master regulator to sense
and integrate a variety of endogenous and exogenous cellular stress signals such

as DNA damage, epigenetic alterations due to DNA methylation, genotoxicity,
hypoxia, oxidative stress, or oncogene activation [39, 40]. In response, p53, as a
central transcription factor translocates to the nucleus by detaching from the E3
ubiquitin ligase, mouse double minute 2 homolog (MDM2), and modulates the
expression of multiple downstream target genes that regulate processes such as cell
cycle progression and cell death [41, 42]. In appropriate conditions, p53 induces
apoptosis by transactivating, i.e., transcriptional activation of pro-apoptotic genes
or in the cytoplasm by direct interaction with anti-apoptotic proteins located in the
mitochondrial membrane [43].

Several signaling pathways involving the transactivational activity of p53—in
normal as well as cancer cells regulate autophagy in the classical canonical mTOR
pathway as specified in the previous chapter (Figure 1) [44]. As pro-autophagic
factors emanating from p53, these pathways involve on the one hand the tumor
suppressor proteins tuberous sclerosis complex 2 (TSC2) and phosphatase and
tensin homolog (PTEN), and on the other hand the nutrient energy sensor AMP-
activated protein kinase (AMPK) or its activators sestrins 1 and 2 [45-47]. A
further path that bypasses mTOR and can directly modulate p53 stress-activated
signal transduction, is damage-regulated autophagy modulator (DRAM) that can
activate the autophagic as well as apoptotic program [48]. As a protein located in
the lysosome, it can intervene at different steps of autophagosome formation [49].
Furthermore, by either upregulating pro-apoptotic protein expression (BAX, BAD,
BNIP3, or PUMA) or downregulating anti-apoptotic protein expression (BCL-2,
BCL-xL and MCL-1) of the B-cell Lymphoma-2 (BCL-2) family, p53 can enforce
dual activation of autophagy and apoptosis [50, 51]. In the inactivated state these
proteins directly interact with the BH3 domain of BECLIN-1 and block the direct
activation of BECLIN-1-dependent autophagy [52, 53]. Direct interaction of the
nuclear full-length form of p53-modulated tumor suppressor protein pl4ARF (an
alternate reading frame protein of the CDKN2A locus) with the BCL-xL protein is
a further similar mechanism promoting the induction of autophagy although the
predominant role of pl4ARF seems to stabilize p53 to protect the cell against hyper-
proliferative growth and associated activation of oncogenes [54, 55]. Additionally,
p53-elicited upregulation of DAPK has been reported to result in autophagic activa-
tion either by DAPK-mediated phosphorylation of Beclin-1 that blocks its degra-
dation by BCL-2/BCL-xL, or by impeding the anti-autophagic LC3-interacting
MAPI1B protein [30, 56].

2.2 Negative regulation of p53-mediated autophagy

Beyond the nuclear-based transactivating pro-autophagic effects mediated by
P53, additional inhibitory anti-autophagic responses related to cytoplasm-localized
P53 protein have been uncovered by Tasdemir et al. in the past 10 years (Figure 2)
[58]. While the transactivation-dependent nuclear autophagic response of p53
is stimulated by stress induction, the cytoplasmic blockage of autophagic induc-
tion is a steady-state function that is present under physiological conditions and
seems to engage direct protein interaction. This cytoplasm-mediated inhibition
of autophagy was also characterized to activate the canonical p53-AMPK-mTOR
signaling cascade. In contrast to transcription-dependent pathway, however, the
positive autophagic regulator AMP-dependent kinase is inhibited by p53 which
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Figure 2.

Cygtoplasmic p53-mediated transcription-independent autophagy (under physiological conditions) and
apoptosis. By direct inhibition, wildtype p53-protein inactivates AMPK-mTOR-ULKz1 transduced autophagy
leading to BECN1 degradation. Similarly, BECN1 degradation can also be divectly mediated by the ubiquitin-
specific peptidases USP10 and USP13. Further inhibitory functions for autophagy can be mediated by
TPs3-induced glycolysis and apoptosis regulator (TIGAR) following the down-regulation of glycolysis and
the suppression of reactive oxygen species (ROS) formation. Also, p63/p73 has been reported to presumably
exert transcription-independent disruption of autophagy (dashed line); fork symbols, inhibition; arrowlines,
activation by indicated proteins; downward arvow, downregulation. For abbreviations, see Figure 1. This
figure is used under the terms and conditions of the creative commons attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/) derived from Mrakovcic and Frohlich [57].

in turn activates mTOR [59]. Accordingly, either pharmacological interference,
depletion of basal p53 levels, or p53 variants that possess a genetically modified
nuclear export domain rendered cells more resistant toward metabolic stress
through elevated autophagy. The underlying obscure mechanism that is found

not only in mammalians but also in nematodes could involve direct binding of

p53 to FIP200 (ATG17) as experimentally evidenced [60]. Negative regulation of
autophagy by cytoplasmic p53 has been also linked to its target gene TIGAR (TP53-
induced glycolysis and apoptosis regulator) that suppresses glycolysis and ROS
generation when the cell is exerted to stress [61]. Nevertheless, although TIGAR
mediates ROS-mediated induction of autophagy, it is not a likely candidate for the
above described mechanism but rather represents an alternative path since it does
not inhibit mTOR obviously. A similar but also unclear anti-autophagic mecha-
nism could be verified in embryonal carcinoma cells, where p53-Beclin-1 interac-
tion facilitated Beclin-1 ubiquitination and subsequent degradation, which could
be de-activated by depletion of p53 [62]. Another report identified Beclin-1asa
regulator of de-ubiquitination of p53 which was mediated by USP10 and USP13
ubiquitin-specific peptidases [63]. This mechanism might therefore also relate to
the previously mentioned Beclin-1-induced autophagy which enables bidirectional
dual activation of apoptosis and autophagy [64].

2.3 Regulation of autophagy in p53-inactivated cells

P53 is one of the most frequently inactivated tumor suppressor genes in human
tumors [65]. Particularly, single point mutations that provoke a loss of p53 function
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were documented that in several cases apply a dominant-negative effect to the
remaining non-mutant allele thereby enhancing their oncogenic effect [41, 66,
67]. Often, such p53 variants result in increased genomic instability, attenuated
chemotherapeutic success and a poor prognosis for patients [68]. One of the
underlying reasons therefore could be that many tumor-derived p53 variants also
inactivate cytoprotective or cytotoxic autophagy [69-71]. Nevertheless, although
nucleus-based transcription-dependent autophagy might be shut down in these
cases, cytoplasm-induced activation of the autophagic program might still be
available, due to p53-deficiency or functional inactivation. Interestingly, the studies
of Morselli et al. demonstrated that several tumor-derived mutants of p53 that
reside in the cytoplasm are still able to block autophagic induction, presumably by
direct protein interaction [70]. Such experiments underline the significance why
it is meaningful to discriminate p53 mutant variants with regard to their potential
effects. This finding also highlights the role of context-dependent autophagy during
tumorigenesis as disabled autophagy by mutant p53 was found to prolong tumor
cell survival while it inactivated its tumor suppressor function. Thus, increased
proliferation of pancreas and breast cancer cells could be uncovered in a report that
confirmed inhibition of autophagy by mutant gain-of-function p53 proteins. This
counteractivity was evidenced by stimulation of AMPK-mTOR genes with con-
comitant downregulation of Beclin-1, DRAM, ATG12, and sestrin genes [72].
Various investigations found also a counter-acting surveillance mechanism
between autophagy and since as mutant p53 blocks autophagic induction in one
way but autophagy can stimulate the sequestering of mutant p53 in order to sup-
press tumorigenesis in the other way. Mechanistically, this mutual crosstalk is
translated by the regulatory actions of the two suppressor genes Beclin-1 and p53
on autophagy as specified in the previous chapter [63]. While p53 exerts control on
Beclin-1 via the canonical autophagic pathway, Beclin-1 also directly regulates p53
via controlling its deubiquitination activity which explains the mirrored effect on
the phenotype of p53- and Beclin-1 ablated mice [73]. Additionally, with respect
to Beclin-1 mediated autophagy, further reports documented the possibility of
autophagic activation via the tumor suppressor protein pl4ARF in p53-silenced
or -inhibited cells [74]. Studies using doxorubicin-treated p53-wildtype or -deficient
(p53—/—) mouse embryonic fibroblasts furthermore verified that the p53 family
members p63 and p73 can substitute the loss of p53 (Figure 2) [75]; this mecha-
nism involved nucleus translocation of p63/p73 and the increased expression of an
extensive network of ATG proteins, such as ATG4a, ATG4c, ULK1, ULK2, UVRAG,
and ATGS. This finding might explain resistance in doxorubicin-mediated chemo-
therapeutic treatment of cancer tissues.

3. Histone deacetylases and histone deacetylase inhibitors

Histone acetylation by the families of histone acetylases (HATSs) histone
deacetylases (HDACs) are crucial epigenetic elements in the regulation of gene
transcription of histone as well as non-histone proteins. HATs catalyze acetyla-
tion to lysine residues of proteins, which stimulates a relaxed transcriptionally
accessible chromatin configuration, while HDACs facilitate their removal associ-
ated with a closed transcriptionally inaccessible chromatin structure [76, 77].
Acetylation of histones and non-histones not only interferes with gene expression
but crucially governs cell signaling and cellular processes such as proliferation,
differentiation, and programmed cell death [78]. Identified non-histone substrates
to date are tumor suppressor proteins (e.g., p53, RUNX3), signaling mediators
(e.g., STAT3, p-catenin, Smad7), steroid receptors (e.g., androgen, estrogen, SHP),
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transcriptional factors, and co-regulators (e.g., c-Myc, HMG, YY1, EKLF, E2F1,
GATA factors, HIF-1a, MyoD, NF-kB, and FoxB3), as well as structural

(e.g., cell motility proteins), chaperone proteins, and nuclear import proteins (e.g.,
a-tubulin, importin-a, Ku70, HSP90) [79].

Depending on function or structure, four classes (class I-IV) have been allocated
that comprise 18 members of the HDAC family [80]. The “classical HDACs” contain
classes I and IT and are functionally dependent on zinc as co-factor, while class III
HDAC:s include the sirtuin proteins (Sirt1-7; homology to yeast Sir2) and require
NAD-+ [81]. Nevertheless, HDACs also differ in subcellular localization, and expres-
sion pattern [78]. While class I HDACs are expressed ubiquitously as they are located
in the cell nucleus providing them with superior enzymatic activity, class Il HDACs
possess restricted tissue-specific expression pattern. Thus, they have been sub-
divided into class [Ta HDACs (HDAC4, 5, 7 and 9) which shuttle between nucleus
and cytoplasm as well as class IIb HDACs (HDAC 6 and 10) that are located mostly in
the cytoplasm [82]. SIRTs exhibit specific subcellular presence in the nucleus (Sirt1,
6 and 7), in the cytoplasm (Sirt2), or in mitochondria (Sirt3, 4 and 5) which is not
interchangeable. HDAC11, the single less-well explored member of class IV HDACs,
has narrowed tissue expression [83].

HDAC inhibitors (HDACI) have been explored as a new category of anticancer
drugs that reverses epigenetic changes established by the deregulated activities of
HDACs in hematological as well as solid cancers [84]. HDACIi treatment induces
transcriptional de-repression of genes that are eminent regulators of tumor cell
activities such as cell cycle arrest, differentiation, and programmed cell death and
even the expression and stability of oncoproteins [85]. HDACI categories encompass
hydroxamic acids (hydroxamates), cyclic tetrapeptides, benzamides, electrophilic
ketones, and aliphatic acids that include natural but also synthetic derivatives that
exhibit different structures [84]. Favored representatives of the hydroxamates
are SAHA (suberoylanilide hydroxamic acid, vorinostat, and Zolinza) which is
a preferred derivative of naturally occurring trichostatin A (TSA) as well as the
CBHA (m-carboxycinnamic acid bishydroxamate)-derived tubacin, LAQ-824
(dacinostat), LBH-589 (panobinostat), or PXD-101 (belinostat) [86-89]. The class
I-selective FK-228 (romidepsin, FR901228, istodax) belongs to the group of cyclic
tetrapeptides [90]. MS-275 (entinostat) and MGCDO0103 (mocetinostat) exhibiting
enhanced HDAC class I selectivity are members of benzamide-based HDACi [91,
92]. The minor effective class I- and Ila-specific HDACi, VPA (valproic acid), PBA
(phenylbutyrate), NaB (sodium butyrate), or AN-9 (pivaloyloxymethyl butyrate)
belong to the category of aliphatic acids [93, 94]. This classification mainly depends
on the chemical structure of their zinc-binding group but in addition HDACi can
also be subdivided into zinc-dependent, pan- or broad-spectrum inhibitors that
inhibit all class I, Il and IV HDACs in contrast to primarily class I-specific HDACi
[95]. Representatives of pan-inhibitors are TSA, SAHA, LBH589, and PXD-101
while valproic acid and butyrate inhibit exclusively class I HDACs. MS-275 and dep-
sipeptide inhibits only a few members of class I HDACs, respectively. To date, the
HDAC6-specific inhibitor tubacin is the only representative of an isoform-specific
HDACI [86]. With the exception of nicotinamide, no clinical useful SIRT inhibitors
have been uncovered yet [96].

Clinical trials of single or combined treatments of several HDACi with diverse
results have been or are in the progress of being tested in hematological and solid
cancers (www.clinicaltrials.gov) [97, 98]. Up to now, exclusively the evaluation of
pan-inhibitors have succeeded in the admittance of four licensed HDACI, namely,
SAHA, panobinostat (LBH589), belinostat (PXD-101), and romidepsin (FK228)
for the treatment of cutaneous T cell lymphoma, multiple myeloma, or peripheral
T cell lymphoma, respectively [99-103]. Although preclinical studies using single
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treatment regimen of many HDACi were encouraging, almost all entities of solid
tumors (e.g., ovarian, breast, renal, prostate, and head and neck cancer) lacked
positive effects in phase II clinical trials [104, 105]. In addition, patients suffered
from trivial (e.g., dehydration, anorexia, diarrhea) to toxic (e.g., cardiotoxicity,
thrombocytopenia myelosuppression) non-selective side effects [85, 94, 106].

The reasons for these drawbacks are presently non-elucidated and were assumed

to be due to a combination of failing blood vessel supply, endogenous molecular
heterogeneity owing to epigenetic modifications, and the development of treatment
resistance. In response, selective HDAC-specific inhibitors are being developed,
that target only one or two isozymes [107]. The design of novel or improved specific
inhibitors will allow the full exploration of individual functions of distinct HDAC
activity and may furthermore provide improved therapeutic efficacy together with
less toxicity.

4. Mechanisms of histone deacetylase inhibitor-induced cell death

Owing to the various posttranslational histone and non-histone protein acetyla-
tion targets, HDACi exert a multitude of anti-tumor effects that concern interference
with growth, differentiation, migration, senescence, and death [108]. Although
there may be tumor cell-type and HDACi-specific effects which are unclear pres-
ently, common mechanisms are shaping for different HDACI [85, 108]. Induction
of apoptosis is by far the prevailing avenue of HDACI triggered cell death in trans-
formed cells which is prepared by re-induction of cell cycle arrest and induction
cell differentiation, e.g., by the downregulation of positive cell growth regulators
[109-112]. G1 or G2 phase induced cell cycle arrest in the G1 or G2 phase can occur
in a p53-dependent or -independent manner by stimulating the upregulation of
(p21waf-1/cipl) expression which is a cyclin-dependent kinase (CDKN) inhibitor of
cyclins D1/D2 [113-115]. As an underlying mechanism it is assumed that the inability
to exit the cell cycle from unfinished mitosis might sensitize the activation of apop-
tosis due to compiled DNA damage such as double-strand breaks [116, 117]. HDACi-
stimulated activation of the intrinsic (mitochondrial) pathway of apoptosis involves
either down-regulation of anti-apoptotic genes (e.g., BCL-2, BCL-XL, XIAP, MCL-1,
and survivin) or overexpression of pro-apoptotic genes (e.g., BAX, BAK) belong-
ing to the B-cell Lymphoma-2 (BCL-2) family [113, 114, 118, 119]. In the extrinsic
(death-receptor) pathway, HDACi predominantly re-establish the expression of
death receptors such as DR4 and DR5, or their corresponding ligands (e.g., TRAIL,
FAS, FAS-L, and TNF-alpha) [120-122]. Furthermore, also the induction of reactive
oxygen species (ROS) by HDACI is a second important anticancer-mechanism that is
also responsible for cell death induction and associated with DNA damage; presum-
ably, ROS is scavenged in normal, but not in malignant cells due to the compiled
expression of thioredoxin (TXN) which represents an endogenous cellular antioxi-
dant [123]. HDACs have moreover been detected to control histone deacetylation at
damaged DNA sites undergoing repair that involves DNA damage-related response
proteins [95, 124-132]. Thus, only in tumor cells upregulated expression of a marker
for DNA double strand breaks, H2AX, was detected, when these were treated with
SAHA [117]. In this context also the induction of autophagy as a means to maintain
genomic was noticed, for instance, following MSH2-regulated DNA mismatch repair
deregulation upon HDACS6 inhibition. Cell signaling pathways that were shut down
in cancer cells can be furthermore re-established by immediately modifying acetyla-
tion of non-histone proteins such as transcription factors (e.g., NF-xB, p53, and
STATSs) [79]. As a prominent example, half-life and stability of p53 was influenced
by MDM2 E3-ligase in HDACi-treated H1299 carcinoma cells [42]. In this way also
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chaperone protein function and the regulation of stress response pathways in the
endoplasmic reticulum can be achieved, which affects the removal of misfolded pro-
teins but also interference with stability and expression of oncoproteins [111, 133].
Additional mechanisms of HDACi-regulated lethality in tumor cells were evidenced
in the interference with migration- and invasion capability due to re-established
expression of metastasis-related genes and in the disruption of angiogenesis by alter-
ing pro- and anti-angiogenic gene expression [134-136]. In recent years, autophagy
as a form of programmed cell death was added to the list of further determinants

of HDACi-mediated effects that impedes cellular growth in a range of tumor cells
[137-140].

5. Mechanisms of HDACi-induced autophagic cell death

An impressive diversity of mechanisms have been uncovered in cancer cells that
promote HDACi-elicited autophagy which include mostly attenuation of mTOR sig-
naling that can occur in combination combined with increased expression of LC3,
Beclin-1, or ATG and can be provoked by endoplasmic reticulum stress (reviewed in
[57] and Table 1 [141]). mTOR is a well-known regulator of the canonical pathway
of autophagy involving the regulation of the ULK1 complex and Beclin-1. The
pivotal role of mTOR attenuated by SAHA-treatment which reestablishes ULK1
function could be initially verified by our own studies and those of Gammoh et al.
using endometrial sarcoma cells, and were subsequently reiterated in many studies
[71, 142]. It should be noticed that HDACi-induced autophagy is frequently accom-
panied by the additional induction of apoptosis.

Further predominant mechanisms of autophagic induction involve ROS
accumulation, p21 upregulation, NF-kB hyperacetylation, and sirtuin-mediated
acetylation of p53 [143-146]. In addition to mTOR downregulation, substantial
intracellular ROS production interfering with mitochondrial function and energy
metabolism has been demonstrated to facilitate SAHA-induced autophagy in tumor
cells. ROS-induced autophagy can go along with additional increased expression of
cathepsin D, a lysosomal protease, or decreased expression of TRX, representing
its substrate and/or activation of the mitogen activated protein kinases ERK1/2 and
JNK [143, 147]. Generally, enzymes related to energy metabolism, anti-oxidative
stress and cellular redox control have been entangled by a proteomic study involv-
ing SAHA-administered Jurkat T-leukemia cells [147]. Cell cycle arrest, differentia-
tion, and autophagy due to upregulated p21 expression were caused by treatment of
PC-3 M and HL-60 cells with HDACi SAHA and H40 [148]. The same mechanism
could be elicited by adding the novel HDACi, MRJF4, to prostate cancer cells
autophagy [144]. As a further cause of SAHA/MS-275-induced autophagy in PC3
prostate cancer cells, re-activation of NF-kB associated target genes due to hyper-
acetylation of NF-kB RELA/p65, or downsizing of pERK/NF-kB signaling together
with upregulated p21 expression, were described; however, the exact mechanism
remains obscure [146].

Individual studies also noted nuclear translocation of the apoptosis inducing
factor (AIF), apoptosome inactivation, FoxO1-stimulated expression, upregulation
of DAPK or Nrf2, and p53-deficiency as regulatory mechanisms in HDACi-induced
autophagy [71, 146, 149-153]. Thus, apoptosis, necrosis or autophagy were trig-
gered in malignant rhabdoid tumor cells in response to FK228 (depsipeptide) treat-
ment and upon silencing of the apoptosis inducing factor (AIF) that translocates
into the nucleus for caspase-induced death, autophagy was suppressed as supported
by transmission electron microscopy and LC3 measurements [149]. Following the
blockage of the mitochondrial pathway of apoptosis by deleting caspase-9 or Apaf-1
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Molecular Additional mechanism HDACi Cell type Ref.
mechanism
mTOR Increased p21 expression SAHA ESS-1 [156]
inhibition .
Increase of LC3 expression; SAHA MEFs, T98G [142]
activation of ULK-1 glioblastoma
complex
Beclin-1 upregulation SAHA, HelaS3 [157]
butyrate
Induction of ER stress SAHA, HCC, Hep3B, HepG2 [158]
response OSU-HDAC42
ROS accumulation via SAHA Jurkat T-leukemia [147]
Cat D, repression of
TRX; BECN1 and ATG-7
upregulation.
BECNI1 protein SAHA Glioblastoma stem [159]
upregulation. and p62 cells
downregulation
CASP and CPN-1 MGCDO0103 Primary CLL [160]
activation; reduced ATG
expression
Increased ATGS5 expression Apicidin Salivary MEC [161]
ROS CathD upregulation and SAHA K562, LAMA 84 [143]
accumulation TRX repression CMLL
Activation of MAPK FK228+ Gastric carcinoma [162]
proteins: ERK1/2 and bortezomib (GC)
JNK; LC3 and ATG12
upregulation
p38 MAPK switch to M-275 HCT116 [163]
apoptosis; ERK activation
p21 CIPWARL - SAHA, H40 PC-3 M, HL-60 [148]
upregulation .
Downregulation of pERK/ MRJF4 PC3 [144]
NF-«B signaling
NF-kB Hyper- Induction of NF-kB target SAHA, MS-275 PC3 [146]
acetylation genes
AIF nucleus - FK228 MRT [149]
translocation
Apoptosome Independent of p53; LAQS824, Ep-myc lymphomas [152]
inactivation Deletion of Apaf-1/Casp-9 LBH589
FoxO1 ATG expression; mTOR SAHA, TSA HepG2, HCT116 [150]
transcription suppression via SESN3
DAPK - LBH589 HCT116 [151]
upregulation
Nrf2 mTOR suppression via - - [153]
upregulation miR-129-3p
ATG7 Autophagy interactome SAHA, TSA, Megakaryoblastic [154]
acetylation* acetylation; increased LBH589, JQ2 leukemia
mitochondrial mass and
ROS formation
ATG gene Independent of p53 Tenovin-6 CLL [155]
upregulation acetylation
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Molecular Additional mechanism HDACi Cell type Ref.
mechanism
p53 Increased p53-dependent Sirtinol MCF-7 [145]
acetylation cell cycle arrest and
apoptosis
P53 activation. by reducing MHY2256 MCEF-7 [164]

MDM2 expression; cell
cycle arrest and apodosis

p53-deficiency mTOR inhibition SAHA ESS-1 [165]

"Leads to inhibition of autophagy; AVO (acidic vesicular organelles); (=), unknown or not determined. This
modified Table is used under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/) from Mrakovcic et al. [141].

Table 1.
Mechanisms of HDACi-induced autophagic cell death.

or in Ep-lymphomas the autophagic pathway was activated by the HDACi LAQ824
and LBH589 as evidenced morphologically and biochemically [152]. SAHA and
TSA-induced autophagic cell survival via the transcription factor FoxO1 in HepG2
and HCT116 cells was furthermore mediated by sestrin 3 (SESN3)-induced mTOR
inhibition and increased ATG protein expression [150]. Protein interaction or
phosphorylation of the MAPK-interacting calcium- or calmodulin-regulated DAPK
at serine 308 in HCT116 colon cancer cells, rather than its enzymatic function,
moreover stimulated LBH589-induced autophagy [151]. Recently, even microRNA-
mediated regulation of mTOR involving the transcription factor Nrf2 (nuclear
factor erythroid 2 like-2) was implicated in HDACi-induced autophagy [153].
HDACi-induced Nrf2 mRNA and protein expression thereby promoted augmented
transcription of miR-129-3p which facilitated mTOR attenuation. Nonetheless,
even HDACi-mediated suppression of autophagy could be documented in two
studies. Negative regulation of HDACi-mediated autophagy but upregulation of
autophagic flux could be induced in myeloid-leukemic cells treated with valproic
acid, SAHA, TSA, panobinostat, or JQ2 by acetylation and decreased expression

of ATG7, a protein important for fusion of peroxisomal and vacuolar membranes
[154]. Additionally, increased ATG expression following treatment with sirtuin
inhibitor tenovin-6 provoked autophagic suppression in chronic lymphocytic
leukemia (CLL) cells which was evident by upregulated genes of the autophagic-
lysosomal pathway and LC3-11/p62 [154, 155].

6. HDACi-induced autophagy mediated by p53

p53 as the first described representative subjected non-histone protein acetyla-
tion can in response to stress positively as well as negatively regulate cell cycle
arrest, senescence as well as apoptosis and autophagy [39, 40]. Acetylated residues
attached by distinct HAT-mediated acetylation can be detected for p53 at distinct
sites that could not only affect DNA binding and thereby its transactivational
ability but also coactivator recruitment and/or its stability via proteasomal deg-
radation [166-168]. For example, HDAC1-specific inhibition allows p53 to stay in
an accessible state associated with transcriptional activity [169]. Furthermore, by
mutating a combination of C-terminal sites that undergo acetylation p53-dependent
transcription of p21 can be eliminated [170]. Nevertheless, the exact modalities of
these mechanisms still need clarification. As previously specified, HDACi-mediated
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apoptosis that is commonly escorted by p21-mediated cell cycle arrest and ROS
generation, has been documented as the most frequently encountered form of
HDACi-triggered cell death [112, 119]. However, since transcription of pro-
apoptotic genes, such as Bax, Noxa, and Puma, by p53 may be limited by posttrans-
lational acetylation, the role of p53 in this relation is discussed. These assumptions
are supported for example by the finding that p53-independent p21 induction and
apoptosis upon HDACi administration and the anticancer effect of HDACi is not
influenced by the mutational status of p53 in the tumor [109, 113]. Other reports

in contrast verified p53 acetylation and stabilization in several tumor models in
response to HDACi administration that presented cell cycle arrest and apoptosis
[111, 171]. Conclusively, p53-dependent but also -independent signaling pathways
may add to HDACi-mediated apoptotic processes and HDACi may induce p53, but
do not unconditionally require p53 for providing anticancer effects. In recent time,
the range of HDACi-exerted mechanisms resulting in cellular demise of cancer cells
have been expanded by the induction of autophagic cell death which can alterna-
tively or additionally to apoptosis activate autophagy (reviewed in [57, 141, 172] and
Table 1). Also, involvement of posttranslational modification of the non-histone
p53 has been linked to the control of HDACi-stimulated autophagy as evident from
its key regulatory role in normal cells. This might of crucial advantage if tumor cells
have developed resistance toward apoptotic cell death induction. Thus, experimen-
tal evidence from our studies of endometrial sarcoma (ESS) cells support a major
regulatory function for p53 in directing cell death either toward HDACi-elicited
apoptosis or autophagy [165].

In our model, the detection of HDAC2 overexpression in malignant endo-
metrial stroma sarcoma cell lines led to the establishment of therapeutic SAHA
treatment and the evaluation of its mechanism of action [173]. Significantly
advanced cell death in MES-SA and ESS-1 cells was accompanied by previous p21-
induced cell cycle arrest at the G1/S transition and reduced expression of HDAC2
and 7 [156, 173]. Either predominant caspase-dependent apoptotic (48%) or
caspase-independent autophagic cell death (80%) was attested in SAHA-treated
MES-SA and ESS cells after 24 h, respectively [156]. In line with the induction of
the canonical pathway of autophagy, attenuated mTOR protein expression could
be evidenced in ESS-1 cells in contrast to MES-SA cells [165]. Further screening
of key regulatory molecules for apoptosis and for autophagy, upstream of mTOR,
were performed to explain the differences in the modes of SAHA-induced cell
death. This search uncovered entire absence of detectable p53 protein and lowered
levels of PUMA protein in ESS-1 cells. Investigation of p53 gene and mRNA led
to the detection of a novel nonsense mutation (p53*****) in the transactivating
domain of p53 of ESS-1 cells that obviously provoked a degradation of the entire
p53 transcript and could not be documented in MES-SA cells. Consistent with this
finding, restoration of ESS-1 cells with a wild-type p53 variant restored induction
of caspase-dependent apoptosis as supported by PUMA and caspase-9 upregula-
tion as well as activation of the effector caspases-3 and -7 and final PARP-1 cleav-
age. Increased mTOR levels demonstrated the re-induction of basal autophagic
flux in addition to apoptosis induction as verified by LC3 staining. Generalization
of this finding could be obtained by several other p53-deficient tumor cell lines
(such as PANC-1, Jurkat, HL-60, and U937) that are known to induce autophagy
in response to SAHA and were supplied with wild-type p53.

We concluded that the molecular switch between SAHA-induced apoptosis
and autophagy was thus mediated by the occurrence of functional p53 protein.

Our experimental evidence thus underlines an overall major regulatory role
for p53 not only in HDACi-mediated apoptosis but also in HDACi-stimulated
autophagy (Figure 3) (reviewed in [57, 141]). As a consequence, p53-deficiency
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Figure 3.

Lllustration depicting presumed mechanisms mediating SAHA-induced autophagy veflecting autophagic
regulation by cytoplasmic mutant and wild-type p53. (A) Acetylated cytoplasmic ps53 protein predominantly
activates apoptotic cell death by direct binding to the BCL-2 family of pro-apoptotic proteins. Concomitantly,
cytoplasmic ps3 protein inhibits autophagic cell death by inducing Beclin-1 degradation via USP10/USP13
and/or inhibiting the AMPK-mTOR-ULK1 signaling pathway. It is unclear whether the canonical pathway
is mediated by direct p53-FIP200 interaction or whether this represents an extra pathway. TIGAR inhibits
autophagy by down-regulation of glycolysis and a suppression of ROS formation. The members of the p53
family, p63/p73, are also potential inhibitors of autophagy (dashed line). (B) Mutant p53 protein variants
lose the ability of autophagic inhibition and apoptosis stimulation and activate autophagy. Fork symbols,
inhibition; arrowlines, activation or interaction; double arrow, major pathway activity. This figure is used
under the terms and conditions of the creative commons attribution (CC BY) license (http://creativecommons.
org/licenses/by/4.0/) derived from Mrakovcic and Frohlich [57].

could moreover explain apoptosis resistance as well predominant induction of
HDACi-provoked autophagy in cancer cells. The presumptive negative regulation
of autophagy by functional cytoplasmic p53 protein in SAHA-treated ESS-1 cells is
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moreover very consistent with the above discussed role of p53 as a dual regulator

of autophagy by Tasdemir et al. [59]. Their findings convincingly describe nuclear
p53 protein as an activator of transcription-dependent autophagy, in contrast to the
inhibitory autophagic control by cytoplasmic p53 protein. In addition, by our report
we link SAHA-induced acetylation of p53 to the mTOR signaling pathway which has
been less evaluated to date, nonetheless, future experiments are needed to directly
address this question.

In line with our experiments, the class III Sirtl and 2-specific HDACi sirtinol,
that affects acetylation of p53, has also been documented to determine HDACi-
induced cell fate in several reports. For instance, p53 was entangled in balancing
sirtinol-mediated apoptosis and autophagy in MCF-7 breast cancer cells [145].
Sirtinol treatment on the one hand preferentially induced predominant autophagy
as shown by LC3-II upregulation, while addition of the autophagic inhibitor
3-methyladenine augmented cell cycle arrest and cytochrome C-triggered apoptotic
cell death caused by increased BAX and diminished BCL-2 protein expression. In
a similar experiment, inhibition by sirtinol and the novel SIRT1, -2, and -3 protein
inhibitor, MHY2256, a similar phenotype that included cell cycle arrest and both
types of programmed cell death could be provoked [164]. As a mechanistic explana-
tion, SIRT1 and 2-induced acetylation of p53 at lysine 382 were found to inhibit
ubiquitination of p53 via MDM2 which stabilized and increased its functional activ-
ity. MDM2-mediated degradation of p53 was also documented in MHY2256-treated
Ishikawa cells that are derived from endometrial cancer which elicited activation of
apoptosis together with autophagy as supported by elevated levels of p21, BAX and
BCL-2, cytochrome C release, and cleaved PARP-1 [174].

7. Conclusions and perspectives

In recent times, epigenetic studies gained increasing significance in reports
investigating the development of cancer. For this purpose, aberrant epigenetic
patterns such as DNA methylation including the misguided expression of HDACs
activity has been defined to some extent in many tumors which explains their selec-
tion as targets for anticancer therapy. Posttranslational modifications of histones
and non-histones in the form of acetylation and deacetylation particularly enable
pharmacological interference by different kind of inhibitors such as HDACi. The
ability to sensitize apoptosis-resistant tumor cells by the disruption of autophagy
was considered a promising route for cancer therapy as this process heightens the
pro-apoptotic effects of HDACI. In addition to restrain the extents of tumor necro-
sis and inflammation however, autophagy might be required for the cancer cell to
deal with metabolic stress and cytotoxicity during chemotherapy. Furthermore, by
expediting the autophagic pathway in advanced stages of the cancer cell, autophagy
may promote cell death by mostly non-elucidated mechanisms. Consistently, it is of
pivotal importance to define the factors and mechanisms that influence the balance
between HDACi-elicited apoptosis, autophagy or even necrosis in the cancer cell. In
this regard, considerable research efforts are in progress to investigate the molecular
pathways regulating HDACi-mediated cell death in tumor cells. The expansion of
the knowledge about p53 as a mediator of apoptotic and autophagic cell death may
as thus help to achieve progress not only in unraveling pathogenetic insights but
also in the development of novel therapeutic strategies of such disease conditions as
cancer.
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