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ARTICLE INFO ABSTRACT

Keywords: Epigenetic alterations are clearly involved in cancer initiation and progression as recent epigenetic studies of

Breast cancer genomic DNA, histone modifications and micro-RNA alterations suggest that these are playing an important role

Eplgenet{cs in the incidence of breast cancer. Epigenetic information has recently gained the attention of researchers because

Methylation epigenetic modification of the genome in breast cancer is still an evolving area for researchers. Several active

Histones . . . . . . . .

Micro-RNA compounds present in foods, poisons, drugs, and industrial chemicals may as a result of epigenetic mechanisms
1Cro-.

increase or decrease the risk of breast cancer. Epigenetic regulation is critical in normal growth and development
and closely conditions the transcriptional potential of genes. Epigenetic mechanisms convey genomic adaption
to an environment thereby ultimately contributing towards given phenotype. In addition to the use of epigenetic
alterations as a means of screening, epigenetic alterations in a tumor or adjacent tissues or peripheral blood may
also help clinicians in determining prognosis and treatment of breast cancer. As we understand specific epige-
netic alterations contributing to breast tumorigenesis and prognosis, these discoveries will lead to significant
advances for breast cancer treatment, like in therapeutics that target methylation and histone modifications in
breast cancer and the newer versions of the drugs are likely to play an important role in future clinical treatment.

1. Introduction

Breasts are external symbols of beauty and womanhood in females.
Sadly, breast cancer is responsible for the death of millions of women
worldwide every year [1, 2]. Carcinogenesis is a multi-step process and
results mainly from the direct changes in sequence of the genome.
There are a number of genetic alterations involved in carcinogenesis
and it is very difficult and time consuming to detect these changes in
specific individual cancers. For this reason there are new methods to
study the relationship between the changes in genome and cancer de-
velopment. Among researchers epigenetic modifications has recently
gained the interest because these modifications are believed to be early
events in carcinogenesis and these alterations can be useful as a good
source for early detection, prognosis and targeted therapy of cancer [3].
Breast cancer is one of the frequently diagnosed cancers among women
with the well-known hereditary and familial tendency. Besides, breast
cancer has well-established precursor lesions indicating an increased
risk of cancer, such as moderate to severe atypical hyperplasia [4].
Breast cancer has remained a main clinical challenge due to its poor
prognosis, limited treatment options, relatively resistance to che-
motherapy / radiotherapy and late diagnosis of the disease [5]. Since
the epigenetic alteration occurs early in cancer development and also
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even in normal tissues which surrounds the tumor. Finding of exact
epigenetic changes may help in early diagnosis of breast cancer as well
as the determination of prognosis and response to treatment.

2. Epigenetic modifications

Epigenetic modifications are newly discovered issue and are still a
developing area in the genomic research. The major epigenetic mod-
ifications in cancer encompass changes in DNA methylation, post-
translational modifications of histones and micro-RNA. These are the
main epigenetic modifications which interfere with expression of the
genes and have been discussed as players in the development and
progression of breast cancer. Some epigenetic changes and possible
mechanisms by which they promote tumorigenesis in different cancers
are shown in Table 1.

2.1. Methylation

Methylation of genomic DNA is the most widely studied epigenetic
modification and is described as covalent binding of a methyl group to
cytosine-guanosine (CpG) dinucleotides by enzyme DNA methy] trans-
ferases located on genome. CpG dinucleotides are usually located near
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Table 1
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Epigenetic changes and possible mechanisms by which they promote tumorigenesis.

Epigenetic change Mechanism

Biological consequence

DNA hypomethylation Activation of the cellular oncogenes

Activation of the transposable element
DNA hypermethylation
Histone acetylation Gain of function
Loss of function
Histone deacetylation Silencing of the tumour suppressor genes
Histone methylation

miRNAs

miRNAs are seemingly deregulated which may be caused by
transcriptional deregulation, epigenetic alterations as well as problems

in miRNA biogenesis pathways

De novo hypermethylation of CpG islands within gene promoters leading
to silencing of tumour suppressors and cancer-associated genes

Loss of heritable patterns of the gene expression (cellular memory)
50% of genes encoded by miRNAs are located at sites called fragile sites

Increased proliferation and growth advantage

Genomic instability and transcriptional noise

Genomic, chromosomal instability and increased proliferation, growth
advantage

Activation of the tumour promoting genes

Defects in DNA repair and checkpoints

Genomic instability and increased proliferation

Genomic instability, growth advantage

Chromosomal rearrangements at these cites associated with cancer
occurrence

These mechanisms can either work alone or together in order to deregulate
miRNAs. The mutation in any given miRNA of a somatic cell can lead to
tumorigenesis and if are present in the germ line cells it may be precursor to
cancer.

the promoter regions of genes as clusters of large repetitive sequences
like that of satellite sequences or centromeric repeats [6]. These CpG
islands are normally unmethylated and in this status, the transcription
factors can easily bind to the promoter regions of the related genes and
activate these genes. In contrast these repetitive genomic sequences are
sometimes heavily methylated and it is thought by this property they
are playing an important role by silencing specific genes during evo-
lution as well as endoparasitic and retroviral transposons [7]. In cancer
cells the hypermethylation occurs at the promoter regions of the tumor
suppressor genes which inactivate these genes by deregulation and
some important cellular networks such as cell cycle control, DNA re-
pair, apoptosis, cell adhesion, and migration are negatively affected [8,
9l.

2.2. Methylation imbalance in cancer cells

Typical CpG islands are unmethylated and are most commonly
found in 5 regulatory (promoter) regions of many “housekeeping”
genes which are essential for normal cell functions [10]. In breast
cancer and in some other disease states the hypermethylation of CpG
islands results from over activity of DNA methyltransferases (DNMTs)
as these DNMTs are the main mediators of the DNA methylation by
catalyzing the transfer of a methyl group from S-adenosyl-L-methionine
(SAM) onto the carbon on the 5’ position of CpG dinucleotides. In hu-
mans, the primary DNMTs are DNMT1, DNMT3a and DNMT3b. DNMT1
is most abundant as it functions to maintain the methylation pattern but
while the other DNMTs serve as the mediators of de novo methylation
[11, 12]. The consequence of hypermethylation of the CpG islands is
reversible silencing of tumor suppressor genes but hypermethylation-
induced gene silencing is heritable that is inherited by subsequent
generations of the cells undergoing mitotic divisions [13, 14]. Methy-
lation is also known to activate the human telomerase reverse tran-
scriptase (hTERT) gene which promotes the cell immortality in some
cancer cells. DNA methylation at CpG islands of the promoter regions
generates long-term gene silencing which makes the majority of chro-
matin inaccessible for transcription [15, 16]. Although unmethylated
CpG islands of the gene promoter regions mark sites where genes can be
expressed and non CpG sequences at non-promoter regions nearly as-
sociated with transcription start sites may be important for tissue spe-
cific dynamical de novo methylation [17, 18]. The methylation of such
non-CpG sites has been implicated in somatic cell reprogramming
which may be occur in response to the environment and gene interac-
tions which can promote the development of breast and other cancers
[16]. DNA methylation in future may serve as a marker of breast tumor
cell lineage, thereby reflecting the cell type from which a cancer ori-
ginates and perhaps explaining the correlations of histological hetero-
geneity and prognosis of breast cancers with the DNA methylation
profiles in them [19].

Past and present research studies showed that methylation of var-
ious genes such as cyclin D2, retinoic acid receptor beta (RARS), Twist,
glutathione S-transferase P1 (GSTP1), p16, p14, Ras-associated domain
family member 1A (RASSF1A), and death-associated protein kinase
(DAPK) were reported in ductal lavage fluid and nipple aspirate of
breast cancer patients [20, 21]. Besides, detection of methylated DNA
in plasma/serum of breast cancer patients is more convenient compared
to detection of specific mutations for the breast cancer in whole
genome. In addition to this, the detection rate of breast cancer patients
increased when a combination of different markers was utilized in the
previous studies and the sensitivity for the detection of breast cancer
cells increased from 43 to 71% using a panel of markers compared to
cytology [22]. However, comparison between breast cancer patients
and healthy subjects has not been evaluated thoroughly even some
studies like BRACA1, BRACA2 gene methylation within case control
studies [3, 23-25]. On the other hand, methylation of some specific
genes was reported to be related to the prognosis in breast cancer as
methylation of RASSFIA and APC in the serum samples correlated with
poor prognosis in breast cancer patients [26]. The expression of ACADL,
SFRP2, UAPI1L1, UGT3A1, ITR and RECK gene is reported to be sig-
nificantly correlated with the methylation and relapse-free survival and
the RECK gene is prominent because of its association with the worst
cancer prognosis [27-29].

2.3. Histone modifications

Histone proteins are backbone of the genomic DNA and play sig-
nificant function in the translation of genotype to phenotype. The post-
translational modifications of the histones determine translational ac-
tivity in the genome. Acetylation, methylation, phosphorylation, su-
moylation, and ubiquitination are histone modifications which de-
termine the functioning of genome as these histone modifications are
catalyzed by several enzymes: Histone acetyltransferases (HATSs), his-
tone deacetylases (HDACs), histone methyltransferases (HMTs), and
histone demethylases (HDMs) [30]. Histone modifications which acti-
vate or deactivate genes depend up on the residue of the histone to be
modified as trimethylation of lysine 4 on histone H3 (H3K4me3) acti-
vates gene transcription but on lysine 9 (H3K9me3) and lysine 27
(H3K27me3) suppress gene transcription [31]. Histone acetylation at
the lysine residues positioned at gene promoter regions may activate
the genes by relaxing and opening the chromatin, thereby providing
access to the DNA by transcriptional enzymes and other factors [12].
The type of modification and the affected amino acid on histones de-
termine the DNA-histone interaction and also the transcriptional ac-
tivity of genome. Even though the histone modifications have been less
studied as compared to DNA methylation, both of these epigenetic
modifications interact with each other in the regulation of the gene
expression in cancer cells [32].
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An increasing number of the histone modifications and related en-
zymes, have been found which are deregulated in breast cancer as
histone H4K16ac and its responsible enzyme Acetyltransferase hMOF
were found to be significantly reduced in the primary breast carcinomas
and medulloblastomas [33]. Enhancer of zeste homolog 2EZH2 is a
histone-lysine N-methyltransferase enzyme encoded by EZH2 gene, a
subunit of the polycomb-repressive complex 2PRC2 and catalyzes the
trimethylation of histone H3 on Lys 27 (H3K27). It is amplified and
overexpressed in breast cancer [34]. PYGO2 interacts with histone-
modifying enzymatic complexes, specifically in the MLL2 histone me-
thyltransferase (HMT) and STAGA histone acetyltransferase (HAT)
complexes, to help their interaction with the B-catenin and to augment
Wntl-induced, TCF/LEF-dependent transcriptional activation in breast
cancer cells [35]. Reduction of the H3K9 trimethyl demethylase
JMJD2B being an integral component of the H3K4-specific methyl-
transferases and the mixed-lineage leukemia (MLL) 2 complex, impairs
the estrogen-induced G(1)/S transition of cell cycle in vitro and inhibits
the breast tumorigenesis in vivo [36]. Past results reveals that Histone
Lysine Demethylase (LSD1) is downregulated in the breast carcinomas
and its expression level is negatively correlated with that of the TGFp1
which inhibits invasion of the breast cancer cells in vitro and suppresses
breast cancer metastatic potential in vivo [37].

2.4. MicroRNAs (miRNAs)

The epigenetic modifications are not restricted to CpG methylation
and post-translational changes of the histones, but also include the
regulation by microRNAs (miRNAs). The most recently discovered
molecules in the field of epigenetics are small regulatory RNAs known
as MicroRNAs (miRNAs). The small miRNAs, single-stranded RNA
molecules, are having 20-22 nucleotides and are complementary to the
untranslated regions of mRNAs. These miRNA molecules play a key role
in gene silencing by binding to the mRNAs and results in either the
translational inhibition or mRNA degradation. The change in miRNA
number and distribution on genome leads to the modulations in gene
expression [38]. The hypermethylation of promoter regions of genes
coding for miRNAs downregulates the synthesis of miRNAs and results
in decreased number of miRNAs which may activate the expression of
oncogenes [39]. Downregulation of the miRNAs have been detected in
various cancers including breast cancer and is frequently related to
worse prognosis and on the other hand the deregulated miRNAs could
be used as tumor biomarkers or as the anti-cancer drug targets making
early diagnosis or better treatment options for cancer [40].

MiRNAs play a key function in many cellular processes such as
cellular growth, differentiation and apoptosis [41, 40] but they also
contribute to the development and progression of cancer as there was
aberrant expression of miRNAs as has been seen in breast cancer [41,
42]. For example the increased expression of miR-21 is associated with
advanced stages of breast cancer and the upregulation of miR-155
correlates with the metastasis and poor prognosis in breast cancer. In
addition, miRNA-497 impacts the cell growth and the invasion by tar-
geting cyclin E1 in breast cancer [43, 44].

3. Epigenetic alterations as tumor microenvironment in breast
cancer

Breast cancer is considered to be promoted by the tumor micro-
environment and predominantly by interactions between the epithelial
cancer cells and the cancer associated with fibroblasts [45]. Indeed,
cancer associated with stroma including fibroblasts can synthesize
various growth factors or cytokines that promote cell proliferation and
metastasis in triple negative breast cancer [46]. As an instance, the EMT
process is critical for the tumor progression and metastasis which is
driven by epigenetic changes, depends on the multiple signals received
from nearby environment, including TGF-b, which induce the expres-
sion of EMT-TFs, such as Snail, Twist and ZEB1, leading to the repressed
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expression of E-cadherin [47, 48].

In addition, the breast cancer microenvironment might become a
new tool for diagnosis and treatment of breast cancer [49] e.g., fibro-
blasts themselves express the specific markers such as a-smooth muscle
actin (a-SMA) or type-I collagen that could help in detection of cancer
[46, 50]. Epigenome of the immune T cells surrounding tumors may
also help to define prognosis and to predict the response to therapy [51,
52].

4. Role of epigenetics as diagnostic and prognostic biomarker in
cancer

The early diagnosis of breast cancer absolutely prolongs survival so
there is requirement of specific markers for early diagnosis, but the
available markers are not specific enough for this purpose. The markers
related to the epigenetic changes in cancer may become more useful for
the early diagnosis because these epigenetic changes occur even before
the cancer is developed [53, 54]. Presently researchers aim to discover
a combination of specific epigenetic markers to develop “epigenetic
signatures” which are specific to cancer. These Epigenetic changes/
patterns can act as potential diagnostic and prognostic markers for
cancer diagnosis as per some recent research work that is also sum-
marized in Table 2 [55].

The body fluids such as nipple aspirate and ductal lavage fluid in
breast may be better sources than serum for sample collection in the
breast cancer. The assessment upon the molecular mechanisms under-
lying during the development and progression of breast cancer and the
genetic mutations have been an evident cause that has long been well-
known [56]. Though epigenetic modification mechanisms are now
becoming recognized as significant factors in the development of breast
and other cancers. Mechanism of epigenetics coordinate biological
processes such as X-chromosome inactivation, position effect variega-
tion, genomic imprinting, RNA interference, and reprogramming of
genome during the differentiation and development leading to gene
silencing and other process which can lead to cancer [57]. The defects
in any of these functions may cause human disorders including breast
cancer. The epigenetic malfunctions are manifested through aberrant
methylation and acetylation of the genes and histone proteins involved
in normal tissue development to activate or silence gene expression
[58]. Consequently, abnormal tissue differentiation and growth may
result from the loss of crucial cell adhesion proteins and over excitation
of estrogen receptor pathways in breast cancer and migration of ab-
normal cells gets increased [59, 60]. The occurrences of such epigenetic
processes suggests that every person should be aware or there should be
awareness camps in whole population about balanced diet, which are
known to be protective and supportive while avoiding or limiting ex-
posures to the known risk factors for breast cancers.

4.1. Epigenetics as diagnostic and prognostic biomarkers for breast cancer

In the recent past years there are several studies which have referred
the potential use of epigenetics as diagnostic and prognostic or pre-
dictive tools in breast cancer [64, 93, 94]. Hocque et al. studied the
aberrant methylation of APC, GSTP1, RASSF1A and RARb2 gene in the
serum samples of patients with breast cancer and revealed that me-
thylation of at least one of these four genes of interest were detected in
the plasma of cancer cases with a sensitivity of sixty two percent and a
specificity of eighty seven percent [95]. After few years later, the same
research team showed that three genes APC, CDH1 and CTNNBI1 are
directly involved in the early stages of breast cancer progression and
the analysis of their methylation in breast cancer samples allowed
distinguishing between normal and pathologic samples with a specifi-
city of seventy five percent and a sensitivity of sixty seven percent [96].
Moreover, a very recent study on breast cancer samples demonstrated
that 14-3-3 Sigma gene was hypermethylated in breast cancer tumor
samples [97]. Thus, epigenetic patterns such as DNA methylation in
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Table 2
Epigenetic changes/patterns as potential diagnostic and prognostic markers in
cancer.

Epigenetic marker Reference

Histone modifications

H3K9ac, H3K9me3, H4K16ac (tissue) [61]

H4K20mel, H4K20me2 (tissue) [62]

H3K4me2, H3K18ac (tissue) [63]

H3K27me3 (plasma) [64]

H3K18ac, H4K12ac, H3K4me2, H4K20me3, H4R3me2, H4K16ac [65]
(tissue)

H3K9me3, H4K20me3 (plasma) [66]

H3K9me3 (tissue) [67]

H3K27me3 (serum) [68]

H3K18ac, H4R3me2,H3K27me3 (tissue) [69]

H3K9mel (tissue) [70]

H3K4me3 (tissue) [71]

DNA methylation

Analysis of methylation patterns of 45 DNA fragments using [72]
methylation-sensitive arbitrarily primed-PCR (MS-AP-PCR)
screening

Analysis of 1184 unselected CpG islands in 98 primary human [73]
tumours using restriction landmark genomic scanning (RLGS)

Methylation analysis of 1104 CpG islands using CpG island arrays [74]
(differential methylation hybridization, DMH)

Methylation of CpG island of 9 genes identified by MS-RDA [75]

Methylation of MGMT [76]

Methylation of DAPK [77]1

Methylation of RASSF1 and/or APC in serum DNA [78]

Methylation analysis (MSP) of 12 cancer-associated genes [79]

Methylation analysis (MSP) of 8 genes in 105 specimens of NSCLC [80]
representing all stages of cancer

Methylation analysis of 9 genes (by QM-MSP) on ductal lavage cells [81]
from women undergoing mastectomy

Methylation of 4 GATA genes [82]

Methylation of 7 fragments derived from screening of methylated [83]
CpGs (by MS-RDA)

MiRNA

miR-20a, miR-106b and miR-221 (plasma, qRT-PCR) [84]

miR-486 and miR-451 (plasma, miRNA microarray and qRT-PCR) [85]

miR-17-5p miR-106b, miR-106a, miR-21, and let-7a (plasma qRT- [86]
PCR)

miR-221, miR-376¢ and miR-744 (serum, TagMan low-density array [87]
and TagMan gqRT-PCR)

miR-378 (serum miRNA microarray and real-time qQRT-PCR) [88]

miR-196a (serum, Quantitative RT-PCR_ [89]

miR-223, miR-21 and miR-218 (tissue, qRT-PCR) [90]

miR-17-5p, miR-21, miR-106a, miR-106b and let-7a (tissue, qQRT- [91]
PCR)

miR-195-5p let-7a, MiRNA- 199a-3p (tissue, real-time qRT-PCR) [92]

tumor or even in plasma may represent useful tools for early detection
of BC [98]. Yan et al. confirmed during their study that the hy-
permethylation of CpG islands is related with histological grade in
breast tumors and more precisely an increasing number of the methy-
lated CpG islands correlated to decreased differentiation of BC cells.
[99]. Recently, the concept of B CIMP (Breast CpG Islands Methylator
Phenotype) has emerged as fang et al. showed during their study that
the absence of the methylator phenotype (B-CIMP-) within CpG islands
in promoters of specific genes is associated with the high metastatic
risk, describing a new classification with the breast cancer being B-
CIMP1 or B-CIMP2 [100, 101]. These latter results which were obtained
in the breast cancer cell lines have been confirmed more recently in
vivo with a level of aberrant DNA-methylation found higher in the late
stage than in early stage of breast cancer regarding consistent candidate
genes [102]. Dedeurwaerder et al. have suggested that the cell type of
source as well as the alterations linked with the tumor progression
contribute to the DNA methylation pattern in breast cancer [19]. Some
research studies have shown that the methylation of the promoter re-
gion of tumor suppressor genes can be detected in the blood stream of
patients and can be linked to their prognosis. Indeed, the presence of
methylated BRCA1 and/or p16 DNA in serum has been independently
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associated with poor outcome [3, 60, 103]. The recent meta-analysis
suggested also that methylation of BRCAL1 is significantly correlated
with a poor overall survival in breast cancer [104]. Interestingly, Yu
et al. have recently studied EMT in circulating tumor cells from breast
cancer patients and they concluded that patients having CTCs expres-
sing a majority of epithelial transcripts (E1) presented with a less ag-
gressive form of breast cancer (ER/ PR1) while patients with the CTCs
expressing a majority of mesenchymal transcript (M1) presented with a
more aggressive type of BC (such as TNBC) [105]. Epigenetic events
may act indirectly as prognostic biomarkers through their capability to
influence EMT also this might have therapeutic consequences since the
M1 phenotype found in breast cancer patients could lead to consider
combination therapies. All in all, strong evidences suggest that an
epigenetic signature could differentiate prognosis in breast cancer and
that studies of peripheral blood DNA or of CTCs might become useful
tools to predict the prognosis of breast cancer in the future [106, 107].

4.2. Epigenetic modifications as predictive biomarkers for BC

Epigenetic biomarkers have the potential to significantly improve
the clinical practice by enabling risk stratification, early diagnosis, and
rising therapeutics. Although, the use of epigenetic biomarkers has
several potential pitfalls to be aware of, including the multifactorial
etiology of diseases, chemical influences, acquired drug resistance and
practical considerations. It is necessary to consider these possible lim-
itations before epigenetic biomarkers are routinely adapted into clinical
practice, treatment and diagnosis to prevent potential harms to patients
[108]. First example of the ER-positive breast cancer can benefit from
anti-estrogen therapy. In fact excessive activation of the estrogen sig-
naling is known to lead ER-positive breast cancer and representing
about seventy percent of breast cancer [109]. Although about thirty to
forty percent of the ER-positive cancer patients at the time of diagnosis
become ER-negative and resistant to anti-estrogen treatment in the
course of the disease which is mostly by the phenomenon due to epi-
genetic mechanisms [110, 111]. In addition the DNA hypermethylation
occurs in forty-one percent of cases when the anti-estrogen resistance is
acquired [112]. The activated, normal ER dimerizes, translocates into
the nucleus and activates estrogen-regulated genes, leading to the
proliferation and differentiation. The Tamoxifen medication is the most
used anti-estrogen which binds to ER-a and blocks its dimerization and
activation and prevents breast cancer in women and in men [113, 114].
ESR1 is a gene that codes for estrogen receptor a (ER-a). Its methyla-
tion seems to predict response to anti-estrogen therapy in breast cancer
patients [114, 113]. Martinez-Galan et al. have demonstrated in a re-
cent study, that methylation of the ESR1 gene in peripheral blood sig-
nificantly correlated with the non-expression of estrogen receptor (ER)
in excised tumors meaning that the DNA methylation of ESR1 in serum
might become a predictive biomarker in response to anti-estrogen
treatment [111]. In one other recent study there was identified a dif-
ferent mechanism of resistance to the tamoxifen due to RNAI, related to
downregulation of cyclin-dependent kinase (CDK10) in the ER-a posi-
tive breast cancer early relapsing under the tamoxifen treatment, and is
associated with methylation of the CDK-10 promoter region [115].
Therefore, the methylation of the cyclin-dependent kinase-1 gene may
also serve as a predictive biomarker for determining response to en-
docrine therapy. One another example of the possible use of epigenetic
alterations to predict the patient's response towards the treatment is
provided by the study of BRCA genes [116-118]. The BRCA deficiency
can impair the capability of the cancer cells to repair the DNA cross-
link's caused by chemotherapy as with platinum derivatives. Therefore;
based on experimentations led on BC cell lines, Olafur et al. have
suggested that BRCA1 hypermethylation could also become a predictor
response element to platinum based chemotherapy in breast cancer
[119]. Micro-RNAs may also turn into the predictors of response to the
treatment; as recently Kolacinska et al. have showed that in triple-ne-
gative breast Cancer (TNBC) core biopsies sampled before preoperative
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chemotherapy, a high expression of miR-200b-3p, miR-190a and miR-
512-5p is linked with a better response to chemotherapy and increased
the feasibility of the breast conserving surgery [120]. Recently Nicholas
et al. identified a 6-miRNA signature which can differentiate between
high-risk women who do and do not develop breast cancer over a
median follow-up of 8.7 years. The accessibility and stability of the
circulating miRNAs, has the potential to significantly improve breast
cancer risk prediction by identifying the women at greatest risk who
can be offered aggressive screening, prevention and clinical trials [121,
122].

5. The future prospects of epigenetics in cancer

One of the biggest advantages of using epigenetics for therapeutic
reasons would be because it can target multiple genes involved in a
similar pathway. The researchers are fighting that by targeting epige-
netic markers that inhibit the normal functioning of the cell cycle, they
are able to knock these proteins out to restore the regular functioning of
cell cycle. However, with a lot of the recent information on epigenetics,
there is evidence of promise in the future for cancer prevention, prog-
noses, and therapeutics. There is still much work to be done in this field,
but progress is being made daily to understand how these modifications
can cause tumor and how these can be applied to prevent cancer. Not
only epigenetic markers having the potential to serve as diagnostic and
prognostic biomarkers but they are also being considered as biomarkers
for predicting the response to therapy in several malignancies. In ad-
dition they can also identify the clinical and pathological stage of the
disease. Furthermore, these modifications can predict risk of progres-
sion, relapse, and metastasis, and help to evaluate possible clinical
scenarios in relation to the therapy response. The clinical validity of
these epigenetic modifications should be determined using large in-
dependent cohorts in multi-centric studies, in combination with the use
of more robust platforms, more appropriate and accurate bio-compu-
tational and advanced statistical software.

6. Conclusion

Epigenetic alterations are clearly involved in cancer initiation and
progression and as newer genome-wide methods are focusing on
identifying many genes whose regulation is epigenetically altered in
cancer, recent epigenetic studies on genomic DNA, histone modifica-
tions and micro-RNA alterations demonstrated that these epigenetic
alterations are playing an important role in incidence of breast cancer.
In addition to the use of epigenetic alterations as a means of screening,
epigenetic alterations in a tumor or adjacent tissues or peripheral blood
may also help clinicians in determining prognosis and treatment in
breast cancer patients. As we understand specific epigenetic alterations
contributing to breast tumorigenesis and prognosis, these discoveries
will lead to significant advances for breast cancer treatment, like in
therapeutics that target methylation and histone modifications in breast
cancer. The newer versions of these drugs are likely to play an im-
portant role in future clinical treatment.

Disclosure of potential conflicts of interest
Authors declare that they have no conflict of interests.
Author's contribution

All the authors have contributed equally. All authors read and ap-
proved the final manuscript.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.ctarc.2019.100125.

Cancer Treatment and Research Communications 19 (2019) 100125

References

[1] S.A. Bhat, M.R. Mir, S. Majid, Serum lipid profile of breast cancer patients in

Kashmir, J. Invest. Biochem. 2 (1) (2013) 26-31.

F. Khan, S.A. Bhat, A.A. Reshi, M.R. Mir, et al., The polymorphic role of MDM2

gene in breast cancer patients of Kashmir Valley India, Int. J. Innov. Res. Stud. 3

(7) (2014) 81-96.

[3] N.A. Naikoo, S.A. Bhat, S. Majid, H.A. Wani., et al. Scenario of epigenetic al-
terations and gastric cancer - a review, Int. J. Recent Sci. Res. 9 (5) (2018)
26679-26687.

[4] T. Hassan, S.A. Bhat, S. Majid, et al., BRCA1 promoter hypermethylationas an
early diagnostic tool for breast cancer, Cancer Res. J. 5 (2) (2017) 9-13.

[5] T. Hassan, W. Qureshi, S.A. Bhat, S. Majid, et al., Study of serum levels of trace
elements (Selenium, Copper, Zinc, and Iron) in breast cancer patients, Int. J. Clin.
Oncol. Cancer Res. 2 (4) (2017) 82-85.

[6] M. Kulis, M. Esteller, 2 - DNA methylation and cancer, Adv. Genet. 70 (2010)
27-56.

[7] E.Li, Y. Zhang, DNA methylation in mammals, Cold Spring Harb. Perspect. Biol. 6
(5) (2014) a019133.

[8] P. Lopez-Serra, M. Esteller, DNA methylation-associated silencing of tumor-sup-
pressor microRNAs in cancer, Oncogene 31 (2012) 1609-1622.

[9] G.P. Pfeifer, Defining Driver DNA Methylation Changes in Human Cancer, Int. J.
Mol. Sci. 19 (2018) 1166.

[10] M. Esteller, CpG island hypermethylation and tumor suppressor genes: a booming
present, a brighter future, Oncogene 21 (35) (2002) 5427-5440.

[11] M.A. Dar, S.A. Bhat, A. Arif, H.A. Wani, et al., Methylation status of hMLH1 gene
in colorectal cancer patients in ethnic population of Kashmir valley, Int. J. Med.
Res. 1 (41-6) (2013) 2320-7159 4.

[12] S.M. Meeran, A. Ahmed, T.O. Tollefsbol, Epigenetic targets of bioactive dietary
components for cancer prevention and therapy, Clin. Epigen. (2010) 1-16.

[13] A.M. Dworkin, T.H.M. Huang, A.E. Toland, Epigenetic alterations in the breast:
implications for breast cancer detection, prognosis and treatment, Semin. Cancer
Biol. 9 (3) (2009) 165-171.

[14] S.B. Baylin, J.G. Herman, J.R. Graff, P.M. Vertino, J.P. Issa, Alterations in DNA
methylation: a fundamental aspect of neoplasia, Adv. Cancer. Res. 72 (1997)
141-196.

[15] S. Mishra, S.P. Dwivedi, R.B. Singh, A review on epigenetic effect of heavy metal
carcinogens on human health, Open Nutraceuticals J. 3 (2010) 188-193.

[16] H. Cedar, Y. Bergman, Epigenetic Silencing during Early Lineage Commitment,
Harvard Stem Cell Institute, Cambridge, Mass, USA, 2009 StemBook http://www.
ncbi.nlm.nih.gov/bookshelf/br.fcgi.

[17] R. Michaelson-Cohen, 1. Keshet, R. Straussman, M. Hecht, H. Cedar, U. Beller,
Genome-wide de novo methylation in epithelial ovarian cancer, Int. J. Gynecol.
Cancer 21 (2) (2011) 269-279.

[18] R. Straussman, D. Nejman, D. Roberts, et al., Developmental programming of CpG
island methylation profiles in the human genome, Nat. Struct. Mol. Biol. 16 (5)
(2009) 564-571.

[19] S. Dedeurwaerder, D. Fumagalli, F. Fuks, Unravelling the epigenomic dimension of
breast cancers, Curr. Opin. Oncol. 23 (6) (2011) 559-565.

[20] E. Evron, W.C. Dooley, C.B. Umbricht, et al., Detection of breast cancer cells in
ductal lavage fluid by methylation specific PCR, Lancet 357 (2001) 1335-1336.

[21] R. Krassenstein, E. Sauter, E. Dulaimi, et al., Detection of breast cancer in nipple
aspirate fluid by CpG island hypermethylation, Clin. Cancer Res. 10 (2004) 28-32.

[22] M.J. Fackler, K. Malone, Z. Zhang, et al., Quantitative multiplex methylation-
specific PCR analysis doubles detection of tumor cells in breast ductal fluid, Clin.
Cancer Res. 12 (2006) 3306-3310.

[23] J.M. Silva, J.M. Garcia, G. Dominguez, et al., Persistence of tumor DNA in plasma
of breast cancer patients after mastectomy, Ann. Surg. Oncol. 9 (2002) 71-76.

[24] X.C. Hu, I.H. Wong, L.W. Chow, Tumor-derived aberrant methylation in plasma of
invasive ductal breast cancer patients: clinical implications, Oncol. Rep. 10 (2003)
1811-1815.

[25] E. Dulaimi, J. Hillinck, I. Ibanez de Caceres, et al., Tumor suppressor gene pro-
moter hypermethylation in serum of breast cancer patients, Clin. Cancer Res. 10
(2004) 6189-6193.

[26] H.M. Muller, A. Widschwendter, H. Fiegl, et al., DNA methylation in serum of
breast cancer patients: an independent prognostic marker, Cancer Res. 63 (2003)
7641-7645.

[27] C. Thomas, J.A. Gustafsson, The different roles of ER subtypes in cancer biology
and therapy, Nat. Rev. Cancer 11 (8) (2011) 597-608.

[28] V.K. Hill, C. Ricketts, I. Bieche, et al., Genome-wide DNA methylation profiling of
CpG islands in breast cancer identifies novel genes associated with tumorigenicity,
Cancer Res. 71 (8) (2011) 2988-2999.

[29] G.C. Hon, R.D. Hawkins, O.L. Caballero, et al., Global DNA hypomethylation
coupled to repressive chromatin domain formation and gene silencing in breast
cancer, Genome Res. 22 (2) (2012) 246-258.

[30] C. Atalay, Epigenetics in breast cancer, Exp. Oncol. 35 (4) (2013) 246-249.

[31] Vo, A.T. and Millis, R.M.. Epigenetics and breast cancers, obstetrics and gyne-
cology international 2012, 602720, 10 pages.

[32] S. Kim, B.-K. Kaang, Epigenetic regulation and chromatin remodeling in learning
and memory, Exp. Mol. Med. 49 (2017) e281.

[33]1 P. Kapoor-Vazirani, J.D. Kagey, D.R. Powell, P.M. Vertino, Role of hMOF-depen-
dent histone H4 lysine 16 acetylation in the maintenance of TMS1/ASC gene ac-
tivity, Cancer Res. 68 (6810) (2008) 6821.

[34] X. Yang, R.K. Karuturi, F. Sun, et al., CDKN1C (p57) is a direct target of EZH2 and
suppressed by multiple epigenetic mechanisms in breast cancer cells, PLoS One 4

[2


https://doi.org/10.1016/j.ctarc.2019.100125
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0001
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0001
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0002
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0002
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0002
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0003
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0003
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0003
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0004
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0004
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0005
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0005
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0005
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0006
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0006
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0007
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0007
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0008
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0008
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0009
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0009
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0010
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0010
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0011
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0011
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0011
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0012
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0012
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0013
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0013
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0013
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0014
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0014
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0014
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0015
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0015
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0017
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0017
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0017
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0018
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0018
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0018
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0019
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0019
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0020
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0020
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0021
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0021
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0022
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0022
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0022
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0023
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0023
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0024
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0024
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0024
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0025
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0025
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0025
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0026
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0026
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0026
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0027
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0027
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0028
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0028
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0028
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0029
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0029
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0029
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0030
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0031
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0031
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0032
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0032
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0032
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0033
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0033

S.A. Bhat, et al.

[35]

[36]

[371
[38]

[39]

[40]
[41]
[42]
[43]
[44]
[45]

[46]

[47]
[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571
[58]
[59]
[60]

[61]

[62]

[63]

[64]

[65]

(2009) e5011.

J. Chen, Q. Luo, Y. Yuan, et al., Pygo2 associates with MLL2 histone methyl-
transferase and GCN5 histone acetyltransferase complexes to augment Wnt target
gene expression and breast cancer stem-like cell expansion, Mol. Cell. Biol. 30
(2010) 5621-5635.

L. Shi, L. Sun, Q. Li, et al., Histone demethylase JMJD2B coordinates H3K4/H3K9
methylation and promotes hormonally responsive breast carcinogenesis, Proc.
Natl. Acad. Sci. USA 108 (2011) 7541-7546.

Y. Wang, H. Zhang, Y. Chen, et al., LSD1 is a subunit of the NuRD complex and
targets the metastasis programs in breast cancer, CellCell 138 (2009) 660-672.
S. Oliveto, M. Mancino, N. Manfrini, S. Biffo, Role of microRNAs in translation
regulation and cancer, World J. Biol. Chem. 26 (8) (2017) 45-56 1.

Y. Saito, Epigenetic alterations and MicroRNA misexpression in cancer and auto-
immune diseases: a critical review, Clin. Rev. Allergy Immunol. 47 (2) (2014)
128-135.

A. Esquela-Kerscher, F.J. Slack, Oncomirs—micro- RNAs with a role in cancer,
Nat. Rev. Cancer 6 (2006) 259-269.

Z. Li, T.M. Rana, Molecular mechanisms of RNA-triggered gene silencing machi-
neries, Acc. Chem. Res. 45 (7) (2012) 1122-1131.

D.P. Bartel, MicroRNAs: genomics, biogenesis, mechanism, and function, Cell 116
(2004) 281-297.

G.S. Christodoulatos, M. Dalamaga, Micro-RNAs as clinical biomarkers and ther-
apeutic targets in breast cancer: quo vadis? World J. Clin. Oncol. 5 (2014) 71-81.
M.V. Iorio, M. Ferracin, C.G. Liu, et al., MicroRNA gene expression deregulation in
human breast cancer, Cancer Res. 65 (2005) 7065-7070.

S. Mattiske, R.J. Suetani, P.M. Neilsen, D.F. Callen, The oncogenic role of miR-155
in breast cancer, Cancer Epidemiol. Biomarkers Prev. 21 (2012) 1236-1243.
U.E. Martinez-Outschoorn, S. Pavlides, A. Howell, et al., Stromal-epithelial me-
tabolic coupling in cancer: integrating autophagy and metabolism in the tumor
microenvironment, Int. J. Biochem. Cell Biol. 43 (2011) 1045-1051.

S. Susman, C. Tomuleasa, Z. Fekete, et al., The importance of microRNAs in the
stroma-breast cancer cell interplay, Cancer Biomark 14 (2014) 137-144.

W.L. Tam, R.A. Weinberg, The epigenetics of epithelial-mesenchymal plasticity in
cancer, Nat. Med. 19 (2013) 1438-1449.

M.A. Nieto, Epithelial plasticity: a common theme in embryonic and cancer cells,
Science 342 (2013) 1234850.

H.J. Lin, T. Zuo, C.H. Lin, et al., Breast cancerassociated fibroblasts confer AKT1-
mediated epigenetic silencing of Cystatin M in epithelial cells, Cancer Res. 68
(2008) 10257-10266.

T.A. Brentnall, L.A. Lai, J. Coleman, et al., Arousal of cancer-associated stroma:
overexpression of palladin activates fibroblasts to promote tumor invasion, PLoS
One 7 (2012) e30219.

S. Dedeurwaerder, C. Desmedt, E. Calonne, et al., DNA methylation profiling re-
veals a predominant immune component in breast cancers, EMBO Mol. Med. 3
(2011) 726-741.

S. Dedeurwaerder, F. Fuks, DNA methylation markers for breast cancer prognosis:
unmasking the immune component, Oncoimmunology 1 (2012) 962-964.

N.A. Naikoo, J. Ahmed, H. Naik, S.A. Bhat, H.A. Wani, J. Qadir, R. Ashraf,

A. Masood, S. Majid, Diagnostic utility of DAPK-gene promoter hypermethylation
in gastric cancer, Int. J. Sci. Invent. Today 6 (5) (2017) 646-658.

T. Mikeska, J.M. Craig, DNA Methylation Biomarkers: cancer and beyond, Genes
(Basel) 5 (3) (2014) 821-864.

C. Leygo, M. Williams, H.C. Jin, W. Michael, Y. Chan, W. Kit Chu, M. Grusch,
Y.Y. Cheng, DNA methylation as a noninvasive epigenetic biomarker for the de-
tection of cancer, Dis. Markers (2017) 3726595pages.

S. Heerboth, K. Lapinska, N. Snyder, M. Leary, S. Rollinson, S. Sarkar, Use of
epigenetic drugs in disease: an overview, Genet. Epigenet. 6 (2014) 9-19.

J. Veeck, M. Esteller, Breast cancer epigenetics: from DNA methylation to
microRNAs, J. Mammary Gland Biol. Neoplasia 15 (1) (2010) 5-17.

N.A. Villota-Salazara, A. Mendoza-Mendozab, J.M. Gonzalez-Prieto, Epigenetics:
from the past to the present, Front. Life Sci. 9 (4) (2016) 347-370.

A. Moosavi, A.M. Ardekani, Role of epigenetics in biology and human diseases,
Iran Biomed. J. 20 (5) (2016 Nov) 246-258.

J.S. Song, Y.S. Kim, D.K. Kim, S.I. Park, S.J. Jang, Global histone modification
pattern associated with recurrence and disease-free survival in non-small cell lung
cancer patients, Pathol. Int. 62 (2012) 182-190.

T.E. Behbahani, P. Kahl, J. von der Gathen, L.C. Heukamp, C. Baumann,

1. Giitgemann, B. Walter, F. Hofstéddter, P.J. Bastian, A. von Ruecker, S.C. Miiller,
S. Rogenhofer, J. Ellinger, Alterations of global histone H4K20 methylation during
prostate carcinogenesis, BMC Urol. 12 (2012) 5.

T. Bianco-Miotto, K. Chiam, G. Buchanan, S. Jindal, T.K. Day, M. Thomas,

M.A. Pickering, M.A. O'Loughlin, N.K. Ryan, W.A. Raymond, L.G. Horvath,

J.G. Kench, P.D. Stricker, V.R. Marshall, R.L. Sutherland, S.M. Henshall,

W.L. Gerald, H.I. Scher, G.P. Risbridger, J.A. Clements, L.M. Butler, W.D. Tilley,
D.J. Horsfall, C. Ricciardelli, A.P.C. BioResource, Global levels of specific histone
modifications and an epigenetic gene signature predict prostate cancer progression
and development, Cancer Epidemiol. Biomarkers Prev. 19 (2010) 2611-2622.

J. Ellinger, P. Kahl, J. von der Gathen, L.C. Heukamp, I. Giitgemann, B. Walter,
F. Hofstddter, P.J. Bastian, A. von Ruecker, S.C. Miiller, S. Rogenhofer, Global
histone H3K27 methylation levels are different in localized and metastatic prostate
cancer, Cancer Invest. 30 (2012) 92-97.

S.E. Elsheikh, A.R. Green, E.A. Rakha, D.G. Powe, R.A. Ahmed, H.M. Collins,

D. Soria, J.M. Garibaldi, C.E. Paish, A.A. Ammar, M.J. Grainge, G.R. Ball,

M.K. Abdelghany, L. Martinez-Pomares, D.M. Heery, 1.0. Ellis, Global histone
modifications in breast cancer correlate with tumor phenotypes, prognostic fac-
tors, and patient outcome, Cancer Res. 69 (2009) 3802-3809.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Cancer Treatment and Research Communications 19 (2019) 100125

G. Leszinski, U. Gezer, B. Siegele, O. Stoetzer, S. Holdenrieder, Relevance of his-
tone marks H3K9me3 and H4K20me3 in cancer, Anticancer Res. 32 (2012)
2199-2205.

C. Muller-Tidow, H.U. Klein, A. Hascher, F. Isken, L. Tickenbrock, N. Thoennissen,
S. Agrawal-Singh, P. Tschanter, C. Disselhoff, Y. Wang, A. Becker, C. Thiede,

G. Ehninger, U. zur Stadt, S. Koschmieder, M. Seidl, F.U. Miiller, W. Schmitz,

P. Schlenke, M. McClelland, W.E. Berdel, M. Dugas, H. Serve, S.A. Leukemia,
Profiling of histone H3 lysine 9 trimethylation levels predicts transcription factor
activity and survival in acute myeloid leukemia, Blood 116 (2010) 3564-3571.
L. Zhang, K. Zhong, Y. Dai, H. Zhou, Genomewide analysis of histone H3 lysine 27
trimethylation by ChIP-chip in gastric cancer patients, J. Gastroenterol. 44 (2009)
305-312.

C. Tzao, H.J. Tung, J.S. Jin, G.H. Sun, H.S. Hsu, B.H. Chen, C.P. Yu, S.C. Lee,
Prognostic significance of global histone modifications in resected squamous cell
carcinoma of the esophagus, Mod. Pathol. 22 (2009) 252-260.

S. Rogenhofer, P. Kahl, C. Mertens, S. Hauser, W. Hartmann, R. Biittner,

S.C. Miiller, A. von Ruecker, J. Ellinger, Global histone H3 lysine 27 (H3K27)
methylation levels and their prognostic relevance in renal cell carcinoma, BJU Int.
109 (2012) 459-465.

C. He, J. Xu, J. Zhang, D. Xie, H. Ye, Z. Xiao, M. Cai, K. Xu, Y. Zeng, H. Li, J. Wang,
High expression of trimethylated histone H3 lysine 4 is associated with poor
prognosis in hepatocellular carcinoma, Hum. Pathol. (2012).

G. Liang, C.E. Salem, M.C. Yu, H.D. Nguyen, F.A. Gonzales, T.T. Nguyen,

P.W. Nichols, P.A. Jones, DNA methylation differences associated with tumor
tissues identified by genome scanning analysis, Genomics 53 (1998) 260-268.
J.F. Costello, M.C. Fruhwald, D.J. Smiraglia, L.J. Rush, G.P. Robertson, X. Gao,
F.A. Wright, J.D. Feramisco, P. Peltomaki, J.C. Lang, D.E. Schuller, L. Yu,

C.D. Bloomfield, M.A. Caligiuri, A. Yates, R. Nishikawa, H. Su Huang, N.J. Petrelli,
X. Zhang, M.S. O'Dorisio, W.A. Held, W.K. Cavenee, C. Plass, Aberrant CpG-island
methylation has non-random and tumour-type-specific patterns, Nat. Genet. 24
(2000) 132-138.

P.S. Yan, M.R. Perry, D.E. Laux, A.L. Asare, C.W. Caldwell, T.H. Huang, CpG island
arrays: an application toward deciphering epigenetic signatures of breast cancer,
Clin. Cancer Res. 6 (2000) 1432-1438.

A. Kaneda, M. Kaminishi, K. Yanagihara, T. Sugimura, T. Ushijima, Identification
of silencing of nine genes in human gastric cancers, Cancer Res. 62 (2002)
6645-6650.

M. Esteller, G. Gaidano, S.N. Goodman, V. Zagonel, D. Capello, B. Botto, D. Rossi,
A. Gloghini, U. Vitolo, A. Carbone, S.B. Baylin, J.G. Herman, Hypermethylation of
the DNA repair gene O(6)-methylguanine DNA methyltransferase and survival of
patients with diffuse large B-cell lymphoma, J. Natl. Cancer Inst. 94 (2002) 26-32.
Y. Tada, M. Wada, K. Taguchi, Y. Mochida, N. Kinugawa, M. Tsuneyoshi, S. Naito,
M. Kuwano, The association of death-associated protein kinase hypermethylation
with early recurrence in superficial bladder cancers, Cancer Res. 62 (2002)
4048-4053.

H.M. Muller, A. Widschwendter, H. Fiegl, L. Ivarsson, G. Goebel, E. Perkmann,
C. Marth, M. Widschwendter, DNA methylation in serum of breast cancer patients:
an independent prognostic marker, Cancer Res. 63 (2003) 7641-7645.

J. Roman-Gomez, A. Jimenez-Velasco, X. Agirre, F. Prosper, A. Heiniger, A. Torres,
Lack of CpG island methylator phenotype defines a clinical subtype of T-cell acute
lymphoblastic leukemia associated with good prognosis, J. Clin. Oncol. 23 (2005)
7043-7049.

A.M. Safar, H. Spencer, X. Su, M. Coffey, C.A. Cooney, L.D. Ratnasinghe,

L.F. Hutchins, C.Y. Fan, Methylation profiling of archived non-small cell lung
cancer: a promising prognostic system, Clin. Cancer Res. 11 (2005) 4400-4405.
M.J. Fackler, K. Malone, Z. Zhang, E. Schilling, E. Garrett-Mayer, T. Swift-Scanlan,
J. Lange, R. Nayar, N.E. Davidson, S.A. Khan, S. Sukumar, Quantitative multiplex
methylation-specific PCR analysis doubles detection of tumor cells in breast ductal
fluid, Clin. Cancer Res. 12 (2006) 3306-3310.

M. Guo, Y. Akiyama, M.G. House, C.M. Hooker, E. Heath, E. Gabrielson, S.C. Yang,
Y. Han, S.B. Baylin, J.G. Herman, M.V. Brock, Hypermethylation of the GATA
genes in lung cancer, Clin. Cancer Res. 10 (2004) 7917-7924.

M. Abe, M. Ohira, A. Kaneda, Y. Yagi, S. Yamamoto, Y. Kitano, T. Takato,

A. Nakagawara, T. Ushijima, CpG island methylator phenotype is a strong de-
terminant of poor prognosis in neuroblastomas, Cancer Res. 65 (2005) 828-834.
P.S. Mitchell, R.K. Parkin, E.M. Kroh, B.R. Fritz, S.K. Wyman, Pogosova-
Agadjanyan EL. Circulating microRNAs as stable blood-based markers for cancer
detection, Proc. Natl. Acad. Sci. USA 105 (2008) 10513-10518.

H. Cai, Y. Yuan, Y.F. Hao, T.K. Guo, X. Wei, Y.M. Zhang, Plasma microRNAs serve
as novel potential biomarkers for early detection of gastric cancer, Med. Oncol. 30
(2013) 452.

A. Gorur, S.B. Fidanci, N.D. Unal, L. Ayaz, S.A. Hatice, Y. Yaroglu, et al.,
Determination of plasma microRNA for early detection of gastric cancer, Mol. Biol.
Rep. 40 (3) (2013) 2091-2096.

S. Komatsu, D. Ichikawa, M. Tsujiura, H. Konishi, H. Takeshita, H. Nagata,
Prognostic impact of circulating miR-21 in the plasma of patients with gastric
carcinoma, Anticancer Res. 33 (2013) 271-276.

K. Liu, G. Li, C. Fan, Y. Diao, B. Wu, J. Li, Increased expression of microRNA-221 in
gastric cancer and its clinical significance, J. Int. Med. Res. 40 (2012) 467-474.
W.N. Wang, Y. Chen, Y.D. Zhang, T.H. Hu, The regulatory mechanism of CCR7
gene expression and its involvement in the metastasis and progression of gastric
cancer, Tumour Biol. 34 (2013) 1865-1871.

S.Y. Kim, T.Y. Jeon, C.I. Choi, D.H. Kim, D.H. Kim, G.H. Kim, D.Y. Ryu, B.E. Lee,
H.H. Kim, Validation of circulating miRNA biomarkers for predicting lymph node
metastasis in gastric cancer, J. Mol. Diagn. 15 (2013) 661-669.

H. Konishi, D. Ichikawa, S. Komatsu, A. Shiozaki, M. Tsujiura, H. Takeshita,


http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0033
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0034
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0034
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0034
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0034
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0035
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0035
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0035
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0036
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0036
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0037
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0037
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0038
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0038
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0038
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0039
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0039
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0040
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0040
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0041
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0041
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0042
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0042
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0043
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0043
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0044
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0044
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0045
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0045
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0045
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0046
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0046
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0047
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0047
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0048
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0048
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0049
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0049
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0049
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0050
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0050
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0050
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0051
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0051
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0051
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0052
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0052
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0053
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0053
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0053
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0054
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0054
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0055
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0055
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0055
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0056
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0056
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0057
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0057
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0058
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0058
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0059
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0059
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0060
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0060
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0060
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0061
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0061
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0061
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0061
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0062
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0063
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0063
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0063
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0063
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0064
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0064
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0064
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0064
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0064
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0065
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0065
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0065
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0066
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0066
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0066
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0066
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0066
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0066
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0067
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0067
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0067
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0068
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0068
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0068
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0069
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0069
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0069
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0069
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0070
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0070
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0070
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0071
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0071
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0071
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0072
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0072
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0072
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0072
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0072
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0072
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0073
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0073
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0073
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0074
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0074
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0074
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0075
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0075
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0075
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0075
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0076
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0076
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0076
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0076
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0077
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0077
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0077
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0078
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0078
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0078
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0078
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0079
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0079
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0079
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0080
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0080
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0080
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0080
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0081
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0081
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0081
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0082
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0082
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0082
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0083
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0083
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0083
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0084
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0084
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0084
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0085
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0085
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0085
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0086
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0086
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0086
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0087
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0087
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0088
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0088
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0088
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0089
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0089
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0089
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0090

S.A. Bhat, et al.

[92]

[93]

[94]

[95]

[96]

971

[98]

[99]

[100]
[101]

[102]

[103]

[104]

[105]

[106]

[107]

Detection of gastric cancerassociated microRNAs on microRNA microarray com-
paring pre- and post-operative plasma, Br. J. Cancer 106 (2012) 740-747.

C. Li, J.F. Li, Q. Cai, Q.Q. Qiu, M. Yan, B.Y. Liu, Z.G. Zhu, MiRNA- 199a-3p: a
potential circulating diagnostic biomarker for early gastric cancer, J. Surg. Oncol.
108 (2013) 89-92.

P. Parrella, Epigenetic signatures in breast cancer: clinical perspective, Breast Care
(Basel) 5 (2010) 66-73.

A.M. Dworkin, T.H. Huang, A.E. Toland, Epigenetic alterations in the breast: im-
plications for breast cancer detection, prognosis and treatment, Semin. Cancer
Biol. 19 (2009) 165-171.

M.O. Hoque, Q. Feng, P. Toure, et al., Detection of aberrant methylation of four
genes in plasma DNA for the detection of breast cancer, J. Clin. Oncol. 24 (2006)
4262-4269.

M.O. Hoque, M. Prencipe, M.L. Poeta, et al., Changes in CpG islands promoter
methylation patterns during ductal breast carcinoma progression, Cancer
Epidemiol. Biomarkers Prev. 18 (2009) 2694-2700.

A. Gheibi, B.A. KazemiM, et al., Study of promoter methylation pattern of 14-3-3
sigma gene in normal and cancerous tissue of breast: a potential biomarker for
detection of breast cancer in patients, Adv. Biomed. Res. 1 (2012) 80.

AM. Dworkin, T.H.M. Huang, A.E. Toland, Epigenetic alterations in the breast:
implications for breast cancer detection, prognosis and treatment, Semin. Cancer
Biol. 19 (2009) 165-171.

P.S. Yan, M.R. Perry, D.E. Laux, et al., CpG island arrays: an application toward
deciphering epigenetic signatures of breast cancer, Clin. Cancer Res. 6 (2000)
1432-1438.

F. Fang, S. Turcan, A. Rimner, et al., Breast cancer methylomes establish an epi-
genomic foundation for metastasis, Sci. Transl. Med. 3 (2011) 75ra25.

M. Szyf, DNA methylation signatures for breast cancer classification and prog-
nosis, Genome Med. 4 (2012) 26.

J. Klajic, T. Fleischer, E. Dejeux, et al., Quantitative DNA methylation analyses
reveal stage dependent DNA methylation and association to clinico-pathological
factors in breast tumors, BMC Cancer 13 (2013) 456.

F. Jing, L. Jun, Z. Yong, et al., Multigene methylation in serum of sporadic Chinese
female breast cancer patients as a prognostic biomarker, Oncology 75 (2008)
60-66.

H.M. Muller, H. Fiegl, A. Widschwendter, M. Widschwendter, Prognostic DNA
methylation marker in serum of cancer patients, Ann. NY Acad. Sci. 1022 (2004)
44-49.

M. Yu, A. Bardia, B.S. Wittner, et al., Circulating breast tumor cells exhibit dy-
namic changes in epithelial and mesenchymal composition, Science 339 (2013)
580-584.

M. Widschwendter, S. Apostolidou, E. Raum, et al., Epigenotyping in peripheral
blood cell DNA and breast cancer risk: a proof of principle study, PLoS One 3
(2008) €2656.

A.Q. Van Hoesel, Y. Sato, D.A. Elashoff, et al., Assessment of DNA methylation

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Cancer Treatment and Research Communications 19 (2019) 100125

status in early stages of breast cancer development, Br. J. Cancer 108 (2013)
2033-2038.

P.K. Lo, S. Sukumar, Epigenomics and breast cancer, Pharmacogenomics 9 (2008)
1879-1902.

R.G. Lapidus, S.J. Nass, K.A. Butash, et al., Mapping of ER gene CpG island me-
thylation-specific polymerase chain reaction, Cancer Res. 58 (1998) 2515-2519.
X. Yang, L. Yan, N.E. Davidson, DNA methylation in breast cancer, Endocr. Relat.
Cancer 8 (2001) 115-127.

J. Martinez-Galan, B. Torres-Torres, M.1. Nunez, et al., ESR1 gene promoter region
methylation in free circulating DNA and its correlation with estrogen receptor
protein expression in tumor tissue in breast cancer patients, BMC Cancer 14
(2014) 59.

J. Wei, B. Han, X.Y. Mao, et al., Promoter methylation status and expression of
estrogen receptor alpha in familial breast cancer patients, Tumour Biol. 33 (2012)
413-420.

E. Hervouet, P.F. Cartron, M. Jouvenot, R. Delage- Mourroux, Epigenetic regula-
tion of estrogen signaling in breast cancer, Epigenetics 8 (2013) 237-245.

T. Hassan, S. Anees, S.A. Bhat, A.A. Reshi, A. Ali, M.R. Mir, S. Majid, Genetic
polymorphism in the estrogen receptor o gene and risk of breast cancer in
Kashmiri population in India, Int. J. Inf. Fut. Res. 1 (5) (2014) 44-52.

L.K. Dunnwald, M.A. Rossing, C.I. Li, Hormone receptor status, tumor character-
istics, and prognosis: a prospective cohort of breast cancer patients, Breast Cancer
Res. 9 (2007) R6.

E. Iorns, N.C. Turner, R. Elliott, et al., Identification of CDK10 as an important
determinant of resistance to endocrine therapy for breast cancer, Cancer Cell 13
(2008) 91-104.

R. Roy, J. Chun, S.N. Powell, BRCA1 and BRCAZ2: different roles in a common
pathway of genome protection, Nat. Rev. Cancer 12 (2012) 68-78.

A. Antoniou, P.D. Pharoah, S. Narod, et al., Average risks of breast and ovarian
cancer associated with BRCA1 or BRCA2 mutations detected in case Series un-
selected for family history: a combined analysis of 22 studies, Am. J. Hum. Genet.
72 (2003) 1117-1130.

P. Rizzolo, V. Silvestri, M. Falchetti, L. Ottini, Inherited and acquired alterations in
development of breast cancer, Appl Clin Genet 4 (2011) 145-158.

O.A. Stefansson, J.G. Jonasson, K. Olafsdottir, et al., CpG island hypermethylation
of BRCA1 and loss of pRb as co-occurring events in basal/triple-negative breast
cancer, Epigenetics 6 (5) (2011) 638-649.

A. Kolacinska, J. Morawiec, W. Fendler, B. Malachowska, Z. Morawiec, et al.,
Association of microRNAs and pathologic response to preoperative chemotherapy
in triple negative breast cancer: preliminary report, Mol. Biol. Rep. 41 (5) (2014)
2851-2857.

N.H. Farina, J.E. Ramsey, M.E. Cuke, T.P. Ahern, D.J. Shirley, J.L. Stein, G.S. Stein,
J.B. Lian, M.E. Wood, Development of a predictive miRNA signature for breast
cancer risk among high-risk women, Oncotarget 8 (2017) 112170-112183.


http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0090
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0090
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0091
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0091
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0091
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0092
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0092
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0093
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0093
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0093
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0094
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0094
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0094
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0095
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0095
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0095
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0096
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0096
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0096
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0097
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0097
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0097
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0098
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0098
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0098
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0099
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0099
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0100
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0100
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0101
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0101
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0101
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0102
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0102
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0102
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0103
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0103
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0103
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0104
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0104
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0104
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0105
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0105
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0105
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0106
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0106
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0106
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0107
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0107
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0108
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0108
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0109
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0109
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0110
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0110
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0110
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0110
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0111
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0111
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0111
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0112
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0112
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0113
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0113
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0113
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0114
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0114
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0114
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0115
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0115
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0115
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0116
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0116
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0117
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0117
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0117
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0117
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0118
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0118
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0119
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0119
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0119
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0120
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0120
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0120
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0120
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0121
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0121
http://refhub.elsevier.com/S2468-2942(18)30107-2/sbref0121

	Diagnostic utility of epigenetics in breast cancer – A review
	Introduction
	Epigenetic modifications
	Methylation
	Methylation imbalance in cancer cells
	Histone modifications
	MicroRNAs (miRNAs)

	Epigenetic alterations as tumor microenvironment in breast cancer
	Role of epigenetics as diagnostic and prognostic biomarker in cancer
	Epigenetics as diagnostic and prognostic biomarkers for breast cancer
	Epigenetic modifications as predictive biomarkers for BC

	The future prospects of epigenetics in cancer
	Conclusion
	Disclosure of potential conflicts of interest
	Author's contribution
	Supplementary materials
	References




