Chapter 10
Epigenetic Signatures of Breast Cancer Genes

Shrikant Anant, Animesh Dhar, and Satish Ramalingam

Abstract Breast cancer is a leading malignancy among women with higher western
countries, suggesting significant role for environmental factors in developing breast
cancer. Recently, epigenetic modifications such as aberrant methylation and acety-
lation of genes and histones have been shown to play a critical role in breast cancer
development. There are several articles published in the recent years with the major
epigenetic signatures of breast cancer genes. Therefore compiling these information
could lead to a greater understanding of the development of breast cancer and novel
approaches for chemoprevention. Here we have provided different modes of epi-
genetic regulation including DNA methylation, histone modification, polycomb
group of proteins, and non-coding RNAs. In addition, we have provided informa-
tion on chemotherapeutic drugs that act through regulation of epigenetics and have
progressed to clinical trials. Most importantly, we have analyzed the epigenetic
regulation in the chemotherapy resistant breast cancer stem cell population.
Furthermore, the epigenetic regulatory mechanisms of various breast cancer related
genes are discussed in detail. Taken together, in this review we have discussed the
current understanding of the modes of epigenetic regulation, and the epigenetic
signatures seen in breast cancer.
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10.1 Introduction

Breast cancer is a leading malignancy among women, and has long evaded
attempts at prevention. In spite of early detection and improved treatment, every
year nearly 250,000 women discover that they have invasive breast cancer [1].
Roughly 58,000 more will be diagnosed with early cases of the disease and
about 40,000 will die [2]. The incidence of breast cancers is much higher in
western countries than that in other parts of the world, suggesting a significant
role for environmental factors in developing breast cancer. Genetic and epigen-
etic alterations have both been shown to play an important role in breast carci-
nogenesis. The former is irreversible while the epigenetic changes are reversible.
Epigenetic malfunctions are manifested through aberrant methylation and acet-
ylation of genes and histones involved in normal tissue development, leading to
activation or silencing gene expression. Thus numerous molecular events could
go awry because of epigenetic malfunctions. The advancement in the science
of epigenetics has led to a greater understanding of how breast cancer forms,
resulting in the discovery of novel approaches for chemoprevention. Specifically,
identifying DNA methyltransferases and histone deacetylases that control epi-
genetic modifications has resulted in utilizing these enzymes as primary targets
for epigenetic therapy. In this review, we will discuss the current understanding
of the modes of epigenetic regulation, and the epigenetic signatures seen in
breast cancer.

10.2 History of Epigenetics

Epigenetics is the study of changes in phenotype or gene expression caused by
mechanisms other than those that alter the DNA sequence. In 1942, Conrad
Waddington coined the term epigenetics; he derived the name from a Greek
word epigenesis, a theory of development [3]. In 1969, Griffith and Mahler
were the first to suggest that DNA methylation might have an important bio-
logical role on gene expression, and that changes in DNA methylation might
explain how genes are turned on and off [4]. A few years later, in 1975, Sager
and Kitchin proposed that there are enzymes in eukaryotic organisms that
restrict unmodified DNA [5]. Since then it has become apparent that changes in
DNA methylation might play important role during carcinogenesis [6]. More
recently, this has expanded to other types of modification, including histone
modifications [7].
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10.3 Types of Epigenetic Regulation in Breast Cancer

The interesting aspect of epigenetic alteration of DNA is that such changes are
heritable but does not alter nucleotide sequence. This is in contrast to a genetic
change where the nucleotide changes. Furthermore, unlike genetic changes, epigen-
etic modifications are potentially reversible; this aspect gives the potential for
therapy against cancer. The science of epigenetics has explained how nutrients and
drugs can change the cancer cell cycle [8, 9]. Epigenetics causes the organism’s
genes to behave differently, such as the changes seen when cells differentiate or
become malignant.

Different modes of epigenetic regulation have been observed in breast cancers
including (1) DNA methylation (stable and long term repression), (2) histone modi-
fication (dynamic and can be changed upon stimulation), (3) polycomb group of
proteins (maintain the silenced state of developmental regulators), and (4) Non-
coding RNAs (microRNA, small nucleolar RNA, repeat-associated small interfer-
ing RNA) (Fig. 10.1). In this chapter, we will describe each one of these regulatory
mechanisms (Table 10.1).

10.3.1 DNA Methylation

DNA methylation, a major mode of epigenetic regulation occurs on cytosine resi-
dues of CpG dinucleotides [10]. DNA methylation affects the packing of chromatin
and the architecture of the nucleus thereby critically regulating gene expression.

Fig. 10.1 Major modes of epigenetic regulations include DNA methylation, histone modifications,
Polycomb Group proteins, and microRNA. DNA Methyltransferases (DNMTs) adds methyl group
to the cytosine and inhibits transcription, while Histone deacetylases (HDAC) along with Polycomb
Group proteins and microRNA forms a repressive complex to inhibit gene transcription
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Table 10.1 Modes of epigenetic regulation

Modification Mechanism

DNA methylation Occurs on cytosine residues of the CpG dinucleotides in DNA

Histone modification Covalent modification of the N-terminal of certain amino acids
on the histone tails

Poly Group Proteins Forms repressive complex for inhibition of transcription

MicroRNA Gene silencing, and by triggering transcriptional silencing via

chromatin remodeling

CpG islands are regions of at least 500 bp and have more than 55 % GC content
[11]. CpG islands have mostly been identified within promoter regions, and meth-
ylation within this region makes the DNA inaccessible and no longer recognizable
by the transcriptional machinery resulting in gene silencing. A methyl group is
added to the cytosine ring by DNA methyltransferases by an enzymatic transfer
from the methyl donor S-adenosylmethionine to the carbon-5 position of cytosine
[12]. Surprisingly, according to Antequera and Bird, approximately half of all genes
in the human (~45,000 genes) contain CpG islands [13]. Various studies have clearly
shown that about 70-80 % of CpG sites in the human genome are methylated.
DNA-cytosine methyltransferase-1 (DNMT1) was the first methyltransferase to be
identified [14]. Subsequent studies have suggested that the DNA methyltransferase
1 (DNMT1) plays a key role in the maintenance and restoration of methylation after
DNA replication, while DNMT3A and DNMT?3B initiate de novo methylation and
establish new DNA methylation patterns [15].

In general, normal cells are hypomethylated, while in cancer cells hyper-
methylation is frequent leading to silencing of tumor suppressor genes.
Retinoblastoma gene was characterized to be the first tumor suppressor gene
and also they are the first to be identified as hypermethylated. The importance
of promoter hypermethylation has been characterized using demethylating
agents 5-aza-2’-deoxycytidine to reactivate the genes in cancer cell lines. DNA
methylation has been shown to play important role in normal development e.g.
development of fertilized egg into an embryo. Apart from this, nearly 45 % of
the human genome has repetitive sequences and loss of methylation of these
sequences is thought to account for most of the global hypomethylation observed
in all human cancers. Hypermethylation of the CpG promoter regions, in the
tumor suppressor genes, results in gene silencing and therefore resulting in the
oncogenic transformation. These changes have been shown to account for various
cancers including breast cancer development. Methylation inactivates the tran-
scription; demethylation may result in transcriptional interference and dysregu-
lation of normal gene expression, leading to destabilization and chromosomal
translocations.

There are several genes that are silenced by promoter methylation during breast
cancer development. Here, we have attempted to comprehensively provided the list
of genes that are hypermethylated at the promoter region during breast cancer
development.
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10.3.2 Cell Signaling Genes That Are Hypermethylated
During Breast Cancer

10.3.2.1 Secreted Frizzled-Related Proteins (SFRPs)

Wht signaling plays a significant role in development of various types of cancer and
inhibiting the pathway hinders the progression of tumorigenesis [16]. Secreted
frizzled-related proteins (SFRPs), a family of proteins that include SFRPI to
SFRPS, are extracellular antagonists for Wnt signaling [17]. These proteins are
shown to sequester Wnt molecules at the cell surface membrane and thereby regu-
late the Wnt signaling pathway during breast cancer development [18]. Several
reports have also suggested that increased nuclear and cytoplasmic accumulation of
[B-catenin is due to disruption of SFRPs and Wnt equilibrium in the breast tumor
tissues [19]. Subsequent studies have demonstrated that SFRP1 and SFRP5 genes
are targets for the promoter hypermethylation leading to inactivation [20, 21].
Moreover, promoter hypermethylation is associated with unfavorable prognosis in
breast cancer.

10.3.2.2 Estrogen Receptor (ER)

Estrogens are hormones that play a key role in the growth and development of
breast cancers. Estrogens mediate its action through intracellular estrogen receptors
(ER) [22]. There are two estrogen receptors ER-a and ER-, which are encoded
by ESR1 and 2 genes, respectively [23]. Estrogen receptors can also function as
transcription factors to regulate the expression of target genes. In breast cancers,
ER-a methylation is a predictive marker for response to hormone therapy [24].
Importantly, up to a third of the breast cancers lack ER-a at the time of diagnosis
and a significant proportion of cancer patients who are initially ER-a positive
become ER-a negative during tumor progression [25]. Initially it is thought that
these changes are due to genetic alterations such as deletion or mutation; however,
recent studies have demonstrated that there is DNA methylation in the promoter
region [26]. The ER-a gene, located at chromosome 6q25.1, has CpG rich regions
in both its promoter and the first exon [27]. While these CpG rich regions are
unmethylated in normal breast tissues and in ER-positive breast cancer, it is
methylated in~50 % of the unselected primary breast cancers and most of the
ER-negative breast cancer cell lines [28]. However, treatment with methyltrans-
ferase inhibitors such as 5-aza-cytidine (5-aza-C) and 5-aza-deoxycytidine (5-aza-dC)
results in partial demethylation and restoration of ER mRNA expression and
protein [29]. This has been further confirmed by various studies where it was
observed that DNMT1 expression at both RNA and protein levels in ER-negative
breast cancer cell lines are significantly increased compared with their ER-positive
counterparts.
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10.3.2.3 Retinoic Acid Receptor 2 (RARB2)

RARP2 gene is a member of the nuclear receptor superfamily [30]. There are six
receptors (RARa, -p and -y and retinoid X receptors-a, -p and -v) in this family and
all of them are ligand activated transcription factors [31]. RARP gene, located at
chromosome 3p24, has been implicated in playing an important role in limiting the
growth of various tumors, including breast cancer [32]. Methylation of CpG islands
in the RARP2 promoter region is one of the factors linked to downregulation of its
expression in breast cancer [33]. Furthermore, methylation of the RARP promoter
has been shown in several RARB2-negative human breast cancer cell lines and in
about one-third of unselected primary breast cancer specimens, a result of which is
decreased or complete loss of RARP2 expression [34]. However, treatment with
5-aza-dC can partially restore RARPB2 expression further confirming the promoter
methylation mediated suppression of its transcription [35].

10.3.2.4 Aplasia Ras Homolog Member I (ARHI)

The Ras-related novel tumor suppressor gene aplasia Ras homolog member I (ARHI;
also known as DIRAS3) encodes a small GTPase with 60 % homology to Ras and
Rap. The expression of this tumor suppressor is down regulated in 40 % of DCIS
and 70 % of invasive breast cancers [36]. Furthermore, reexpression of ARHI pro-
tein suppresses clonogenic growth of breast cancer cells, inhibits their invasiveness,
and induces apoptosis. There are three CpG islands in the ARHI gene. The first two
CpG islands are located in the promoter region, while the third CpG island is located
in the coding region [37]. Furthermore, hypermethylation of the second CpG island
within the promoter region results in the complete loss of ARHI expression in breast
cancer cells [38].

10.3.3 DNA Damage Response Genes That Are Methylated
During Breast Cancer

10.3.3.1 BRCA1

The BRCAI1 gene located at chromosome 1721, is a well-known breast cancer
susceptibility gene [39]. Inhibition of BRCA1 expression through antisense oligo-
nucleotides increases the proliferation of normal and malignant mammary cells
while overexpression of wild-type BRCA1 suppresses MCF-7 breast cancer cell
tumorigenesis in mice [40]. Inherited mutations in the BRCA1 gene account for
one-half of inherited breast carcinomas. However, in contrast to other tumor sup-
pressor genes, somatic mutations in this gene have not been reported, despite the
high degree of LOH at the locus in breast cancers [41]. Subsequent studies of the
BRCAL1 promoter region demonstrated increased methylation in 11 % of sporadic
breast cancer cases, which was inversely correlated with expression of both ER and
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progesterone receptor [42]. Additionally, BRCA1 promoter methylation is associated
with medullary and mucinous subtypes [43]. Moreover, while BRCA1 was unmeth-
ylated in normal tissues and in various breast cancer cell lines, two xenograft studies
from two of these cell lines demonstrated increased promoter methylation and the
concomitant loss of transcript [44]. In addition, the study demonstrated that loss of
heterozygosity could happen through the aberrant methylation of the second allele.
Finally, BRCA1 methylation is observed only in breast and ovarian cancers but not
in tumors of colon or liver or leukemia, supporting a tissue-specific event for the
process.

10.3.3.2 ANKRD11

The ankryin repeat domain-containing protein ANKRD11, a co-activator for p53
is a putative tumor suppressor gene in breast cancer. Downregulation of ANKRD11
is associated with breast tumorigenesis [45]. The promoter region of ANKRDI11 is
loaded with CpG-rich regions, and analysis of this region demonstrated that high
levels of methylation in 40 % of breast tumors but not in normal breast tissues or
normal blood samples. Moreover, treatment of breast cancer cell lines with DNA
demethylating agents results in upregulation of ANKRD11 expression suggesting
that promoter DNA methylation plays a key role in downregulating the protein
expression.

10.3.3.3 Mismatch Repair Genes MLH1 and MSH2

Loss of genomic stability is associated with a variety of diseases, particularly cancer.
Of the many proteins that maintain genomic integrity, two important ones are the
mismatch repair genes MLH1 and MSH?2 [46]. Analysis of these mismatch repair
genes in locally advanced breast cancers demonstrated that hypermethylation of the
MLHI1 gene in 43.5 % of patients with primary breast cancer, of whom 66.9 %
had locally advanced breast cancer (stages IIIA to IIIC) [47]. Similarly, there was
hypermethylation of the MSH 2 gene in 16 % of primary breast cancer cases.
Of these patients, 21.3 % had locally advanced breast cancer [48].

10.3.4 Cell Cycle and Apoptosis Genes That Methylated
During Breast Cancer

10.3.4.1 Ras Association Domain Family 1A Gene (RASSF1A)

RASSFI1A gene, located within the 120 kb 3p21.3 minimal homozygous deletion
region is epigenetically inactivated in cancers, suggesting a tumor suppressor func-
tion for the protein [49]. The protein is 55 % homologous to Norel, a noncatalytic
protein identified by its ability to bind selectively to active Ras [50]. Forced ectopic
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expression of RASSFIA in cancer cells reduced colony formation, suppressed
anchorage-independent growth and inhibited tumor formation in nude mice [51].
More importantly, methylation in the RASSF1A gene is highly correlated with
breast cancer risk, atypical cytology and benign breast disease requiring biopsy
[52]. With respect to age, RASSFIA gene methylation has been noted to increase
linearly between the ages of 32 and 55 [53]. In microdissected breast tissue,
Lehmann et al. showed that the RASSF1A promoter was methylated in all epithelial
hyperplasia and papilloma samples and in 83 % of ductal carcinoma in situ, sug-
gesting methylation of RASSF1A promoter as a new marker for nonphysiological
epithelial proliferation in the breast [54]. The study also found that in most cases of
progression to invasive growth, epigenetic inactivation takes place before invasive
growth develops, an observation confirmed by Pasquali et al., who observed a pro-
gressive gain of methylation for RASSF1A from normal to hyperplasia acquiring
statistical significance at CIS and invasive carcinoma [55]. Functionally, one thing
that RASSF1A does is it influences G1-S cell cycle checkpoint by regulating the
levels of cyclin D1 protein. Reduced RASSF1A expression due to epigenetic silenc-
ing leads to accumulation of cyclin D1, which may represent an important mecha-
nism for overriding cell cycle control under conditions of increased cell cycle
pressure [56].

10.3.4.2 Cyclin D2 (CCND?2)

CCND?2 is a member of the D-type cyclins, implicated in cell cycle regulation, differ-
entiation, and malignant transformation [57]. It should be noted that cyclin D2 is not
expressed in the majority of breast cancer cell lines, whereas abundant expression
can be detected human mammary epithelial cells with a finite lifespan [58]. Also,
loss of CCND2 expression caused by methylation is an early event in breast cancer
tumorigenesis. Hypermethylation of the CpG island in the promoter can be detected
by methylation-specific PCR in most breast cancers, and this has been associated
with silencing of cyclin D2 gene expression. Promoter hypermethylation was also
detected in ductal carcinoma in situ, suggesting that loss of cyclin D2 expression
is an early event in tumorigenesis [59]. Furthermore, methylation of CCND2 has
been correlated with poor prognosis, implying that CCND2 has a tumor suppressor
function.

10.3.4.3 Cyclin D/CDK4 Complex Inhibitor (CDKN2/p16)

Frequent LOH and homozygous deletion has suggested the presence of tumor sup-
pressor genes in chromosome 9p21 [60]. One such gene in this locus is inhibitor of
the cyclin D/CDK4 complex (CDKN2/p16), which is frequently deleted in human
cancer cell lines. The protein binds to CDK4 and CDKG6, and blocks Gl to S transi-
tion by inhibiting cyclin-D-dependent phosphorylation of the Rb protein and
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maintains its binding to the E2F transcriptional factor [61]. Since the initial reports
of homozygous deletion, numerous studies have shown varying, but in general much
less frequent, abnormalities of p16 in primary tumors of these cancers. For example,
although the rate of homozygous deletions ranged from 40 to 60 % of breast cancer
cell lines, neither homozygous deletion nor point mutations were observed frequently
in primary breast carcinomas [62]. Furthermore, certain neoplasms, such as prostate
and colon cancer, have not been found to harbor homozygous deletions in estab-
lished cell lines. However, de novo methylation of the 5" CpG Island is a frequent
mode of suppressing CDKN2/p16 expression, and also firmly demonstrate that
CDKN2/p16 is one of the most frequently altered genes in human neoplasia.

10.3.4.4 Retinoblastoma Protein-Interacting Zinc Finger Gene RIZ1

RIZ was first isolated in a functional screening for Rb-binding proteins, and was
also independently isolated as DNA-binding protein MTB-Zf, GATA3 transcription
factor-binding protein G3B, and a coactivator of estrogen receptor. RIZ contains the
canonical Rb-binding motif LXCXE and the nuclear hormone receptor-binding
motif LXXLL [63]. In addition, RIZ contains a novel protein methyltransferase
domain, called the PR domain or SET domain, which is present in ~50 human genes
[64]. Two products of the gene exist: (a) RIZ1, which contains the PR domain; and
(b) RIZ2, which lacks the domain. RIZ1 but not RIZ2 has tumor-suppressive prop-
erties [65]. The RIZI gene maps to chromosome 1p36, a region commonly deleted
in more than a dozen different types of human cancers. RIZ1 expression, but not
RIZ2 expression, is commonly silenced in many types of human tumors, including
breast cancer, liver cancer, colon cancer, neuroblastoma, melanoma, lung cancer,
and osteosarcoma through DNA methylation. Further studies are required to deter-
mine specific sites of methylation in the gene.

10.3.4.5 TMS1

TMS1 belongs to a growing family of apoptotic signaling molecules that contain a
CARD domain [66]. This domain is found within the prodomain of a number of
caspases, and oligomerization with upstream CARD-containing regulatory proteins
mediates their cleavage and activation. Other CARD-containing proteins with
known roles in apoptosis include the Caenorhabditis elegans CED-3 and CED-4,
the human homologue of CED-4, apoptotic protease activating factor-1, the cellular
and viral inhibitors of apoptosis, the cellular homologue of herpes virus EHV2 E10
protein, BCL10, and several proteins involved in the activation of NF-kB. The protein
was found to act during the initiation phase of an apoptotic pathway, coupling death
receptors at the cell surface or intrinsic death signals to the activation of the caspase
cascade. Earlier studies suggest that the gene encoding TMSI is silenced by DNA
methylation [67].
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10.3.4.6 14-3-3-¢

14-3-3-6 is a member of a superfamily of proteins that are responsible for instituting
cell cycle checkpoint in response to DNA damage [68]. Several lines of evidence
have demonstrated that hypermethylation of the 14-3-3-c gene occurs in 91 % of
primary breast cancers and is strongly associated with loss of 14-3-3-c gene expres-
sion. Hypermethylation of the 14-3-3-c gene occurs in a CpG-rich region that
extends from the transcriptional initiation site to the middle of the coding region.
Bisulfite genomic sequencing of the 500-bp region showed that it is consistently and
densely methylated in cell lines and primary breast tumors. This dense methylation
just downstream of its transcriptional start site is strongly associated with gene
silencing. Further proof of methylation silencing was obtained when treatment with
5-aza-dC resulted in demethylation of the CpG island and reactivation of gene
expression [69]. Moreover, 14-3-3-c expression is undetectable in 94 % (45/48)
of breast tumors. Subsequent studies have clearly demonstrated that CpG island
methylation is the epigenetic event that is largely responsible for silencing of the
14-3-3-6 gene and occurs in a majority of breast cancers.

10.3.5 Other Genes That Are Hypermethylated in Breast Cancers

10.3.5.1 Death-Associated Protein Kinase (DAP-Kinase)

DAP-kinase is a 160-kDa serine/threonine, microfilament-bound kinase recently
shown to be involved in y-interferon-induced apoptosis [70]. Tumor invasiveness
and aggressiveness has been associated with hypermethylation of a CpG island in
the promoter region of the gene. In a small series of B-cell malignancies, a similar
finding of methylation of the DAP-kinase CpG was also described, suggesting that
hypermethylation of the DAP-kinase gene and loss of y-interferon-mediated apop-
tosis may be important in the development of B-cell malignancies [71]. Cell lines
derived from these cancers also demonstrate reduced or DAP-kinase gene expres-
sion, and reexpression can be seen following treatment with a DNA demethylating
drug such as 5-aza-dC [72].

10.3.5.2 1ID4

ID4 is the most recently discovered member of the Inhibitor of DNA binding/
Inhibitor of differentiation family of transcription factors [73]. ID proteins contain
a helix-loop- helix (HLH) domain enabling interaction with other basic helix-loop-helix
(bHLH)-proteins. Following heterodimerization with those transcription factors, ID
proteins act as dominant negative inhibitors of gene transcription [74]. In addition,
ID proteins can bind to other important non-bHLH transcription factors such as the
retinoblastoma protein (RB) or the paired box (PAX)-proteins, thereby regulating
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important pathways in cell proliferation and differentiation [75]. Furthermore, ID4
is an important factor for the development of the nervous system. In this regard, the
ID4 gene is highly expressed in migrating postmitotic neurons, in Purkinje cells, as
well as in the adult cerebellum. Since ID proteins regulate fundamental cellular
processes, a link of ID dysregulation with human carcinogenesis has been recently
postulated. ID1 and ID2 are overexpressed in several human tumor cancers includ-
ing pancreatic cancer and colorectal adenocarcinomas, suggesting a putative onco-
geneic function for these two proteins [76]. However, ID3 and ID4 expression
is reduced in several tumor types such as ovarian adenocarcinomas. In human
breast tissue ID4 mRNA was found to be constitutively expressed in normal
mammary epithelial cells, but suppressed in estrogen receptor ER-positive breast
carcinomas and pre-neoplastic lesions. A human ribozyme library-based inverse
genomics approach revealed that ID4 might act as a negative regulator of the
common tumor suppressor gene BRCA1. Moreover, ID4 expression levels were
decreased in BRCA1/ER-positive breast cancer specimens, suggesting that ID4
participates in molecular events regulating ER and BRCA1 expression. Recently, it
has become very evident that promoter methylation plays a decisive role in the
expression of these genes in cancer. Aberrant hypermethylation of the ID4 gene
promoter was associated with an increased risk for lymph node metastasis [77].

10.3.5.3 Paired-Like Homeodomain Transcription Factor 2 (PITX2)

PITX2 acts as a transcription factor and are shown to regulate procollagen lysyl
hydroxylase gene expression. Furthermore, this protein is involved in the develop-
ment of organs [78]. Hypermethylation of the PITX2 promoter is associated with a
high risk of recurrence in node-negative, steroid hormone receptor-positive breast
cancer following tamoxifen adjuvant therapy [79]. In addition, DNA hypermethyl-
ation of eight candidate genes (BMP4, LMX1A, BARX1, FGF4, NR5A1, LHX4,
ZNF1Al, and CCND2) linked to the PITX2 signal transduction pathway was found
to be significantly associated with patient outcome [80].

10.3.5.4 Adenomatosis Polyposis Coli (APC)

The APC gene product modulates f-catenin function by binding to the protein and
driving it to ubiquitin-proteosomal degradation [81]. Genetic and epigenetic altera-
tions in APC, a tumor suppressor gene originally implicated in colon cancer have
been reported in many malignancies including breast cancers. A study of 76 breast
cancer patients by Liu and colleagues has demonstrated that APC gene methylation
correlated positively with TNM staging and negatively with protein expression [82].
Lee et al. reported that methylation occurs in the APC promoter in 42 % of breast
cancer aspiration fluid samples. However, the gene was unmethylated in the aspira-
tion fluids from normal breast tissue in patients with breast cancer and all benign
breast disease patients in their cohort [83].
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10.3.5.5 GSTP1

Glutathione (GSH) and its corresponding cytosolic GSTs are involved in the
detoxification pathway of xenobiotics and chemotherapeutic agents [84]. They
catalyze intracellular detoxification reactions by conjugating chemically reactive
electrophiles to GSH, inactivating electrophilic carcinogens. The GSTs, encoded by
several different genes at different loci, have been classified into o, p, © and 6
families. The n-class GST, encoded by the GSTP1 gene, on chromosome 11, is of
particular importance in breast cancer [85, 86]. In cultured breast cancer cell lines
an inverse relationship between GSTP1 and ER gene expression has been reported,
i.e. GSTP1 was expressed in ER-negative but not in ER-positive lines, although the
underlying mechanism is unclear. Treatment of the GSTP1-negative cell line MCF-7
with 5-aza-dC induces de novo synthesis of m-class protein. In addition, GSTP1
promoter methylation has been associated with gene inactivation in about 30 % of
primary breast carcinomas, and this correlates with PR expression. It is postulated
that methylation-associated inactivation of GSTP1 can result in adenine or guanine
mutation by estrogen metabolites-DNA adduct formation and lead to genetic
instability [87].

10.3.5.6 TIMP3

TIMP3 belongs to a family of molecules that inhibit the proteolytic activity of
matrix metalloproteinases [88]. The protein can suppress primary tumor growth via
its effects on tumor development, angiogenesis, invasion and metastasis. TIMP3 is
methylated in ~30 % of human breast cancer cell lines and also in ~30 % of primary
breast tumors [89]. Hypermethylation of 5'CpG island in TIMP3 promoter has been
observed in normal and benign (ALH) lesions and in DCIS and tumor lesions,
implicating TIMP3 as an early event. Furthermore, 5-aza-dC treatment has been
shown to induce TIMP3 expression supporting a role for epigenetic mechanism in
TIMP3 gene regulation [90].

10.3.5.7 Progesterone Receptor (PR)

Progesterone receptor (PR) is a classical estrogen-regulated gene [91]. Receptor
status is important in classification of breast cancers. The PR gene encodes two
isoforms, hPRA (79 kDa) and hPRB (109 kDa), which differ in both their N-terminal
sequences and biological activities. The PR gene, located at chromosome 11q13,
also has a CpG island in its first exon [92]. PR gene methylation has been demon-
strated in ~40 % of PR-negative breast tumors and PR-negative breast cancer cell
lines [93]. Additional proof of the functional role for CpG island methylation was
obtained when treatment of PR-negative MDA-MB-231 cells with 5-aza-dC in the
presence of estrogen led to partial demethylation of the PR CpG island and re-
expression of PR gene [94].
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10.3.5.8 E-Cadherin

The E-cadherin gene, located at chromosome 16g22.1, encodes a cell-surface adhesion
protein that is important in maintaining cell—cell adhesion in epithelial tissues [95].
Considerable evidence shows that loss of expression and function of E-cadherin
protein contributes to increased proliferation, invasion and metastasis in breast cancer.
This also correlates with decreased patient survival. While mutations and deletions
clearly play a role in loss of the E-cadherin expression and function, several studies
have also demonstrated that epigenetic silencing of the E-cadherin gene by 5'CpG
methylation occurs in human breast cancer cell lines as well as about 50 % of
unselected primary breast cancers [96]. Recent studies have demonstrated that hyper
methylation of the E-cadherin CpG island was evident in about 30 % of ductal car-
cinomas in situ and increased significantly in nearly 60 % of metastatic lesions [97].

10.3.5.9 LAMA3

Interaction between epithelial cells and extracellular matrix is important for the
structural integrity and specialized function of breast epithelium. Two way signal-
ing occurs via extracellular proteins (laminins) and their transmembrane receptors,
the integrins. Hemidesmosomes are structures used by normal epithelia to adhere to
basement membrane. The major structural proteins of the hemidesmosomes are the
integrins and its ligand laminin 5 (LNS). In lobular and ductal structures of the
breast, both myoepithelial and luminal cells has hemidesmosomes. LNS5 is specific
to epithelium, and it is a heterotrimeric protein member of the laminin family and
consists of three polypeptide chains a3, f3, and y2, which are the products of three
different genes LAMA3, LAMB3, and LAMC2. The chains are assembled in a
coiled cruciate-like structure, which is deposited in the basement membrane [98].
Silencing of LAMA3 gene by methylation plays an important role in pathogenesis
of breast cancers [99].

10.3.5.10 Klotho

Klotho is a single pass transmembrane protein, associated with premature aging and
acts as a potent inhibitor of insulin receptor [100]. Its expression is reduced associ-
ated during breast cancer development. Methylation of its promoter region and
silencing of its expression has been reported to occur at the early stages of breast
cancer [101].

10.3.5.11  Slit2

The Slit family comprises large ECM 3 secreted and membrane-associated glyco-
proteins [102]. Human Slits (SLIT1, SLIT2, and SLIT3) are candidate ligands for
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the repulsive guidance receptors, the ROBO gene family. The SLIT2 gene has been
mapped to chromosome 4p15.2, and studies have shown that the putative SLIT2
receptor, is methylated in some breast tumors [103]. In addition, Slit2 promoter
hypermethylation is detected in tissue and serum samples from breast cancer patients
[104] Furthermore, ectopic expression of SLIT2 in several breast cancer cell lines
suppressed growth and reduced colony formation abilities.

10.3.5.12 Caveolin-1 (Cavl)

Cavl is a ubiquitous scaffolding protein that coats plasma membrane invaginations
termed caveolae in various cell types [105]. The Cavl gene is located in the locus
D7S522 of human chromosome 7q31.1, a region that is frequently deleted in human
cancers, implicating Caveolin-1 as a tumor suppressor [106]. Aberrant promoter
methylation of Cav1l gene is associated with reduced of expression, and occurs at
the precancerous stage [107].

10.3.5.13 Lost-On-Transformation 1 (LOT1)

LOT1 is a growth suppressor gene localized on chromosome 6 at band q24-25,
which is a frequent site for loss of heterozygosity in many solid tumors [108].
The gene encodes a nuclear transcription factor and is strongly regulated by the
activation of the epidermal growth factor receptor-signaling pathway [109]. Earlier
studies have identified CpG islands in the upstream sequences of exon 1 and in the
promoter region, suggesting the potential for DNA methylation [110]. In addition,
recent reports have demonstrated that the gene is located within a maternally
imprinted chromosomal region, and the gene is methylated. Moreover, breast cancer
cell lines have high levels of CpG methylation in its promoter region.

10.3.5.14 Sulfotransferase 1A1 (SULT1A1)

SULT1A subfamily of sulfotransferases is an important phase II xenobiotic metabo-
lizing enzyme that mediates the sulfonation of drugs, carcinogens, and steroids
[111]. Specifically, SULT1AI plays a significant role in the sulfoconjugation of
xenobiotics, such as p-nitrophenol, N hydroxy-heterocyclic and -aromatic amines,
and endogenous compounds such as di-iodothyronine and estrogens. The CpG
methylation rate of the SULT1A1 gene in breast cancer was shown to be denser than
in normal and benign tissues [112].

10.3.5.15 Cystatin E/M (CST6)

Cystatin M or E/M (encoded by the CST6 gene) is an endogenous inhibitor of
lysosomal cysteine proteases that functions to protect cells against uncontrolled
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proteolysis. CST6 has been shown to be involved in the degradation of components
of connective tissues and basement membranes in vitro, and aberrant expression and
activity of these proteases accompany cancer invasion and metastasis in vivo [113].
Absence of CST6 expression is believed to result in increased proteolysis of tissue
architecture, facilitating the spread of cancer cells. Studies have established a strong
link between CST6 promoter hypermethylation and loss of CST6 expression in
breast cancer [114].

10.3.5.16 WW Domain Containing Oxidoreductase (WWOX)

WWOX is a tumor suppressor gene spanning a genomic region of f1 Mb located at
chromosome 16q23.3-24.1, a region with a high incidence of loss of heterozygosity
(LOH) in breast, prostate, and other cancers [115]. The area is highly methylated in
breast cancers, resulting in reduced gene expression. Similarly, a significantly greatly
reduced levels of WWOX gene expression was observed in MDA-MB-231 cells,
which was determined to be partly due to the methylation of the CpG islands [116].

10.3.5.17 Dickkopf-3 (DKK3)

Dickkopf genes (DKK) encode a class of extracellular signaling molecules.
Together, they control cell fate during embryonic development and regulate tissue
homeostasis in adults. There are four DKK members, DKK1-DKK4. While DKK1,
DKK2 and DKK4 antagonize canonical Wnt/B-catenin signaling at the membrane,
DKK3 functions in antagonizing nuclear B-catenin levels. DKK3 expression is fre-
quently lost in human cancer tissues because of aberrant 5’-cytosine methylation
within its promoter region including in breast cancers [117].

10.3.5.18 CCAAT/Enhancer Binding Protein D (CEBPD)

C/EBPs are a highly conserved family of leucine zipper proteins that regulate cell
growth and differentiation in multiple organs [118]. Specifically, C/EBPS functions to
initiate and maintain growth arrest of mammary epithelial cells [119]. Loss of func-
tion alterations in C/EBPS gene expression has been reported in human breast cancer
and in rodent carcinogen-induced mammary tumors [120]. This has been associated
with C/EBPdelta gene promoter hyper- and site specific-methylation [121].

10.3.5.19 Deleted in U Twenty Twenty (DUTT1)

DUTT 1is a member of NCM family of receptors was mapped at human 3p12 [122].
DUTT]1 protein consists of an ectodomain of five Ig domains and three-fibronectin
type III repeats. It also contains a single transmembrane segment and a long cyto-
plasmic domain that does not contain any recognizable motifs except proline-rich
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repeat and sequences of low compositional complexities as predicted by the SMART
program. The gene is frequently deleted in breast cancer. In addition, the gene can
be hypermethylated in breast cancer and its expression reactivated by 5-aza-dC
treatment [123].

10.4 Histone Modification

Histones are proteins that assemble and have DNA wrapped around them. There are
four histones, with the core histones present as octamers (2 each of 4 core histones)
as well as two linker histones H1 and HS. For many years it has been known that
post-translational modifications of histone tails determine, in part, which regions of
the genome are an open and thus transcriptionally active conformation, and which
are closed and thus transcriptionally inactive. Histone tails determines whether the
region will be in an actively transcribed state or in an inactive state. Histone modifi-
cations can result in alteration of the chromatin structure for transcription machinery
or recruiting regulatory proteins. Histones can be modified by methylation, acetyla-
tion, ribosylation, ubiquitination, sumoylation, and phosphorylation, which can
result in either an increase in transcription or in gene silencing [124]. There are
several reports confirming that cancers have altered patterns of histone modifica-
tions, chief among them being histone acetylation, histone methylation and histone
phosphorylation. Recently, the aberrant histone methylation has been shown to result
in cancer-specific loss of expression of surrounding genes. In breast cancer, abnor-
mal histone modification in combination with DNA hypermethylation is frequently
associated with epigenetic silencing of tumor suppressor genes and genomic insta-
bility [125]. Understanding the mechanisms of dysregulation of histone tail post-
translational modifications and their contribution to breast tumorigenesis is critically
important in the development of novel targeted therapy for breast cancer patients.

10.4.1 Histone Acetyltransferases

The acetylation of lysine residues on the N-terminus of histones is generally associ-
ated with active gene transcription. The HAT's can be grouped into three main fami-
lies based on their sequence similarities: GenS/PCAF, p300/CBP and the MYST
family of HAT proteins [126]. Most HAT's are present as part of large protein com-
plexes and act as transcriptional coactivators. Many of them have also been shown
to acetylate proteins other than histones.

10.4.2 Histone Deacetylases

HDACSs promote gene repression through removal of acetyl groups from lysine
residues in histone tails. At least 18 HDAC genes have been recognized in the
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human genome, grouped into three main classes based on sequence homology to
the yeast counterparts Rpd3, Hdal and Sir2/Hst [127, 128]. HDACs act mostly as
part of large multiprotein complexes that function as transcriptional corepressors.
HDAC family is divided into zinc-dependent enzymes (classes I, ITa, IIb, and IV,
of which there are 11 subtype enzymes) and zinc-independent enzymes (class III,
also called sirtuins), which require NAD+ for their catalytic activity [129]. Pruitt
and colleagues demonstrated that inhibition of class III HDAC SIRT1 using a
pharmacologic inhibitor, splitomicin, or siRNA reactivates epigenetically silenced
SFRP1, SFRP2, E- cadherin, and CRBP1 genes in human breast cancer cells [130].
HDAC:Ss remove the acetyl groups from histone lysine tails and are thought to
facilitate transcriptional repression by decreasing the level of histone acetylation.
Like HATs, HDACs also have non-histone targets. Several HDACs have been found
to be involved in breast cancer. HDAC1 and HDAC4 are overexpressed in breast
cancers [131]. In ER-positive MCF-7 cells, expression of HDAC6 was increased
after being treated by estradiol, and the elevated HDAC6 could deacetylate alpha-
tubulin and increase cell motility [132]. In contrast, ER antagonist tamoxifen (TAM)
or ICI 182,780 prevents estradiol-induced HDAC6 upregulation, and then reduces
cell motility [133]. Moreover, patients with high levels of HDAC6 tend to be more
responsive to endocrine treatment than those with low levels, indicating that the
levels of HDACG6 expression might be used both as a marker of endocrine respon-
siveness and also as a prognostic indicator in breast cancer. Studies have also sug-
gested that sirtuins SIRT3 and SIRT7 are overexpressed in breast cancer [134].

10.4.3 Histone Methyltransferases

Methylation of arginine and lysine residues in histones is involved in the regulation
of a wide range of processes including gene activity, chromatin structure and epi-
genetic memory. Arginine can be either mono- or dimethylated, and in symmetric
or asymmetric configurations. Lysine can be in mono-, di- or trimethylated forms.
Commonly, lysine methylation at H3K9, H3K27 and H4K20 is associated with
gene silencing, whereas methylation at H3K4, H3K36 and H3K79 is associated
with gene activation [135].

10.4.3.1 Histone Lysine Methyltransferase (HKMTSs)

Histone lysine methylation is a reversible process, dynamically regulated by both
lysine methyltransferases and demethylases. Methylation occurs on histone H3 at
e-amino group of lysines 4,9, 14, 27, 36, and 79 and on histone H4 at lysines 20 and
59 [136]. In general, methylation at H3K4 or H3K36, mono-methylations of H3K27,
H3K9, H4K20, H3K79, and H2BKS are associated with transcriptional activation,
whereas trimethylations of H3K27, H3K9 H3K79, and H4K20 are linked to tran-
scriptional repression [137].
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Histone methylation is regulated in breast cancer in an even more complicated
manner than histone acetylation via a large number of chromosomal remodeling
regulatory complexes. Modification of H3K4 methylation is catalyzed by the
Trithorax group of histone methyltransferases, including SET1 and MLL [138]. The
activity of Trithorax proteins is balanced by the opposing effects of the Polycomb
group factors, another important histone methyltransferase family that mediates
methylation usually associated with epigenetic gene silencing [139].

10.4.3.2 Histone Arginine Methyltransferase (HRMTs)

The protein arginine methyltransferase (PRMT) family is the main HRMTs that act
on histones. They are classified into four groups depending on the type of methylar-
ginine they generate: Type I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6
and PRMTS) catalyze the formation of ®-NG, monomethylarginines (MMA) and
NG-asymmetric dimethylarginines (aDMA); Type II PRMTs (PRMTS, PRMT7
and PRMT09) catalyze the formation of MMA and ©-NG, N'G-symmetric dimethy-
larginines (sSDMA); Type III PRMTs catalyze only the monomethylation of arginine
residues in proteins; Type IV PRMTs catalyze the methylation at delta (A) nitrogen
atom of arginine residues [140, 141]. Similar to HKMTs, evidence for the involve-
ment of HRMTs in human cancers is weak. Underexpression of PRMT1 has been
reported in breast cancer [142]. PRMT4, also known as coactivator-associated argi-
nine methyltransferase-1 (CARM1), is a coactivator for nuclear receptors and is
overexpressed in breast cancers [143]. PRMT4 plays an essential role in estrogen
induced cell cycle progression in the MCF-7 breast cancer cells. When stimulated
with estrogen, the E2F1 promoter is subjected to PRMT4-dependent dimethylation
on H3R17, and this recruitment of PRMT4 by ERa are dependent on the presence
of the NCOA3 [144].

10.4.4 Histone Demethylases

It used to be thought that histone methylation was a permanent and irreversible
histone modification. However, more recent studies have identified enzymes with
the ability to demethylate the methylated histone lysine/arginine residues via amine
oxidation, hydroxylation or deamination. The histone demethylases could be
divided into three distinct classes. The first class (petidylarginine deaminase 4,
PADI4) converts a methyl-lysine to citrulline. The second class (lysine-specific
demethylase 1, LSD1) reverses histone H3K4 and H3K9 modifications by an oxida-
tive demethylation reaction. The third class of demethylases is the family of Jumonji
C (JmjC)-domain containing histone demethylases (JHDMs). In contrast to LSD1,
JHDMs can demethylate all three methylated states (mono- di- and tri-methylated
lysine). Until now, JHDMs have been found to demethylate H3K36 (JHDM1),
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H3K9 (JHDM2A) and H3K9/K27 (JHDM3 and JMJD2A-D) [145]. Histone
demethylase JARID1B (PLU-1) is overexpressed in breast cancers but expressed
very low in normal adult tissues, and it is essential for the proliferation of the MCF-7
cells and for the nude mice tumor growth of mammary carcinoma cells. Several
target genes of JARID1B have also been identified to be associated with prolifera-
tion of breast cancer, such as 14-3-3c, BRCA1, CAV1, and HOXA5 [146]. LSD1
could be a coactivator in the ER signaling. JMJDIC expression is decreased in
breast cancer tissues compared with normal breast tissues, suggesting that it might
be a tumor suppressor [147].

10.4.5 Histone Phosphorylation in Breast Cancer

Phosphorylation event of histone is thought to have a role in chromatin remodeling
and in transcription, and therefore could potentially be associated with the human
cancer development. Phosphorylation of H3 on S10 and S28 is essential not only
during mitotic chromosome condensation but also in transcriptional activation of
immediate early genes. When MCF7 cells were treated with phorbol ester, the num-
ber of H3 pS10 foci was increased, and were positioned next to actively transcribed
regions in the nucleus. Seemingly, these nuclear sites represent the nuclear location
of genes that are induced or in a competent state. Therefore, growth factors stimu-
lating the Ras/MAPK and increasing H3 pS10 at transcriptionally active loci may
contribute to aberrant gene expression and breast cancer progression [148].

10.4.6 Other Histone Modifications in Breast Cancer

Apart from acetylation, methylation and phosphorylation, there are some other
modifications of histones occur. These epigenetic changes include ubiquitination/
sumoylation, ADP-ribosylation, deamination, and proline isomerization. However,
their function and mechanism is not clear, some studies have showed that they are
also associated with breast cancer and other human cancers.

Regulation of the expression of genes by phosphorylated and undersumoylated
PRs is a novel form of hormone independent PR action that is predicted to contribute
to breast cancer cell growth and survival [149]. Recently, E3 ubiquitin ligase has
been shown to play important role in breast carcinogenesis. Ubiquitin-mediated
protein degradation plays an important role in many cancer-related cellular pro-
cesses. E3s play crucial role because they control the specificity of the substrate.
Gathering evidence suggests that genetic and expression alteration of E3s plays
important role in breast carcinogenesis [150]. Sumoylation of histone also seem to
govern chromatin structure and function to mediate transcriptional repression and
gene silencing [151].
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10.5 Polycomb Group (PcG) Proteins

The Polycomb gene was discovered about 60 years ago as a mutation inducing a
particular homeotic phenotype. Later studies indicated that Polycomb is a general
repressor of homeotic genes [152]. Genes with similar functions were identified
and grouped under the name Polycomb group (PcG) genes. These genes have
demonstrated epigenetic regulation of genes during development and differentia-
tion. These proteins function to maintain a silenced state of developmental regula-
tors. The PcG genes encode subunits, which are part of the polycomb repressive
complex. Furthermore, these PcG genes are closely associated with coordinated
regulation of histone modification and methylation, thus inter connecting the vari-
ous epigenetic mechanisms. The Polycomb Repressive Complex 1 (PRC1) plays a
crucial role in reading histone methylation marks and silencing target genes [153].
PRCI can be recruited to chromatin by the PC chromodomain-mediated recogni-
tion of the H3K27me3 mark, which is deposited by PRC2. PRC1 components can
also repress transcription without directly contacting transcription factors.
Isolation of a core PRC1 complex, called PCC, that contains PC, PH, PSC and
dRINGI, revealed that these four PcG proteins are sufficient to inhibit ATP-
dependent chromatin remodeling by the SWI/SNF complex, a homolog of the
Drosophila BRM complex.

The Polycomb group (PcG) comprises several proteins that form multiprotein
complexes, 2-5 MDa in size, that regulate gene activity at the chromatin level. The
first components of Drosophila PcG were identified in 1980s and after several years
it was recognized in mammalian cells, indicating strong evolutionary conservation
[154]. PcG proteins, along with the counteracting Trithorax group (TrxG) proteins,
were initially recognized as part of the memory system that transmission of cell
identities throughout cell division [155]. PcG protein expression appears to be
tightly regulated during normal cell proliferation and differentiation. While the
expression, of PcG is frequently dysregulated in several cancer types [156]. Several
PcG genes regulate self-renewal of specific stem cells, suggesting a link between
the maintenance of cell homeostasis and carcinogenesis [157]. Bmi-1 was initially
identified as an oncogene that cooperated with c-Myc in the generation of mouse
pre-B-cell lymphomas [158]. It is also considered to be the first functional mam-
malian PcG protooncogene, and has been implicated in axial patterning, hematopoi-
esis, cell cycle regulation, and senescence. Data obtained in mice and in vitro studies
have indicated that Bmi-1 protein regulates the INK4a/ARF locus, which encodes
two unrelated tumor suppressors, pl6INK4a and pl9ARF (pl4ARF in humans),
which act in the two main cell cycle control pathways (pRb and p53, respectively)
[159]. However, the effect of Bmi-1 overexpression on the inactivation of the
INK4a/AREF transcripts in human tumorigenesis is unclear. One study demonstrated
that although high levels of Bmi-1 were frequently observed in tumors, they did not
correlate with downregulation of pl16INK4a or pl4ARF. A correlation between
c-Myc and Bmi-1 expression levels has been shown; however, tumors showing
elevated expression of both genes were not associated to a worse prognosis.
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10.6 Non-coding RNAs

Many non-coding RNAs such as microRNA, small nucleolar RNAs, and
repeat-associated small interfering RNA have been shown to alter transcription.
MicroRNAs are small non-coding RNAs of approximately 22 nucleotides [160].
Several genes that are responsible for breast cancer progression are shown to be
targeted by microRNAs, for example, miR-199b-5p was shown to inhibit HER2
expression by directly targeting its 3’-untranslated region (3'UTR) in breast cancer
cells [161].

10.6.1 MicroRNAs Inhibit Target mRNA Translation

Initial studies on miRNAs suggested that these small non-coding RNAs inhibit
mRNA translation, with perfect or near perfect complimentarity inducing mRNA
degradation, while imperfect binding resulting in inhibition of translation [162].
Oncogenic microRNAs are also called as OncomiRs and they have been shown to
promote breast cancer. These include miR-10 family, which regulate Hox transcripts
[163]. In case of breast cancer, miR-10 family is reported to be involved both in the
development and metastasis through miR-10a and miR-10b, respectively. Expression
of miR-21 is negatively correlated with expression of PTEN in breast cancer and also
correlates with advanced stage and metastasis and poor survival [164]. Finally, miR-
17~92 cluster is a polycistron and is located in a region of DNA that is amplified in
various cancer. The expression of miR-17-5p is increased in invasive MDA-MB-231
cells but not in non-invasive MCF-7 breast cancer cells [165]. Ectopic expression of
this miRNA in MCF-7 cells can lead to more invasive and migratory phenotypes by
targeting HBP1/p-catenin pathway. Similarly, down regulation of miR-17-5p sup-
presses the migration and invasion of MDA-MB-231 cells in vitro.

There are also tumor suppressor microRNAs. The Let-7 family includes mem-
bers that affect muscle formation, cell adhesion and regulation of gene expression
and development [166]. Let-7 expression is lost in breast cancer at an early stage of
disease progression in breast cancer. Similarly, the miR-200 family is lost in inva-
sive breast cancer cell lines with mesenchymal phenotypes and also in regions of
metaplastic breast cancer specimens lacking E-cadherin. The miR-200 family has
been shown to regulate PLCG1, Bmil, TGF-p2, FAP-1, ZEB and Suz12, hence acting
as tumors suppressor [167, 168]. The expression of miR-205 is restricted to basal
epithelium of normal mammary ducts and lobules, but its expression is reduced or
lost in tumor [169]. Ectopic expression of miR-205 in breast cancer cells inhibits
invasion, proliferation and anchorage independent growth, in part through direct
targeting of Her3 and VEGF-A [170]. In addition, miR-145, is significantly down-
regulated in breast cancer specimen compared with normal breast tissue [171].
Furthermore, miR-145 can directly target estrogen receptor-o (ER-a) protein
expression through direct interaction and promotes apoptosis in both ER-a positive
and wild type TP53-expressing breast cancer cells.
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Breast cancer metastatic related microRNAs, there are miRNAs that promote the
metastasis in breast cancer include miR-9, miR-10b, miR-21, miR-29a, miR-155
and miR-373/520 family. On the other hand there are microRNAs reported to sup-
press metastasis and they are, miR-7, miR-17/20, miR-22, miR-30, miR-31, miR-
126, miR-145, miR-146, miR-193b, miR-205, miR-206, miR-335, miR-448,
miR-661 and let-7 [172].

10.6.2 MicroRNA Control of Epigenetic Mechanisms

Both miRNAs, and small interfering RNAs (siRNAs) are involved in both DNA
methylation and histone modifications. Maison et al. showed that RNAse treatment
can abolish the localization of methylated H3 lysine 9 and HP1 to pericentromeric
chromatin [173]. Fukagawa et al. demonstrated that Dicer-related RNAi machinery
is necessary for the formation of heterochromatin structure [174]. Furthermore,
miR22, miR206, and miR-221/222 regulate ER-a expression in breast cancer [175].
MicroRNAs can target genes coding for enzymes responsible for histone modifica-
tion (EZH2) and DNA methylation (DNMT3A and DNMT3B) [176]. miR-101 and
miR-26a target the EZH2 mRNA 3"UTR and inhibits its translation [177].

Studies from Shimono et al. reported that 37 miRNAs are differentially expressed
in CD44+/CD24-/low breast cancer stem cells as compared with non-tumorigenic
cancer cells. In particular, three clusters, miR-200c-141, miR-200b-200a-429 and
miR-183-96-182, are significantly down regulated. Furthermore, loss of p53 leads
to a decreased level of miR-200c and an increase in the expression of EMT and
stemness markers, leading to the development of a high tumor grade [178]. In addi-
tion, Han and colleagues isolated ALDH1+ and CD44+/CD24-/low cells from
MCEF-7 parental cells and found that HIF-1oo and miR-21 are upregulated in the
stem-like cells [179]. Moreover, reduction in miR-21 expression by antagomir leads
to reversal of EMT, downregulation of HIF-1a, as well as suppression of invasion
and migration. This indicates that miR-21 regulates EMT transition in breast cancer
stem cells as well as HIF-1a overexpression.

10.6.3 Epigenetic Control of MicroRNA Expression

While microRNAs regulate epigenetic mechanisms, microRNA expression itself
can be regulated in a similar manner. Interestingly, CpG island methylations in
miRNA regions influence miRNA function, thereby altering the processes of tumor-
igenesis [180]. Nearly half of all identified miRNAs are associated with CpG sites,
and studies revealed methylation levels at several miRNA loci across normal and
malignant cell lines [181]. Silencing of miRNA gene expression due to hypermeth-
ylation is also a feature of several cancers. MicroRNAs can trigger transcriptional
silencing via chromatin remodeling [182]. Tumor suppressor miRNAs could
undergo aberrant DNA methylation accompanied by histone modifications associated
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with transcriptional inactivation. Interestingly, miR-124a silencing by DNA
methylation was accompanied by the absence of active histone markers, such as
acetylation of histone H3, acetylation of histone H4, trimethylation of histone
H3-lysine 4, and occupancy by MBDs such as MeCP2 and MBD2 [183]. The epi-
genetic regulation of miR-196a-2 in breast cancer development has also been stud-
ied. Hypermethylation of a CpG island 700 bp upstream of the miR-196a-2 precursor
promoter was associated with reduced breast cancer risk [181]. Putative targets for
the microRNA include HOXD10, LSP1 and TOX3. HOXD10 is a target for initia-
tion of breast cancer invasion and metastasis, LSPI and TOX3 (TNRC9) were iden-
tified as novel breast cancer susceptibility markers in large-scale whole-genome
association studies [184]. Furthermore, miR335 locus on 7q32.2 is a selective
metastasis suppressor and tumor initiation suppressor locus in human breast cancer.
In fact, miR-335 regulates a set of genes that regulate metastasis [185]. This locus
also undergoes epigenetic hypermethylation in every patient metastatic cell popula-
tion. In addition, genetic deletion of miR-335 is a common event in human breast
cancer [185]. There are several other miRNAs that are regulated by hypermethyl-
ation of the promoter region including miR-9-1 (targets transcription factor REST
and its partner COREST), miR-124a3, miR-148, and miR663 [186].

10.7 Epigenetics and Cancer Stem Cells

Cancer stem cells (CDCs) are relatively rare subpopulation of cells within a tumor
that has the ability to initiate new tumor growth and have the capacity to self-
renewal, the use of key regulatory pathways and establishment of dynamic epigen-
etic profiles. Compared to normal adult stem cells, CSCs will have higher
proliferative rates and less dependence to stem cell niche. They may give rise to
cellular heterogeneity in the tumor by initiating epigenetic reprogramming, this is
because most of the currently known markers including CD44, Bmil, ALDHI,
CD133, and EPCAM have been shown to be regulated by either DNA methylation
or histone modifications [187]. Furthermore, analysis of DNA methylation profile
of CSCs, suggest that epigenetic markers of stemness of CSCs resemble embryonic
stem cells rather than the adult normal stem cells pattern. The major problem with
cancer chemotherapy is the development of resistance to the drugs, especially in
CSCs; therefore understanding the epigenetic profile of these CSCs will provide us
new avenues for developing new therapeutics for breast cancer.

10.8 Epigenetic Modifier Drugs Against Breast Cancer

There are many drugs in clinical trials for breast cancer that are epigenetic modifiers
(Table 10.2), most of which come under the classification of HDAC inhibitors.
Vorinostat a hydroxamic acid is being used as a single agent or in combination with
tamoxifen, aromatase inhibitor, paclitaxel, carboplatin, trastuzumab, ixabepilone,
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Table 10.2 Epigenetic drugs in clinical trials

Classification Drugs in Pre-clinical studies Drugs in clinical trial

DNMT inhibitors

Nucleoside analogues RG108, MG98, NVP-LAQ824,  5-azacytidine, 5-aza-2'-
Decitabine, SGI-110 deoxycytidine, 5'-fluro-2'-

deoxycytidine, Zebularine,
Epigallocatechin-3 gallate,

Hydrazine
HDAC inhibitors
Short chain fatty acids Valproic acid and phenylbutyrate
Hydroxamic acids Suberoylanilide hydroxamic acid
(SAHA), Panobinostat,
Belinostat, CHR-3996,
Tefinostat, INJ-26481585
Cyclic tetrapeptides Trapoxin, Despsipeptide, cyclic
hydroxamic acid-containing
peptide (CHAP), and
Apicidin
Benzamides Entinostat (MS-275), N-acetly-

dinaline (CI-994),
Mocetinostat (MGCD-0103)

lapatinib [188]. Another HDAC inhibitor in the breast cancer clinical trial is
Entinostat, which comes under Benzamide sub class, this agent is being combined
with exemestane, Anastrozole and lapatinib [188].

10.8.1 Nucleoside Analogs

There are several nucleoside analogue methylation inhibitors such as 5-azacytidine,
5-aza-2'-deoxycytidine, 5'-fluro-2’-deoxycytidine and Zebularine. These inhibitors
affect DNA synthesis and are implicated to regulate DNA methylation. The forma-
tion of covalent complexes with DNMTs results in depletion of the enzyme and
finally, a reversal of the methylation pattern. The non-nucleoside analogues are
shown to inhibit DNA methylation by binding directly to the catalytic region of the
DNMT without incorporating into DNA. RG108, was shown to inhibit DNA meth-
yltransferase [189], however, it has not entered clinical trials. A non-toxic antisense
oligonucleotide, MG98 has been shown to prevent translation of DNMT1 mRNA
by hybridizing to the 3’'UTR of the DNMT1 mRNA [190]. In addition, NVP-
LAQS824, a derivative of a compound derived from the sponge Psseudoceratina
purpureacalled Psammapalin, inhibits both DNMTs and HDACs [ 191]. Furthermore,
there are several other agents such as Decitabine and SGI-110 that are nucleoside
analogues that inhibit DNMT [188, 192]. The green tea compound epigallocate-
chin-3 gallate (EGCG) has also been shown to reduce DNA methylation and
increase transcription of tumor suppressor genes [193]. Currently, EGCG is being
tested in clinical trial [194].
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10.8.2 Histone Deacetylation Inhibitors

These are agents that inhibit histone deacetylase enzymes leading to increased
acetylation in histones and resulting in altered cellular processes that have become
defective in cancerous cells. The compounds are divided into short chain fatty acids,
hydroxamic acids, cyclic tetrapeptides and benzamides. Currently, there are several
HDAC inhibitors in clinical development for treatment of variety of cancers.

10.8.3 Short Chain Fatty Acids (SCFA)

HDAC inhibition by SCFAs was first demonstrated using butyrate resulting in
hyperacetylate of histones H3 and H4 [195]. Valproic acid and phenylbutyrate is
now used clinically as histone deacetylase inhibitor for breast cancer [196]. They
induce proteosomal degradation of HDAC?2 by inhibiting the catalytic activity of
class I HDACs.

10.8.4 Hydroxamic Acids

Trichostatin A is an HDAC inhibitor that can inhibit the viability of breast cancer
cells [197]. Suberoylanilide hydroxamic acid (SAHA) is another molecule that has
been shown to inhibit both class I and I HDAC enzymes [198]. SAHA has FDA
approval for treating cutaneous manifestations of lymphoma patients. Furthermore,
there are other drugs such as Panobinostat, Belinostat, CHR-3996, Tefinostat, JNJ-
26481585 that have entered the clinical studies [188].

10.8.5 Cyclic Tetrapeptides

Trapoxin accumulates highly acetylated core histones [199]. Even low concentra-
tions of trapoxin can bind to histone deacetylase through epoxide moiety and inhibit
deacetylation of acetylated histones [200]. Despsipeptide, a bicyclic peptide
increases p53 expression in breast cancer cells [201]. In addition, CHAP, cyclic
hydroxamic acid-containing peptide has been shown to inhibit HDAC [202].
Apicidin, a cyclic tetrapeptide increases the levels of acetylated histone H3 and H4
in breast cancer cells [203].

10.8.6 Benzamides

There are many benzamides that are either in clinical trials or are in preclinical testing.
Entinostat (MS-275) treatment results in hyperacetylation of nuclear histones in
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various tumor cells [204]. This class I HDAC selective inhibitor is currently being
used in the phase II clinical trials for triple negative breast cancers. In addition,
Mocetinostat (MGCD-0103), a class-selective HDAC inhibitor with IC50s in the
submicromolar range has entered clinical trials, although not for breast cancers
[188]. Finally, N-acetyldinaline (CI-994), another histone deacetylase inhibitor
with a substituted benzamide derivative causes accumulation of acetylated histones
[205]. The combination of current therapy with these novel inhibitors can result in
successful treatment of breast cancer.

10.9 Conclusion

Over the last decade our knowledge on hypermethylation of DNA sequences and
histone modifications along with Polycomb group proteins and microRNAs, and
their epigenetic role in regulation of breast cancer gene expression has been
increased tremendously. However, much needs to be done to understand the exact
mechanisms initiating these changes during tumor development and progression.
There may be a critical cross talk between the genetics and epigenetics, which has
to be studied thoroughly to enhance our understanding of breast cancer initiation
and progression. Identifying the epigenetic signature of breast cancer and the
molecular mechanisms will definitely enhance the treatment opportunity.

References

1. Sikora MJ, Jankowitz RC, Dabbs DJ, Oesterreich S (2012) Invasive lobular carcinoma of the
breast: patient response to systemic endocrine therapy and hormone response in model systems.
Steroids pii: S0039-128X(12):00302-00309

2. Krontiras H, Bramlett R, Umphrey H (2013) How do I screen patients for breast cancer? Curr
Treat Options Oncol 14(1):88-96

3. Holliday R (2006) Epigenetics: a historical overview. Epigenetics 1:76-80

4. Zovkic IB, Sweatt JD (2013) Epigenetic mechanisms in learned fear: implications for PTSD.
Neuropsychopharmacology 38:77-93

5. Sager R, Kitchin R (1975) Selective silencing of eukaryotic DNA. Science 189:426-433

6. Chandler LA, DeClerck YA, Bogenmann E, Jones PA (1986) Patterns of DNA methylation
and gene expression in human tumor cell lines. Cancer Res 46:2944-2949

7. Wakim BT, Aswad GD (1994) Ca(2+)-calmodulin-dependent phosphorylation of arginine in
histone 3 by a nuclear kinase from mouse leukemia cells. J Biol Chem 269:2722-2727

8. Nystrom M, Mutanen M (2009) Diet and epigenetics in colon cancer. World J Gastroenterol
15:257-263

9. Mense SM, Hei TK, Ganju RK, Bhat HK (2008) Phytoestrogens and breast cancer prevention:
possible mechanisms of action. Environ Health Perspect 116:426-433

10. Gavery MR, Roberts SB (2010) DNA methylation patterns provide insight into epigenetic
regulation in the Pacific oyster (Crassostrea gigas). BMC Genomics 11:483

11. Takai D, Jones PA (2002) Comprehensive analysis of CpG islands in human chromosomes
21 and 22. Proc Natl Acad Sci U S A 99:3740-3745

12. Laird PW (2003) The power and the promise of DNA methylation markers. Nat Rev Cancer
3:253-266



10

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

Epigenetic Signatures of Breast Cancer Genes 193

Antequera F, Bird A (1999) CpG islands as genomic footprints of promoters that are
associated with replication origins. Curr Biol 9:R661-R667

Bestor T, Laudano A, Mattaliano R, Ingram V (1988) Cloning and sequencing of a cDNA
encoding DNA methyltransferase of mouse cells. The carboxyl-terminal domain of the mam-
malian enzymes is related to bacterial restriction methyltransferases. J] Mol Biol 203:971-983
Athanasiadou R, de Sousa D, Myant K, Merusi C, Stancheva I et al (2010) Targeting of de
novo DNA methylation throughout the Oct-4 gene regulatory region in differentiating embry-
onic stem cells. PLoS One 5:9937

Howe LR, Brown AM (2004) Wnt signaling and breast cancer. Cancer Biol Ther 3:36—41
Kawano Y, Kypta R (2003) Secreted antagonists of the Wnt signalling pathway. J Cell Sci
116:2627-2634

Bovolenta P, Esteve P, Ruiz JM, Cisneros E, Lopez-Rios J (2008) Beyond Wnt inhibition:
new functions of secreted Frizzled-related proteins in development and disease. J Cell Sci
121:737-746

Veeck J, Noetzel E, Bektas N, Jost E, Hartmann A et al (2008) Promoter hypermethylation of
the SFRP2 gene is a high-frequent alteration and tumor-specific epigenetic marker in human
breast cancer. Mol Cancer 7:83

Veeck J, Niederacher D, An H, Klopocki E, Wiesmann F et al (2006) Aberrant methylation of
the Wnt antagonist SFRP1 in breast cancer is associated with unfavourable prognosis.
Oncogene 25:3479-3488

. Veeck J, Geisler C, Noetzel E, Alkaya S, Hartmann A et al (2008) Epigenetic inactivation of

the secreted frizzled-related protein-5 (SFRP5) gene in human breast cancer is associated
with unfavorable prognosis. Carcinogenesis 29:991-998

Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J et al (2001) Mechanisms of estrogen
action. Physiol Rev 81:1535-1565

Goulart AC, Zee RY, Pradhan A, Rexrode KM (2009) Associations of the estrogen receptors
1 and 2 gene polymorphisms with the metabolic syndrome in women. Metab Syndr Relat
Disord 7:111-117

Mann M, Cortez V, Vadlamudi RK (2011) Epigenetics of estrogen receptor signaling: role in
hormonal cancer progression and therapy. Cancers (Basel) 3:1691-1707

Bandyopadhyay A, Wang L, Chin SH, Sun LZ (2007) Inhibition of skeletal metastasis by
ectopic ERalpha expression in ERalpha-negative human breast cancer cell lines. Neoplasia
9:113-118

Ottaviano YL, Issa JP, Parl FF, Smith HS, Baylin SB et al (1994) Methylation of the estrogen
receptor gene CpG island marks loss of estrogen receptor expression in human breast cancer
cells. Cancer Res 54:2552-2555

Melki JR, Vincent PC, Clark SJ (1999) Concurrent DNA hypermethylation of multiple genes
in acute myeloid leukemia. Cancer Res 59:3730-3740

Yang X, Yan L, Davidson NE (2001) DNA methylation in breast cancer. Endocr Relat Cancer
8:115-127

Ferguson AT, Vertino PM, Spitzner JR, Baylin SB, Muller MT et al (1997) Role of estrogen
receptor gene demethylation and DNA methyltransferase. DNA adduct formation in 5-aza-
2'deoxycytidine-induced cytotoxicity in human breast cancer cells. J Biol Chem
272:32260-32266

Picard E, Seguin C, Monhoven N, Rochette-Egly C, Siat J et al (1999) Expression of retinoid
receptor genes and proteins in non-small-cell lung cancer. J Natl Cancer Inst 91:1059-1066

. Guleria RS, Choudhary R, Tanaka T, Baker KM, Pan J (2011) Retinoic acid receptor-

mediated signaling protects cardiomyocytes from hyperglycemia induced apoptosis: role of
the renin-angiotensin system. J Cell Physiol 226:1292-1307

Yang Q, Mori I, Shan L, Nakamura M, Nakamura Y et al (2001) Biallelic inactivation of retinoic
acid receptor beta2 gene by epigenetic change in breast cancer. Am J Pathol 158:299-303
Bean GR, Scott V, Yee L, Ratliff-Daniel B, Troch MM et al (2005) Retinoic acid receptor-beta2
promoter methylation in random periareolar fine needle aspiration. Cancer Epidemiol
Biomarkers Prev 14:790-798



194

34

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

S. Anant et al.

. Widschwendter M, Berger J, Hermann M, Muller HM, Amberger A et al (2000) Methylation
and silencing of the retinoic acid receptor-beta2 gene in breast cancer. J Natl Cancer Inst
92:826-832

Liu Z, Zhang L, Ding F, Li J, Guo M et al (2005) 5-Aza-2'-deoxycytidine induces retinoic
acid receptor-beta(2) demethylation and growth inhibition in esophageal squamous carci-
noma cells. Cancer Lett 230:271-283

Yuan J, Luo RZ, Fujii S, Wang L, Hu W et al (2003) Aberrant methylation and silencing of
ARHI, an imprinted tumor suppressor gene in which the function is lost in breast cancers.
Cancer Res 63:4174—-4180

Fujii S, Luo RZ, Yuan J, Kadota M, Oshimura M et al (2003) Reactivation of the silenced and
imprinted alleles of ARHI is associated with increased histone H3 acetylation and decreased
histone H3 lysine 9 methylation. Hum Mol Genet 12:1791-1800

Feng W, Shen L, Wen S, Rosen DG, Jelinek J et al (2007) Correlation between CpG methyla-
tion profiles and hormone receptor status in breast cancers. Breast Cancer Res 9:R57

Powell SN, Kachnic LA (2003) Roles of BRCA1 and BRCA2 in homologous recombination,
DNA replication fidelity and the cellular response to ionizing radiation. Oncogene
22:5784-5791

Burga LN, Hu H, Juvekar A, Tung NM, Troyan SL et al (2011) Loss of BRCA1 leads to an
increase in epidermal growth factor receptor expression in mammary epithelial cells, and
epidermal growth factor receptor inhibition prevents estrogen receptor-negative cancers in
BRCA I-mutant mice. Breast Cancer Res 13:R30

Locke I, Kote-Jarai Z, Bancroft E, Bullock S, Jugurnauth S et al (2006) Loss of heterozygos-
ity at the BRCA1 and BRCAZ2 loci detected in ductal lavage fluid from BRCA gene mutation
carriers and controls. Cancer Epidemiol Biomarkers Prev 15:1399-1402

Catteau A, Harris WH, Xu CF, Solomon E (1999) Methylation of the BRCA1 promoter
region in sporadic breast and ovarian cancer: correlation with disease characteristics.
Oncogene 18:1957-1965

Esteller M, Silva JM, Dominguez G, Bonilla F, Matias-Guiu X et al (2000) Promoter hyper-
methylation and BRCA1 inactivation in sporadic breast and ovarian tumors. J Natl Cancer
Inst 92:564-569

Wei M, Grushko TA, Dignam J, Hagos F, Nanda R et al (2005) BRCA 1 promoter methylation
in sporadic breast cancer is associated with reduced BRCA1 copy number and chromosome
17 aneusomy. Cancer Res 65:10692—-10699

Lim SP, Wong NC, Suetani RJ, Ho K, Ng JL et al (2012) Specific-site methylation of tumour
suppressor ANKRD11 in breast cancer. Eur J Cancer 48:3300-3309

Parc Y, Boisson C, Thomas G, Olschwang S (2003) Cancer risk in 348 French MSH2 or
MLHI1 gene carriers. J Med Genet 40:208-213

Mackay HJ, Cameron D, Rahilly M, Mackean MJ, Paul J et al (2000) Reduced MLH1 expres-
sion in breast tumors after primary chemotherapy predicts disease-free survival. J Clin Oncol
18:87-93

Westenend PJ, Schutte R, Hoogmans MM, Wagner A, Dinjens WN (2005) Breast cancer in
an MSH2 gene mutation carrier. Hum Pathol 36:1322-1326

Chow LS, Lo KW, Kwong J, To KF, Tsang KS et al (2004) RASSF1A is a target tumor sup-
pressor from 3p21.3 in nasopharyngeal carcinoma. Int J Cancer 109:839-847

van der Weyden L, Adams DJ (2007) The Ras-association domain family (RASSF) members
and their role in human tumourigenesis. Biochim Biophys Acta 1776:58—-85

Burbee DG, Forgacs E, Zochbauer-Muller S, Shivakumar L, Fong K et al (2001) Epigenetic
inactivation of RASSF1A in lung and breast cancers and malignant phenotype suppression.
J Natl Cancer Inst 93:691-699

Euhus DM, Bu D, Milchgrub S, Xie XJ, Bian A et al (2008) DNA methylation in benign
breast epithelium in relation to age and breast cancer risk. Cancer Epidemiol Biomarkers
Prev 17:1051-1059

Peters I, Vaske B, Albrecht K, Kuczyk MA, Jonas U et al (2007) Adiposity and age are sta-
tistically related to enhanced RASSF1A tumor suppressor gene promoter methylation in nor-
mal autopsy kidney tissue. Cancer Epidemiol Biomarkers Prev 16:2526-2532



10 Epigenetic Signatures of Breast Cancer Genes 195

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65

66.

67.

68

69.

70.

71.

72.

73.

Lehmann U, Langer F, Feist H, Glockner S, Hasemeier B et al (2002) Quantitative assessment
of promoter hypermethylation during breast cancer development. Am J Pathol 160:605-612

Pizzi S, Azzoni C, Bottarelli L, Campanini N, D’Adda T et al (2005) RASSF1A promoter
methylation and 3p21.3 loss of heterozygosity are features of foregut, but not midgut and
hindgut, malignant endocrine tumours. J Pathol 206:409-416

Jagadeesh S, Sinha S, Pal BC, Bhattacharya S, Banerjee PP (2007) Mahanine reverses an
epigenetically silenced tumor suppressor gene RASSF1A in human prostate cancer cells.
Biochem Biophys Res Commun 362:212-217

Liu SC, Bassi DE, Zhang SY, Holoran D, Conti CJ et al (2002) Overexpression of cyclin D2
is associated with increased in vivo invasiveness of human squamous carcinoma cells. Mol
Carcinog 34:131-139

Evron E, Umbricht CB, Korz D, Raman V, Loeb DM et al (2001) Loss of cyclin D2 expres-
sion in the majority of breast cancers is associated with promoter hypermethylation. Cancer
Res 61:2782-2787

Brooks J, Cairns P, Zeleniuch-Jacquotte A (2009) Promoter methylation and the detection of
breast cancer. Cancer Causes Control 20:1539-1550

Serrano M, Hannon GJ, Beach D (1993) A new regulatory motif in cell-cycle control causing
specific inhibition of cyclin D/CDK4. Nature 366:704-707

Vermeulen K, Van Bockstaele DR, Berneman ZN (2003) The cell cycle: a review of regula-
tion, deregulation and therapeutic targets in cancer. Cell Prolif 36(3):131-149

Taneja P, Frazier DP, Kendig RD, Maglic D, Sugiyama T et al (2009) MMTYV mouse models
and the diagnostic values of MMTV-like sequences in human breast cancer. Expert Rev Mol
Diagn 9:423-440

DuY, Carling T, Fang W, Piao Z, Sheu JC et al (2001) Hypermethylation in human cancers
of the RIZ1 tumor suppressor gene, a member of a histone/protein methyltransferase super-
family. Cancer Res 61:8094-8099

Huang S, Shao G, Liu L (1998) The PR domain of the Rb-binding zinc finger protein RIZ1 is
a protein binding interface and is related to the SET domain functioning in chromatin-
mediated gene expression. J Biol Chem 273:15933-15939

. Liu ZY, Wang JY, Liu HH, Ma XM, Wang CL et al (2012) Retinoblastoma protein-interacting

zinc-finger gene 1 (RIZ1) dysregulation in human malignant meningiomas. Oncogene.
doi:10.1038/onc.2012.155

Conway KE, McConnell BB, Bowring CE, Donald CD, Warren ST et al (2000) TMS1, a
novel proapoptotic caspase recruitment domain protein, is a target of methylation-induced
gene silencing in human breast cancers. Cancer Res 60:6236-6242

Stimson KM, Vertino PM (2002) Methylation-mediated silencing of TMS1/ASC is accompa-
nied by histone hypoacetylation and CpG island-localized changes in chromatin architecture.
J Biol Chem 277:4951-4958

. Ferguson AT, Evron E, Umbricht CB, Pandita TK, Chan TA et al (2000) High frequency of

hypermethylation at the 14-3-3 sigma locus leads to gene silencing in breast cancer. Proc Natl
Acad Sci U S A 97:6049-6054

Lal G, Padmanabha L, Provenzano M, Fitzgerald M, Weydert J et al (2008) Regulation of
14-3-3sigma expression in human thyroid carcinoma is epigenetically regulated by aberrant
cytosine methylation. Cancer Lett 267:165-174

Kimchi A (1999) DAP kinase and DAP-3: novel positive mediators of apoptosis. Ann Rheum
Dis 58(Suppl 1):114-119

Katzenellenbogen RA, Baylin SB, Herman JG (1999) Hypermethylation of the DAP-kinase
CpG island is a common alteration in B-cell malignancies. Blood 93:4347-4353

Bai T, Tanaka T, Yukawa K, Umesaki N (2006) A novel mechanism for acquired cisplatin-
resistance: suppressed translation of death-associated protein kinase mRNA is insensitive to
5-aza-2'-deoxycitidine and trichostatin in cisplatin-resistant cervical squamous cancer cells.
Int J Oncol 28:497-508

Noetzel E, Veeck J, Niederacher D, Galm O, Horn F et al (2008) Promoter methylation-
associated loss of ID4 expression is a marker of tumour recurrence in human breast cancer.
BMC Cancer 8:154


http://dx.doi.org/10.1038/onc.2012.155

196

74

75

76.

71.

78.

79.

80.

81.

82.

83.

84.

85

86.

87.

88

89.

90.

91.

92.

S. Anant et al.

. Norton JD (2000) ID helix-loop-helix proteins in cell growth, differentiation and tumorigenesis.
J Cell Sci 113(Pt 22):3897-3905

. Roberts EC, Deed RW, Inoue T, Norton JD, Sharrocks AD (2001) Id helix-loop-helix proteins

antagonize pax transcription factor activity by inhibiting DNA binding. Mol Cell Biol

21:524-533

Wilson JW, Deed RW, Inoue T, Balzi M, Becciolini A et al (2001) Expression of Id helix-loop-

helix proteins in colorectal adenocarcinoma correlates with p53 expression and mitotic index.

Cancer Res 61:8803-8810

Umetani N, Mori T, Koyanagi K, Shinozaki M, Kim J et al (2005) Aberrant hypermethylation

of ID4 gene promoter region increases risk of lymph node metastasis in T1 breast cancer.

Oncogene 24:4721-4727

Campione M, Acosta L, Martinez S, Icardo JM, Aranega A et al (2002) Pitx2 and cardiac

development: a molecular link between left/right signaling and congenital heart disease. Cold

Spring Harb Symp Quant Biol 67:89-95

Martens JW, Margossian AL, Schmitt M, Foekens J, Harbeck N (2009) DNA methylation as

a biomarker in breast cancer. Future Oncol 5:1245-1256

Hartmann O, Spyratos F, Harbeck N, Dietrich D, Fassbender A et al (2009) DNA methylation

markers predict outcome in node-positive, estrogen receptor-positive breast cancer with

adjuvant anthracycline-based chemotherapy. Clin Cancer Res 15:315-323

MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling: components, mechanisms,

and diseases. Dev Cell 17:9-26

LiuZ, Yang L, Cui DX, Liu BL, Zhang XB et al (2007) Methylation status and protein expres-

sion of adenomatous polyposis coli (APC) gene in breast cancer. Ai Zheng 26:586-590

Lee A, Kim Y, Han K, Kang CS, Jeon HM et al (2004) Detection of tumor markers including

carcinoembryonic antigen, APC, and cyclin D2 in fine-needle aspiration fluid of breast. Arch

Pathol Lab Med 128:1251-1256

Esteller M, Corn PG, Urena JM, Gabrielson E, Baylin SB et al (1998) Inactivation of gluta-

thione S-transferase P1 gene by promoter hypermethylation in human neoplasia. Cancer Res

58:4515-4518

. Cairns J, Wright C, Cattan AR, Hall AG, Cantwell BJ et al (1992) Immunohistochemical

demonstration of glutathione S-transferases in primary human breast carcinomas. J Pathol

166:19-25

Gilbert L, Elwood LJ, Merino M, Masood S, Barnes R et al (1993) A pilot study of pi-class

glutathione S-transferase expression in breast cancer: correlation with estrogen receptor

expression and prognosis in node-negative breast cancer. J Clin Oncol 11:49-58

Cavalieri EL, Stack DE, Devanesan PD, Todorovic R, Dwivedy I et al (1997) Molecular

origin of cancer: catechol estrogen-3,4-quinones as endogenous tumor initiators. Proc Natl

Acad Sci U S A 94:10937-10942

. Weber BH, Vogt G, Pruett RC, Stohr H, Felbor U (1994) Mutations in the tissue inhibitor of

metalloproteinases-3 (TIMP3) in patients with Sorsby’s fundus dystrophy. Nat Genet

8:352-356

Cameron EE, Bachman KE, Myohanen S, Herman JG, Baylin SB (1999) Synergy of demeth-

ylation and histone deacetylase inhibition in the re-expression of genes silenced in cancer.

Nat Genet 21:103-107

Bachman KE, Herman JG, Corn PG, Merlo A, Costello JF et al (1999) Methylation-associated

silencing of the tissue inhibitor of metalloproteinase-3 gene suggest a suppressor role in kidney,

brain, and other human cancers. Cancer Res 59:798-802

Pathiraja TN, Shetty PB, Jelinek J, He R, Hartmaier R et al (2011) Progesterone receptor

isoform-specific promoter methylation: association of PRA promoter methylation with worse

outcome in breast cancer patients. Clin Cancer Res 17:4177-4186

Law ML, Kao FT, Wei Q, Hartz JA, Greene GL et al (1987) The progesterone receptor gene

maps to human chromosome band 11q13, the site of the mammary oncogene int-2. Proc Natl

Acad Sci U S A 84:2877-2881



10

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Epigenetic Signatures of Breast Cancer Genes 197

LiL, Lee KM, Han W, Choi JY, Lee JY et al (2010) Estrogen and progesterone receptor status
affect genome-wide DNA methylation profile in breast cancer. Hum Mol Genet
19:4273-4277

Ferguson AT, Lapidus RG, Davidson NE (1998) Demethylation of the progesterone receptor
CpG island is not required for progesterone receptor gene expression. Oncogene
17:577-583

Wang GY, Lu CQ, Zhang RM, Hu XH, Luo ZW (2008) The E-cadherin gene polymorphism
160C->A and cancer risk: a HuGE review and meta-analysis of 26 case-control studies. Am
J Epidemiol 167:7-14

Caldeira JR, Prando EC, Quevedo FC, Neto FA, Rainho CA et al (2006) CDH1 promoter
hypermethylation and E-cadherin protein expression in infiltrating breast cancer. BMC
Cancer 6:48

Nass SJ, Herman JG, Gabrielson E, Iversen PW, Parl FF et al (2000) Aberrant methylation of
the estrogen receptor and E-cadherin 5’ CpG islands increases with malignant progression in
human breast cancer. Cancer Res 60:4346-4348

Giannelli G, Antonaci S (2000) Biological and clinical relevance of Laminin-5 in cancer. Clin
Exp Metastasis 18:439-443

Sathyanarayana UG, Padar A, Suzuki M, Maruyama R, Shigematsu H et al (2003) Aberrant
promoter methylation of laminin-5-encoding genes in prostate cancers and its relationship to
clinicopathological features. Clin Cancer Res 9:6395-6400

Kurosu H, Ogawa Y, Miyoshi M, Yamamoto M, Nandi A et al (2006) Regulation of fibroblast
growth factor-23 signaling by klotho. J Biol Chem 281:6120-6123

Rubinek T, Shulman M, Israeli S, Bose S, Avraham A et al (2012) Epigenetic silencing of the
tumor suppressor klotho in human breast cancer. Breast Cancer Res Treat 133:649-657
Nguyen Ba-Charvet KT, Brose K, Ma L, Wang KH, Marillat V et al (2001) Diversity and speci-
ficity of actions of Slit2 proteolytic fragments in axon guidance. J Neurosci 21:4281-4289
Shivapurkar N, Virmani AK, Wistuba II, Milchgrub S, Mackay B et al (1999) Deletions of
chromosome 4 at multiple sites are frequent in malignant mesothelioma and small cell lung
carcinoma. Clin Cancer Res 5:17-23

Dallol A, Da Silva NF, Viacava P, Minna JD, Bieche I et al (2002) SLIT2, a human homo-
logue of the Drosophila Slit2 gene, has tumor suppressor activity and is frequently inactivated
in lung and breast cancers. Cancer Res 62:5874-5880

Vallejo J, Hardin CD (2005) Expression of caveolin-1 in lymphocytes induces caveolae for-
mation and recruitment of phosphofructokinase to the plasma membrane. FASEB J
19:586-587

Engelman JA, Zhang XL, Lisanti MP (1998) Genes encoding human caveolin-1 and -2 are
co-localized to the D7S522 locus (7q31.1), a known fragile site (FRA7G) that is frequently
deleted in human cancers. FEBS Lett 436:403-410

Syeed N, Hussain F, Husain SA, Siddiqi MA (2012) 5’-CpG island promoter hypermethyl-
ation of the CAV-1 gene in breast cancer patients of Kashmir. Asian Pac J Cancer Prev
13:371-375

Abdollahi A, Bao R, Hamilton TC (1999) LOT1 is a growth suppressor gene down-regulated
by the epidermal growth factor receptor ligands and encodes a nuclear zinc-finger protein.
Oncogene 18:6477-6487

Abdollahi A, Gruver BN, Patriotis C, Hamilton TC (2003) Identification of epidermal growth
factor-responsive genes in normal rat ovarian surface epithelial cells. Biochem Biophys Res
Commun 307:188-197

Abdollahi A, Pisarcik D, Roberts D, Weinstein J, Cairns P et al (2003) LOT1 (PLAGL1/ZAC1),
the candidate tumor suppressor gene at chromosome 6q24-25, is epigenetically regulated in
cancer. J Biol Chem 278:6041-6049

Hempel N, Wang H, LeCluyse EL, McManus ME, Negishi M (2004) The human sulfotransferase
SULT1AL1 gene is regulated in a synergistic manner by Spl and GA binding protein. Mol
Pharmacol 66:1690-1701



198

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

S. Anant et al.

Kwon MS, Kim SJ, Lee SY, Jeong JH, Lee ES et al (2006) Epigenetic silencing of the
sulfotransferase 1A1 gene by hypermethylation in breast tissue. Oncol Rep 15:27-32

Qiu J, Ai L, Ramachandran C, Yao B, Gopalakrishnan S et al (2008) Invasion suppressor
cystatin E/M (CST6): high-level cell type-specific expression in normal brain and epigenetic
silencing in gliomas. Lab Invest 88:910-925

Rivenbark AG, Jones WD, Coleman WB (2006) DNA methylation-dependent silencing of
CST6 in human breast cancer cell lines. Lab Invest 86:1233-1242

Bednarek AK, Laflin KJ, Daniel RL, Liao Q, Hawkins KA et al (2000) WWOX, a novel WW
domain-containing protein mapping to human chromosome 16q23.3-24.1, a region frequently
affected in breast cancer. Cancer Res 60:2140-2145

Wang X, Chao L, Jin G, Ma G, Zang Y et al (2009) Association between CpG island methyla-
tion of the WWOX gene and its expression in breast cancers. Tumour Biol 30:8-14

Veeck J, Bektas N, Hartmann A, Kristiansen G, Heindrichs U et al (2008) Wnt signalling in
human breast cancer: expression of the putative Wnt inhibitor Dickkopf-3 (DKK3) is fre-
quently suppressed by promoter hypermethylation in mammary tumours. Breast Cancer Res
10:R82

Yu X, SiJ, Zhang Y, Dewille JW (2010) CCAAT/Enhancer Binding Protein-delta (C/EBP-
delta) regulates cell growth, migration and differentiation. Cancer Cell Int 10:48

O’Rourke JP, Newbound GC, Hutt JA, DeWille J (1999) CCAAT/enhancer-binding protein
delta regulates mammary epithelial cell GO growth arrest and apoptosis. J Biol Chem
274:16582-16589

Si J, Yu X, Zhang Y, DeWille JW (2010) Myc interacts with Max and Mizl to repress C/
EBPdelta promoter activity and gene expression. Mol Cancer 9:92

Tang D, Sivko GS, DeWille JW (2006) Promoter methylation reduces C/EBPdelta (CEBPD)
gene expression in the SUM-52PE human breast cancer cell line and in primary breast
tumors. Breast Cancer Res Treat 95:161-170

Xian J, Aitchison A, Bobrow L, Corbett G, Pannell R et al (2004) Targeted disruption of the
3p12 gene, Duttl/Robol, predisposes mice to lung adenocarcinomas and lymphomas with
methylation of the gene promoter. Cancer Res 64:6432—-6437

Dallol A, Forgacs E, Martinez A, Sekido Y, Walker R et al (2002) Tumour specific promoter
region methylation of the human homologue of the Drosophila Roundabout gene DUTT1
(ROBO1) in human cancers. Oncogene 21:3020-3028

Cohen I, Poreba E, Kamieniarz K, Schneider R (2011) Histone modifiers in cancer: friends
or foes? Genes Cancer 2:631-647

Dumitrescu RG (2012) DNA methylation and histone modifications in breast cancer. Methods
Mol Biol 863:35-45

Miremadi A, Oestergaard MZ, Pharoah PD, Caldas C (2007) Cancer genetics of epigenetic
genes. Hum Mol Genet 16 Spec No 1:R28-R49

Ellis L, Hammers H, Pili R (2009) Targeting tumor angiogenesis with histone deacetylase
inhibitors. Cancer Lett 280:145-153

Mottet D, Castronovo V (2010) Histone deacetylases: anti-angiogenic targets in cancer ther-
apy. Curr Cancer Drug Targets 10:898-913

Lawson M, Uciechowska U, Schemies J, Rumpf T, Jung M et al (2010) Inhibitors to under-
stand molecular mechanisms of NAD(+)-dependent deacetylases (sirtuins). Biochim Biophys
Acta 1799:726-739

Pruitt K, Zinn RL, Ohm JE, McGarvey KM, Kang SH et al (2006) Inhibition of SIRT1 reac-
tivates silenced cancer genes without loss of promoter DNA hypermethylation. PLoS Genet
2:e40

Witt O, Deubzer HE, Milde T, Oehme I (2009) HDAC family: what are the cancer relevant
targets? Cancer Lett 277:8-21

Tran AD, Marmo TP, Salam AA, Che S, Finkelstein E et al (2007) HDAC6 deacetylation of
tubulin modulates dynamics of cellular adhesions. J Cell Sci 120:1469-1479

Saji S, Kawakami M, Hayashi S, Yoshida N, Hirose M et al (2005) Significance of HDAC6
regulation via estrogen signaling for cell motility and prognosis in estrogen receptor-positive
breast cancer. Oncogene 24:4531-4539



10 Epigenetic Signatures of Breast Cancer Genes 199

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Ashraf N, Zino S, Macintyre A, Kingsmore D, Payne AP et al (2006) Altered sirtuin expres-
sion is associated with node-positive breast cancer. Br J Cancer 95:1056-1061

Sims RJ 3rd, Nishioka K, Reinberg D (2003) Histone lysine methylation: a signature for
chromatin function. Trends Genet 19:629-639

Lee DY, Teyssier C, Strahl BD, Stallcup MR (2005) Role of protein methylation in regulation
of transcription. Endocr Rev 26:147-170

Barski A, Cuddapah S, Cui K, Roh TY, Schones DE et al (2007) High-resolution profiling of
histone methylations in the human genome. Cell 129:823-837

Zhou Y, Kim J, Yuan X, Braun T (2011) Epigenetic modifications of stem cells: a paradigm
for the control of cardiac progenitor cells. Circ Res 109:1067-1081

Onodera A, Yamashita M, Endo Y, Kuwahara M, Tofukuji S et al (2010) STAT6-mediated
displacement of polycomb by trithorax complex establishes long-term maintenance of
GATA3 expression in T helper type 2 cells. J Exp Med 207:2493-2506

Niewmierzycka A, Clarke S (1999) S-Adenosylmethionine-dependent methylation in
Saccharomyces cerevisiae. Identification of a novel protein arginine methyltransferase. J Biol
Chem 274:814-824

Bachand F (2007) Protein arginine methyltransferases: from unicellular eukaryotes to
humans. Eukaryot Cell 6:889-898

Scorilas A, Black MH, Talieri M, Diamandis EP (2000) Genomic organization, physical map-
ping, and expression analysis of the human protein arginine methyltransferase 1 gene.
Biochem Biophys Res Commun 278:349-359

El Messaoudi S, Fabbrizio E, Rodriguez C, Chuchana P, Fauquier L et al (2006) Coactivator-
associated arginine methyltransferase 1 (CARMI1) is a positive regulator of the Cyclin El
gene. Proc Natl Acad Sci U S A 103:13351-13356

Iberg AN, Espejo A, Cheng D, Kim D, Michaud-Levesque J et al (2008) Arginine methyla-
tion of the histone H3 tail impedes effector binding. J Biol Chem 283:3006-3010

Klose RJ, Yamane K, Bae Y, Zhang D, Erdjument-Bromage H et al (2006) The transcriptional
repressor JHDM3A demethylates trimethyl histone H3 lysine 9 and lysine 36. Nature
442:312-316

Lu PJ, Sundquist K, Baeckstrom D, Poulsom R, Hanby A et al (1999) A novel gene (PLU-1)
containing highly conserved putative DNA/chromatin binding motifs is specifically up-
regulated in breast cancer. J Biol Chem 274:15633-15645

Wolf SS, Patchev VK, Obendorf M (2007) A novel variant of the putative demethylase gene,
s-JMIDIC, is a coactivator of the AR. Arch Biochem Biophys 460:56—-66

Espino PS, Li L, He S, Yu J, Davie JR (2006) Chromatin modification of the trefoil factor 1
gene in human breast cancer cells by the Ras/mitogen-activated protein kinase pathway.
Cancer Res 66:4610-4616

Daniel AR, Knutson TP, Lange CA (2009) Signaling inputs to progesterone receptor gene
regulation and promoter selectivity. Mol Cell Endocrinol 308:47-52

Chen 'Y, Dai X, Haas AL, Wen R, Wang D (2006) Proteasome-dependent down-regulation of
activated Stat5A in the nucleus. Blood 108:566-574

Shiio Y, Eisenman RN (2003) Histone sumoylation is associated with transcriptional repres-
sion. Proc Natl Acad Sci U S A 100:13225-13230

Grimaud C, Negre N, Cavalli G (2006) From genetics to epigenetics: the tale of Polycomb
group and trithorax group genes. Chromosome Res 14:363-375

Farcas AM, Blackledge NP, Sudbery I, Long HK, McGouran JF et al (2012) KDM2B links
the Polycomb Repressive Complex 1 (PRC1) to recognition of CpG islands. Elife 1:¢600205
Satijn DP, Hamer KM, den Blaauwen J, Otte AP (2001) The polycomb group protein EED
interacts with YY1, and both proteins induce neural tissue in Xenopus embryos. Mol Cell
Biol 21:1360-1369

Francis NJ, Kingston RE (2001) Mechanisms of transcriptional memory. Nat Rev Mol Cell
Biol 2:409-421

Raaphorst FM, Otte AP, van Kemenade FJ, Blokzijl T, Fieret E et al (2001) Distinct BMI-1
and EZH?2 expression patterns in thymocytes and mature T cells suggest a role for Polycomb
genes in human T cell differentiation. J Immunol 166:5925-5934



200

157.

158.

159.

160.

161.

162.
163.

164.

165.

166.

167.

168.

169.

170.

171.

172.
173.

174.

175.

176.

177.

178.

S. Anant et al.

Nakauchi H, Oguro H, Negishi M, Iwama A (2005) Polycomb gene product Bmi-1 regulates
stem cell self-renewal. Ernst Schering Res Found Workshop 85-100

Jacobs JJ, Scheijen B, Voncken JW, Kieboom K, Berns A et al (1999) Bmi-1 collaborates
with c-Myc in tumorigenesis by inhibiting c-Myc-induced apoptosis via INK4a/ARF. Genes
Dev 13:2678-2690

Silva J, Garcia JM, Pena C, Garcia V, Dominguez G et al (2006) Implication of polycomb
members Bmi-1, Mel-18, and Hpc-2 in the regulation of pl6INK4a, p14ARF, h-TERT, and
c-Myc expression in primary breast carcinomas. Clin Cancer Res 12:6929-6936

Cai X, Cullen BR (2007) The imprinted H19 noncoding RNA is a primary microRNA precursor.
RNA 13:313-316

Chen F, Yu Z, Baoyu G (2013) MiR-199b-5p targets HER2 in breast cancer cells. J Cell
Biochem. doi:10.1002/jcb.24487

van Rooij E (2011) The art of microRNA research. Circ Res 108:219-234

Tehler D, Hoyland-Kroghsbo NM, Lund AH (2011) The miR-10 microRNA precursor family.
RNA Biol 8:728-734

Huang GL, Zhang XH, Guo GL, Huang KT, Yang KY et al (2008) Expression of microRNA-21
in invasive ductal carcinoma of the breast and its association with phosphatase and tensin
homolog deleted from chromosome expression and clinicopathologic features. Zhonghua Yi
Xue Za Zhi 88:2833-2837

Li H, Bian C, Liao L, Li J, Zhao RC (2011) miR-17-5p promotes human breast cancer cell
migration and invasion through suppression of HBP1. Breast Cancer Res Treat 126:565-575
Wang X, Cao L, Wang Y, Liu N, You Y (2012) Regulation of let-7 and its target oncogenes
(Review). Oncol Lett 3:955-960

Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A et al (2008) The miR-200 family and
miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell
Biol 10:593-601

Iliopoulos D, Lindahl-Allen M, Polytarchou C, Hirsch HA, Tsichlis PN et al (2010) Loss of
miR-200 inhibition of Suz12 leads to polycomb-mediated repression required for the forma-
tion and maintenance of cancer stem cells. Mol Cell 39:761-772

Wu H, Zhu S, Mo YY (2009) Suppression of cell growth and invasion by miR-205 in breast
cancer. Cell Res 19:439-448

Torio MV, Casalini P, Piovan C, Di Leva G, Merlo A et al (2009) microRNA-205 regulates
HER3 in human breast cancer. Cancer Res 69:2195-2200

Spizzo R, Nicoloso MS, Lupini L, Lu Y, Fogarty J et al (2010) miR-145 participates with
TP53 in a death-promoting regulatory loop and targets estrogen receptor-alpha in human
breast cancer cells. Cell Death Differ 17:246-254

Singh R, Mo YY (2013) Role of microRNAs in breast cancer. Cancer Biol Ther 14

Maison C, Bailly D, Peters AH, Quivy JP, Roche D et al (2002) Higher-order structure in
pericentric heterochromatin involves a distinct pattern of histone modification and an RNA
component. Nat Genet 30:329-334

Fukagawa T, Nogami M, Yoshikawa M, Ikeno M, Okazaki T et al (2004) Dicer is essential for
formation of the heterochromatin structure in vertebrate cells. Nat Cell Biol 6:784-791

Di Leva G, Gasparini P, Piovan C, Ngankeu A, Garofalo M et al (2010) MicroRNA cluster 221-222
and estrogen receptor alpha interactions in breast cancer. J Natl Cancer Inst 102:706-721
Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N et al (2007) MicroRNA-29 family reverts
aberrant methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc
Natl Acad Sci U S A 104:15805-15810

Friedman JM, Liang G, Liu CC, Wolff EM, Tsai YC et al (2009) The putative tumor
suppressor microRNA-101 modulates the cancer epigenome by repressing the polycomb
group protein EZH2. Cancer Res 69:2623-2629

Shimono 'Y, Zabala M, Cho RW, Lobo N, Dalerba P et al (2009) Downregulation of miRNA-200c
links breast cancer stem cells with normal stem cells. Cell 138:592-603


http://dx.doi.org/10.1002/jcb.244876

10 Epigenetic Signatures of Breast Cancer Genes 201

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Han M, Wang Y, Liu M, Bi X, Bao J et al (2012) MiR-21 regulates epithelial-mesenchymal
transition phenotype and hypoxia-inducible factor-1alpha expression in third-sphere forming
breast cancer stem cell-like cells. Cancer Sci 103:1058-1064

Pavicic W, Perkio E, Kaur S, Peltomaki P (2011) Altered methylation at microRNA-associated
CpG islands in hereditary and sporadic carcinomas: a methylation-specific multiplex ligation-
dependent probe amplification (MS-MLPA)-based approach. Mol Med 17:726-735
Hoffman AE, Zheng T, Yi C, Leaderer D, Weidhaas J et al (2009) microRNA miR-196a-2 and
breast cancer: a genetic and epigenetic association study and functional analysis. Cancer Res
69:5970-5977

Aliya N, Rahman S, Khan ZK, Jain P (2012) Cotranscriptional chromatin remodeling by
small RNA species: an HTLV-1 perspective. Leuk Res Treat 2012:984754

Wong KY, So CC, Loong F, Chung LP, Lam WW et al (2011) Epigenetic inactivation of the
miR-124-1 in haematological malignancies. PLoS One 6:¢19027

Hu Z, Chen J, Tian T, Zhou X, Gu H et al (2008) Genetic variants of miRNA sequences and
non-small cell lung cancer survival. J Clin Invest 118:2600-2608

Png KJ, Yoshida M, Zhang XH, Shu W, Lee H et al (2011) MicroRNA-335 inhibits tumor
reinitiation and is silenced through genetic and epigenetic mechanisms in human breast cancer.
Genes Dev 25:226-231

Lustberg MB, Ramaswamy B (2011) Epigenetic therapy in breast cancer. Curr Breast Cancer
Rep 3:34-43

Friel AM, Zhang L, Curley MD, Therrien VA, Sergent PA et al (2010) Epigenetic regulation
of CD133 and tumorigenicity of CD133 positive and negative endometrial cancer cells.
Reprod Biol Endocrinol 8:147

Connolly R, Stearns V (2012) Epigenetics as a therapeutic target in breast cancer. ] Mammary
Gland Biol Neoplasia 17:191-204

Brueckner B, Garcia Boy R, Siedlecki P, Musch T, Kliem HC et al (2005) Epigenetic reacti-
vation of tumor suppressor genes by a novel small-molecule inhibitor of human DNA meth-
yltransferases. Cancer Res 65:6305-6311

Davis AJ, Gelmon KA, Siu LL, Moore MJ, Britten CD et al (2003) Phase I and pharmaco-
logic study of the human DNA methyltransferase antisense oligodeoxynucleotide MG98
given as a 21-day continuous infusion every 4 weeks. Invest New Drugs 21:85-97

Atadja P, Gao L, Kwon P, Trogani N, Walker H et al (2004) Selective growth inhibition
of tumor cells by a novel histone deacetylase inhibitor, NVP-LAQ824. Cancer Res
64:689-695

Li Q, Bartlett DL, Gorry MC, O’Malley ME, Guo ZS (2009) Three epigenetic drugs up-
regulate homeobox gene Rhox5 in cancer cells through overlapping and distinct molecular
mechanisms. Mol Pharmacol 76:1072-1081

Fang MZ, Wang Y, Ai N, Hou Z, Sun 'Y et al (2003) Tea polyphenol (-)-epigallocatechin-3-
gallate inhibits DNA methyltransferase and reactivates methylation-silenced genes in cancer
cell lines. Cancer Res 63:7563-7570

Moyers SB, Kumar NB (2004) Green tea polyphenols and cancer chemoprevention: multiple
mechanisms and endpoints for phase II trials. Nutr Rev 62:204-211

Cho HJ, Kim SY, Kim KH, Kang WK, Kim JI et al (2009) The combination effect of sodium
butyrate and 5-Aza-2’-deoxycytidine on radiosensitivity in RKO colorectal cancer and
MCEF-7 breast cancer cell lines. World J Surg Oncol 7:49

Gottlicher M, Minucci S, Zhu P, Kramer OH, Schimpf A et al (2001) Valproic acid defines a
novel class of HDAC inhibitors inducing differentiation of transformed cells. EMBO J
20:6969-6978

Kim SH, Kang HJ, Na H, Lee MO (2010) Trichostatin A enhances acetylation as well as
protein stability of ERalpha through induction of p300 protein. Breast Cancer Res 12:R22
Xu WS, Perez G, Ngo L, Gui CY, Marks PA (2005) Induction of polyploidy by histone
deacetylase inhibitor: a pathway for antitumor effects. Cancer Res 65:7832-7839



202

199.

200.
201.

202.

203.

204.

205.

S. Anant et al.

Kijima M, Yoshida M, Sugita K, Horinouchi S, Beppu T (1993) Trapoxin, an antitumor cyclic
tetrapeptide, is an irreversible inhibitor of mammalian histone deacetylase. J Biol Chem
268:22429-22435

Monneret C (2005) Histone deacetylase inhibitors. Eur ] Med Chem 40:1-13

Liu Y, Liggitt D, Fong S, Debs RJ (2006) Systemic co-administration of depsipeptide selec-
tively targets transfection enhancement to specific tissues and cell types. Gene Ther
13:1724-1730

Furumai R, Komatsu Y, Nishino N, Khochbin S, Yoshida M et al (2001) Potent histone
deacetylase inhibitors built from trichostatin A and cyclic tetrapeptide antibiotics including
trapoxin. Proc Natl Acad Sci U S A 98:87-92

Park H, Im JY, Kim J, Choi WS, Kim HS (2008) Effects of apicidin, a histone deacetylase
inhibitor, on the regulation of apoptosis in H-ras-transformed breast epithelial cells. Int J] Mol
Med 21:325-333

Saito A, Yamashita T, Mariko Y, Nosaka Y, Tsuchiya K et al (1999) A synthetic inhibitor of
histone deacetylase, MS-27-275, with marked in vivo antitumor activity against human
tumors. Proc Natl Acad Sci U S A 96:4592-4597

Riva L, Blaney SM, Dauser R, Nuchtern JG, Durfee J et al (2000) Pharmacokinetics and
cerebrospinal fluid penetration of CI-994 (N-acetyldinaline) in the nonhuman primate. Clin
Cancer Res 6:994-997



	Chapter 10: Epigenetic Signatures of Breast Cancer Genes
	10.1 Introduction
	10.2 History of Epigenetics
	10.3 Types of Epigenetic Regulation in Breast Cancer
	10.3.1 DNA Methylation
	10.3.2 Cell Signaling Genes That Are Hypermethylated During Breast Cancer
	10.3.2.1 Secreted Frizzled-Related Proteins (SFRPs)
	10.3.2.2 Estrogen Receptor (ER)
	10.3.2.3 Retinoic Acid Receptor β2 (RARβ2)
	10.3.2.4 Aplasia Ras Homolog Member I (ARHI)

	10.3.3 DNA Damage Response Genes That Are Methylated During Breast Cancer
	10.3.3.1 BRCA1
	10.3.3.2 ANKRD11
	10.3.3.3 Mismatch Repair Genes MLH1 and MSH2

	10.3.4 Cell Cycle and Apoptosis Genes That Methylated During Breast Cancer
	10.3.4.1 Ras Association Domain Family 1A Gene (RASSF1A)
	10.3.4.2 Cyclin D2 ( CCND2)
	10.3.4.3 Cyclin D/CDK4 Complex Inhibitor (CDKN2/p16)
	10.3.4.4 Retinoblastoma Protein-Interacting Zinc Finger Gene RIZ1
	10.3.4.5 TMS1
	10.3.4.6 14-3-3-σ

	10.3.5 Other Genes That Are Hypermethylated in Breast Cancers
	10.3.5.1 Death-Associated Protein Kinase (DAP-Kinase)
	10.3.5.2 ID4
	10.3.5.3 Paired-Like Homeodomain Transcription Factor 2 (PITX2)
	10.3.5.4 Adenomatosis Polyposis Coli (APC)
	10.3.5.5 GSTP1
	10.3.5.6 TIMP3
	10.3.5.7 Progesterone Receptor (PR)
	10.3.5.8 E-Cadherin
	10.3.5.9 LAMA3
	10.3.5.10 Klotho
	10.3.5.11 Slit2
	10.3.5.12 Caveolin-1 (Cav1)
	10.3.5.13 Lost-On-Transformation 1 (LOT1)
	10.3.5.14 Sulfotransferase 1A1 (SULT1A1)
	10.3.5.15 Cystatin E/M (CST6)
	10.3.5.16 WW Domain Containing Oxidoreductase (WWOX)
	10.3.5.17 Dickkopf-3 (DKK3)
	10.3.5.18 CCAAT/Enhancer Binding Protein D (CEBPD)
	10.3.5.19 Deleted in U Twenty Twenty (DUTT1)


	10.4 Histone Modification
	10.4.1 Histone Acetyltransferases
	10.4.2 Histone Deacetylases
	10.4.3 Histone Methyltransferases
	10.4.3.1 Histone Lysine Methyltransferase (HKMTs)
	10.4.3.2 Histone Arginine Methyltransferase (HRMTs)

	10.4.4 Histone Demethylases
	10.4.5 Histone Phosphorylation in Breast Cancer
	10.4.6 Other Histone Modifications in Breast Cancer

	10.5 Polycomb Group (PcG) Proteins
	10.6 Non-coding RNAs
	10.6.1 MicroRNAs Inhibit Target mRNA Translation
	10.6.2 MicroRNA Control of Epigenetic Mechanisms
	10.6.3 Epigenetic Control of MicroRNA Expression

	10.7 Epigenetics and Cancer Stem Cells
	10.8 Epigenetic Modifier Drugs Against Breast Cancer
	10.8.1 Nucleoside Analogs
	10.8.2 Histone Deacetylation Inhibitors
	10.8.3 Short Chain Fatty Acids (SCFA)
	10.8.4 Hydroxamic Acids
	10.8.5 Cyclic Tetrapeptides
	10.8.6 Benzamides

	10.9 Conclusion
	References


