Chapter 9
Epigenetics of Breast Cancer: DNA
Methylome and Global Histone Modifications

Gulistan Mese and Ozden Yalcin-Ozuysal

9.1 Introduction

Breast cancer is the most frequently diagnosed cancer in women. In 2012, more
than 1.6 million women were diagnosed with breast cancer worldwide. Despite the
improvements in screening and therapeutic approaches, in 2012 more than half a
million women died due to breast cancer, which is among the leading cause of can-
cer deaths in women [1].

Breast cancer is a heterogeneous disease comprised of tumors with different his-
tological characteristics and clinical outcomes in terms of prognosis, drug response
and metastatic potential. Heterogeneous nature of the breast cancer demands deli-
cate approaches to diagnose and follow the most appropriate strategy for clinical
management. Classical histological analysis including assessment of hormone
receptor (HR) and receptor tyrosine-protein kinase erbB-2 (ERBB2) status, tumor
size, histological grade and lymph node invasion was improved in the last decade
with the gene expression profiling. Microarray analysis of mRNA expression
revealed mainly four molecular subtypes of breast tumors: (a) luminal A, low grade
estrogen receptor (ER)(+) tumors with good prognosis, (b) luminal B, high grade
(ER)(+) tumors with poor prognosis, (c) basal-like, HR (—) and ERBB2(-), and (d)
ERBB2(+), increased expression of several genes of ERBB2 amplicon [2-4].
Molecular subtypes not only provided additional significant information for better
diagnosis, prognostic estimates and drug response predictions but also improved
our understanding of breast tumor biology (reviewed in [5]). Effective therapeutic
approaches could only be developed by unrevealing the mechanisms underlying
tumorigenesis and metastasis. Despite the advancements due to molecular subtypes,
there is still room for improvement for better diagnostic and therapeutic approaches.

G. Mese * O. Yalcin-Ozuysal (P<)

Department of Molecular Biology and Genetics, Izmir Institute of Technology,
Izmir 35430, Turkey

e-mail: gulistanmese @iyte.edu.tr; ozdenyalcin@iyte.edu.tr

© Springer International Publishing Switzerland 2016 207
M.K. Mishra, K.S. Bishnupuri (eds.), Epigenetic Advancements in Cancer,
DOI 10.1007/978-3-319-24951-3_9


mailto:gulistanmese@iyte.edu.tr
mailto:ozdenyalcin@iyte.edu.tr

208 G. Mese and O. Yalcin-Ozuysal

Cancer as a general was considered to be resulted from the accumulation of
genetic mutations but numerous studies now implicate the contribution of abnormal
epigenetic modifications in various cancer types including breast cancer.
Contribution of epigenetic modifications in breast cancer development was further
supported by the identification of several recurrent mutations in genome-wide
sequencing analysis in the regulators of DNA methylation, post-translational his-
tone modifications and chromatin remodeling in general [6-9]. Similar to genetic
mutations, epigenetic alterations are also involved in abnormal regulation of onco-
genes and tumor suppressors that play role in breast tumor development and pro-
gression. Further studies suggested global epigenetic alterations in breast tumors
compared to normal samples that can affect the activities and/or regulation of hun-
dreds to thousands genes involved in several cellular processes including DNA
repair, signaling pathways, cell cycle, and transcription that are known to be impor-
tant in tumorigenesis. In contrast to genetic mutations, epigenetic alterations are
reversible that could provide an advantage for the correction of abnormalities in
affected regions to revert to the normal genome state. Thus, epigenetic mechanisms
are prominent candidates for the development of novel therapeutic approaches.
Using both genetic and epigenetic factors would give a better definition of breast
cancer subtypes that would increase the diagnostic and prognostic success for breast
cancer patients with the development of better markers and treatment options.

In this chapter, we summarize the recent advances in global epigenetic changes,
mainly DNA methylation and histone modification alterations, and their relevance
to breast cancer classification and clinical observations.

9.1.1 DNA Methylome

Abnormal DNA methylation has long been observed in several cancer types includ-
ing breast. Abnormalities include both hypermethylation and hypomethylation.
Hypermethylation is described as gain of methyl residue at the 5’ position of cyto-
sine nucleotide at regions that are normally not methylated, and mostly observed in
promoter CpG islands. In general hypermethylation is associated with silencing of
gene expression and observed in tumor suppressor genes (Reviewed in [10]). On the
other hand, global hypomethylation is another characteristic property of cancer
cells. Genome wide loss of methyl residues on cytosine nucleotides is observed usu-
ally in gene poor areas such as repetitive sequences and pericentromeric satellite
DNA. Hypomethylation has long been known to be associated with genomic insta-
bility (Reviewed in [11]).

Analysis of individual genes or DNA sequences revealed many cancer-associated
modifications in breast tumors. Pubmeth, a web based tool for automated text min-
ing, lists 100 genes that are implicated as hypermethylated in breast cancer [12].
MelnfoText, another automated tool that extracts gene methylation and cancer rela-
tions from the literature, shows more than 150 genes that are supposedly hyper- or
hypomethylated in breast cancer [13]. Both lists contain the most commonly known
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genes, such as BRCA1, RASSF1, CCND2, APC, ESR1, TWIST1, and PTEN,
which are reported to be frequently hypermethylated in breast tumors (Reviewed in
[14, 15]).

Studies that focused on specific genes established the basis of our understanding
on the role of DNA methylation in breast cancer. However, they were limited with
the few number of genes or genomic regions due to technical inadequacies. Recent
advances in high throughput technologies allowed the analysis of complete epig-
enome in numerous tumor samples. Similar to whole genome expression profiling,
whole genome DNA methylation analysis brought insights into molecular basis of
breast tumors, their classification, and prediction of prognosis (Table 9.1).

One of the first studies that analyzed high number of CpGs simultaneously in
breast tumors made use of methylation sensitive restriction enzymes and hybridiza-
tion on immobilized CpG sequences derived from human CpG island library [16].
Using this approach, 1104 CpG islands in 28 paired breast tumor and normal sam-
ples were analyzed. The results showed that 9 % of the CpG islands were hyper-
methylated in tumors compared to normal samples while there were little or no
changes in the rest of the CpG islands. Furthermore, hypermethylation was found to
be associated with poor differentiation. In this study, other clinical parameters did
not show any correlation with the methylation status of the analyzed CpGs [16].
This initial screening comparing breast tumor and normal samples was expanded
with extensive analysis of CpGs in several studies (Table 9.1). The most commonly
used methods was applying DNA, which is bisulfite treated or immunoprecipitated
with antibodies against methylated cytosines, on arrays that covers CpGs across the
genome. Analysis of 27,578 CpGs in 19 inflammatory breast tumors, 43 non-
inflammatory breast tumors and 10 normal samples revealed 1353 CpGs differen-
tially methylated between normal and tumor samples. 77 % of these CpGs were
hypermethylated, while the remaining 23 % were hypomethylated in tumors.
Differentially methylated genes were related to the focal adhesion, ECM receptor
interaction and cytokine-cytokine receptor interaction [17]. Using the same meth-
odology, analysis of a larger set (119 tumor and 8 normal samples) identified larger
number of CpGs (6309) that were differentially methylated between tumor and nor-
mal samples. The nature of the hyper- and hypo-methylated regions were consistent
with the previous findings that hypermethylation was mostly observed within CpG
islands, while hypomethylation was detected outside CpG islands [18]. In another
study, 108 breast tumors and 11 adjacent normal breast tissue were analyzed and
100 gene associated CpGs were found to be differentially methylated between
tumor and normal samples. The list contained both previously identified genes that
are hypermethylated in breast tumors such as RUNX3 and PITX2, and novel genes
such as GPR10, DRD5 and CDKNI1C. Increased methylation of GPR10, DRDS5 and
CDKNIC in tumors were validated in an independent sample set indicating that
those genes could be novel candidates as tumor markers in breast [19]. In addition
to genes, CpGs within 5 kb of several microRNAs were also differentially methyl-
ated between normal and tumor samples. Among those microRNAs, miR335 has
previously been shown to be lost in tumors, which was associated with increased
risk of metastasis [19, 20]. In summary, high throughput analyses further confirmed
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the previous findings that there are significant differences in DNA methylation
between tumor and normal breast tissues and that differences are not limited to a
few gene associated CpGs or repetitive sequences but affects thousands of CpGs
across the genome. Furthermore, a list of differentially methylated CpGs can distin-
guish breast tumors from normal breast tissues. Interestingly, the selected CpGs did
not need to be derived from breast cancer, but 151 differentially methylated regions
identified in colon cancer could successfully distinguish tumors from normal tissue
in breast as well [21]. All these data indicate that methylation changes are involved
in a global mechanism that differentiates tumor tissue from normal tissue.

Encouraged by success of mRNA profiling, an intriguing question whether DNA
methylation profiling could improve our understanding of heterogeneity of breast
cancer came up with the development of high throughput assays.

Analysis of genome wide DNA methylation of numerous samples in many stud-
ies derived clusters that are mainly enriched in a specific histological characteristic
such as estrogen receptor (ER) expression, or a specific molecular subtype.
Methylation profile of over 200 invasive ductal carcinomas successfully clustered
the tumors into two: Cluster I: enriched in ER(-) and Cluster II: enriched in ER(+)
tumors [18]. To understand whether this DNA methylation pattern is functionally
important for tumor phenotype, the authors looked into the genes that were repre-
sented in differentially methylated CpGs. The genes that were shown to be posi-
tively correlated with ER expression were highly methylated in Cluster I, while the
genes negatively correlated with ER expression were hypermethylated in Cluster 11
[18, 22]. These data indicate that expression of the gene sets that can distinguish
ER(-) from ER(+) tumors are at least partially regulated by DNA methylation. In an
independent study, methylation profile clustered more than 160 breast tumors into
two as one of them being enriched in hormone receptor (HR) (+) tumors, and the
other was a mixture of HR(+) and HR(-) tumors [23]. Cell line analysis provided
similar results with the tumor studies. A panel of 7 breast cancer cell lines, 4 ER(+)
and 3 ER(-), were analyzed for gene expression, gene copy number and DNA meth-
ylation. Gene expression analysis were able to cluster all the cell lines as ER(+) or
ER(-), while methylation status of all 21,570 CpGs did the same except that one
ER(-) and one ER(+) cell line failed to cluster with their respective groups. Among
21,570 CpGs, 444 that mapped within the 5 kb of the 5’ end of the gene were dif-
ferentially methylated between ER(—) and ER(+) cell lines. Top 100 of this list
illustrated a very robust methylation signature for ER(+) and ER(-) cell lines. The
results obtained from cell lines were complemented with tumor data showing that
67 genes that are hypermethylated in ER(-) cell lines were overexpressed in ER(+)
tumors and 17 genes that were hypermethylated in ER(+) cell lines were overex-
pressed in ER(—) tumors [24]. Another study identified only 148 CpGs out of 27,578
to be differentially methylated between 12 ER/PR(+) and 12 ER/PR(-) tumors [25].
Only one of the four genes that was found to be differentially methylated between
this group of ER/PR(+) and ER/PR(-) tumors was found to be differentially methyl-
ated between ER(+) and ER(-) cell lines [24, 25]. Discrepancies between the stud-
ies could be due to low number of samples, different techniques that are applied or
differences between the nature of cell line models and primary tumors. An analysis



9 Epigenetics of Breast Cancer: DNA Methylome and Global Histone Modifications 213

of 162 invasive breast tumors, which were clustered into eight groups, initially
showed no association between methylation clusters and ER status. However, when
samples were restricted to post-menopausal patients, methylation clusters increased
to 11, which were significantly associated with ER status showing the importance
of sample diversity [26]. Overall, the data indicates that ER status not only affects
the gene expression pattern of tumors but also represents a specific DNA methyla-
tion profile, which at least partially contributes to the regulation of gene
expression.

Molecular subtypes are based on gene expression. Since DNA methylation is one
of the mechanisms that regulate gene expression, many recent studies focused on
whether it could represent distinct profiles in different molecular subtypes.
Furthermore, DNA methylation profiling is considered as a promising strategy to
improve classification of breast tumors and predictions on clinical outcomes such as
survival and metastasis. Using a cancer specific panel screening 1505 CpGs from
807 cancer related genes in more than 200 tumors, 15 CpGs were found to be dif-
ferentially methylated in different molecular subtypes. Basal-like tumors were
shown to have the lowest methylation levels. Interestingly, methylation status of five
genes (NPY, FGF2, HS3ST2, RASSF1, Let-7a) was able to discriminate basal-like
and HER2-overexpressing tumors. The marker genes were hypermethylated mostly
in luminal B and ERBB2+ tumors, were not methylated mostly in basal-like tumors
and were variably methylated in a group of tumors composed of mainly luminal A
with a few luminal B and ERBB2+ tumors [27]. Another study, using the same
panel, clustered 189 tumors into three. Each cluster was associated with either lumi-
nal A and luminal B or basal-like subtypes, while ERBB2+ and normal-like tumors
were not enriched in any of the clusters. 196 CpGs associated with molecular sub-
types were identified. These CpGs were more frequently methylated in luminal B
tumors and less methylated in basal-like tumors consistent with the finding that the
cluster dominated by basal-like tumors had lower overall methylation levels com-
pared to luminal B dominated ones [28]. Screening 27,578 CpGs in a different set
of 119 tumors, revealed 6 distinct methylation clusters. Three of these clusters were
enriched in ERBB2+, basal-like or luminal A tumors, pointing to a significant dif-
ference between the methylation profiles of these three subtypes [18]. 100 loci that
were initially found to distinguish tumor from normal samples were not informative
for molecular subtypes. However, 600 loci that were found in the same study clus-
tered tumors into three classes, one of them being enriched in luminal A and other
in basal-like [19]. The Cancer Genome Atlas (TCGA) Network had the largest data
set with 802 breast tumors that were analyzed for whole genome DNA methylation
[7]. In this study, 574 differentially methylated CpGs were found to cluster the
breast tumors into five groups. Consistent with the previous findings, one of the
clusters had hypermethylated phenotype and enriched in Luminal B subtype, while
another one had the lowest methylation and was enriched in basal-like subtype.
ERBB2+ group was not associated with any of the clusters [7]. A recent study ini-
tially analyzed 482,421 CpGs in 40 tumors and showed that DNA methylation pat-
tern clustered the tumors into three, each of which were enriched in luminal B,
basal-like or luminal A tumors [29]. Then, the authors compared their data with the
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one released by TCGA Network and looked for the CpGs that were commonly
changed in both groups. Interestingly, 254 CpGs were determined for luminal B,
202 for basal-like, while there were no common CpG changes detected for luminal
A and ERBB2+. Luminal B specific CpG pattern, which was also observed in a
number of luminal A and ERBB2+ tumors, predominantly consist of methylated
CpGs in promoter region. On the other hand, basal-like specific CpG pattern was
exclusively observed in basal-like tumors and dominated by hypomethylated CpGs
in gene bodies, CpG shores and CpG poor promoter regions [29]. Differences
between luminal B and basal-like subtypes were also observed in promoter specific
analysis. Promoters of ten genes (APC1, BRCAI, BRCA2, CDHI, Cyclin D2,
ESR1, HIN-1, RAR-B, RASSF1A and TWIST) that are involved in breast cancer
were analyzed by quantitative multiplex methylation specific PCR in 114 primary
breast tumor sample group, which is composed of basal-like, luminal and HER2+
tumors. Average methylation ratio of basal-like tumors were lower than the luminal
and HER2+ tumors. Only BRCA1 methylation level were higher in basal-like sub-
type [30]. In another study, promoters of 15 genes (APC, DLEC1, GRIN2B, GSTP1,
HOXA1,HOXA10,IGF2, MT1G, RARB, RASSF1A,RUNX3, SCGB3A1, SFRPI,
SFRP4, and TMEFF20) were analyzed by PCR based assay in 179 primary breast
tumors. 12 genes were differentially methylated between the subtypes and had the
lowest values in basal-like group [31]. In conclusion, strong data accumulated by
independent research groups showed that molecular subtypes have distinct methyla-
tion patterns. The most striking difference was repeatedly found between luminal B
and basal-like subtypes, of which the former had hypermethylated phenotype while
the latter had low methylation profile. High throughput data were further confirmed
by promoter specific analysis of selected genes. ER status, which was shown to have
a dominant effect on DNA methylation profile, is an important component of
molecular subtypes. Thus, it is plausible to expect DNA methylation differences
between luminal and basal-like subtypes, one of the main differences of which is
being HR(+) or HR(-). However, ER status alone is unlikely to explain all the meth-
ylation changes.

Familial breast tumors could be assigned into one of the molecular subtypes
based on their expression profile. A study analyzing 75 familial breast tumors
showed that 74 % of BRCA1 tumors were classified as basal-like, 73 % of BRCA2
tumors were luminal A or luminal B, and 52 % of non-BRCA1/2 tumors were lumi-
nal A [32]. Analysis of 1505 CpGs from 807 cancer related genes in 71 familial
breast tumors showed that BRCA?2 tumors had higher methylation levels compared
to BRCAT1 or other familial tumors. In this tumor set, 50 % of the BRCA2 tumors
were classified as luminal B, and 60 % of the BRCA1 tumors were basal-like. Since
it was shown that luminal B subtype has higher methylation levels than basal-like,
further analysis was required to eliminate the possibility that the methylation profile
was an outcome of subtype differences in the particular sample set [7, 27-29]. The
complementing data came from analysis of 25,500 transcription start sites in famil-
ial breast tumors including BRCA1, BRCA2 and non-BRCA1/2 groups [33]. In
contrast to somatic tumors, molecular subtypes of familial tumors did not show any
significant changes in methylation profile. However, 822 genes were found to be
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differentially methylated between the mutation groups and methylation profile pre-
dicted BRCA1, BRCA2 or non-BRCA1/2 status more accurate than the gene
expression profile. Furthermore, methylation profile clustered non-BRCA1/2
tumors into two groups, which were heterogeneous in molecular subtype composi-
tion [33]. Overall, the data showed that familial breast tumors represent unique
DNA methylation profiles that are associated with the mutation type not the molec-
ular subtype. Thus, DNA methylation profiling could expand our knowledge to
understand the clinical phenotype of the familial breast tumors.

DNA methylation profile not only improved our understanding on the heteroge-
neity of breast tumors, but it also provided valuable information of their biology and
clinical phenotypes. DNA methylation profile was shown to be able to reveal
immune cell infiltration in breast tumors [18]. Gene ontology analysis showed that
immunity related genes were differentially methylated between six different meth-
ylation clusters of breast tumors. These genes were hypomethylated in immune
cells but hypermethylated in normal and cancer cell lines. Tumor clusters that have
hypomethylation of the immunity related genes were found to be infiltrated by lym-
phocytes [18]. Furthermore the same group found out that DNA methylation pattern
could reflect the cellular origin of the tumor. They showed that luminal progenitor
signature was associated with one of the methylation clusters. This methylation
cluster was enriched in basal-like tumors, for which candidate population for trans-
formation was identified as luminal progenitor cells [18, 34]. Another study showed
that, methylation profile reflects cell lineage origins of the breast tumors [35]. The
authors analyzed 27,578 CpG islands in 19 breast cancer cell lines and found out
that 120 genes that were significantly repressed in association with methylation
(SRAM) clustered the cell lines into two; EPCAM(+) epithelial cells and EPCAM(-)
mesenchymal cells. 71 SRAM genes that were methylated in EPCAM(+) breast
cancer cell lines were also repressed in normal human luminal and luminal progeni-
tor cells, which are EPCAM(+). Similarly SRAM genes that were methylated in
EPCAM(-) mesenchymal cell lines were repressed in normal human basal/myoepi-
thelial and stromal cells, which are EPCAM(-). Thus, methylation pattern of breast
cancer cell lines matched expression patterns of specific lineages of normal breast
cells. Furthermore, EPCAM(—) SRAM were able to identify claudin-low tumors,
which carry mesenchymal characteristics, while EPCAM(+) SRAM were fre-
quently methylated in primary tumors reflecting their epithelial origin [35]. Stem
cell component of the breast tumors were also linked to methylation profile [31].
Stem cell rich tumors, determined by presence of CD44(+)/CD24(—) or ALDH1(+)
cell content, had lower methylation levels. However, CD44(+)/CD24(-) tumors
were enriched in basal-like subtype, which was shown to have lower methylation
levels [7, 27-29]. To make sure that low methylation levels were a result of stem cell
component not molecular subtype, the authors analyzed stem cell rich or poor basal-
like tumors. They showed that basal-like tumors enriched in stem cells had lower
methylation levels compared to basal-like tumors that do not have CD44(+)/
CD24(-) cells indicating that stem cell phenotype contributes to DNA methylation
profile independently of molecular subtype [31]. Breast cancer risk related expo-
sures were also found to be associated with methylation profiles. Analysis of 1413
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autosomal CpGs clustered 162 invasive breast tumors into 8 classes, which were
significantly associated with alcohol intake and total dietary folate indicating the
effect of environmental factors on DNA methylation pattern of breast tumors [26].
One of the practical benefits of DNA methylation profiling is its contribution to
prediction of prognosis. Screening of 27,578 CpGs clustered breast tumors into two,
one of which was defined as having breast CpG methylator phenotype (B-CIMP)
[23]. B-CIMP was composed of 3297 differentially methylated CpGs of 2543
genes, more than two third of which was hypermethylated. B-CIMP(+) tumors had
improved metastasis-free survival. However, B-CIMP(+) cluster was composed of
HR(+) tumors, while the other cluster was a mix of HR(+) and HR(-) tumors. To
validate that the association of B-CIMP(+) phenotype with better metastasis free
survival was independent of HR status, the authors limited the analysis with HR(+)
tumors. They showed that B-CIMP(-) HR(+) tumors had worse prognosis than
B-CIMP(+) HR(+) tumors. B-CIMP status was a strong predictor of prognosis inde-
pendent of tumor stage, age, nodal status and HR status. B-CIMP genes that has
decreased mRNA expression, were enriched in genes listed in breast cancer prog-
nostic expression signatures [23]. Thus, B-CIMP phenotype could partly explain
the differential gene expression in poor vs. good prognosis tumors and could be
used as a prognostic marker. Another study showed that DNA methylation profile
was associated with the molecular signature that is an indicator of poor prognosis
[17]. 500 differentially methylated CpGs clustered a tumor set that consists of 19
inflammatory and 43 non-inflammatory breast tumors into two. The cluster that has
high methylation levels was enriched in tumors from patients with distant metasta-
sis and poor prognosis as determined by 70 gene prognostic signature [17, 36].
There were no association between the methylation clusters and age, tumor stage,
histological grade or HR and ERBB2 status of the tumors, but one of the clusters
were enriched in inflammatory breast tumors. However, it is unlikely that the distri-
bution of the inflammatory breast tumors would affect prognosis because only four
CpGs corresponding to four genes were differentially methylated between inflam-
matory and non-inflammatory tumors [17]. It was also shown that methylation
status of individual genes could cluster patients into poor or good prognosis groups
[19]. Analysis of more than 100 tumors showed that 921 CpGs, including 490 genic
and 431 non-genic loci, could derive two groups with different prognosis. 25 of the
genes that were associated with these CpGs were able to cluster patients into poor
and good prognosis groups individually. Interestingly, all of these genes were in a
different methylation state in normal tissue compared to tumor tissue. Furthermore,
these genes belong to gene ontology groups of vasculature development, cell death,
proliferation, and cell cycle processes indicating that they could be functionally
important in metastatic cascade [19]. DNA methylation profile could also reveal
heterogeneity within the molecular subtypes. Analysis of 1505 CpGs clustered 80
breast tumors into three, none of which were strongly dominated by a specific group
[37]. Interestingly, it was found that luminal A tumors, which were distributed
between two different clusters, differ significantly in survival [37]. However, it
should be noted that TP53 status and size of the tumors were also found to affect
survival in different methylation clusters and status of luminal A tumors in these
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parameters might be a factor in differential survival as well [37]. A recent study
identified two new subtypes based on DNA methylation profile: Epi-LumB and Epi-
Basal, which are luminal B and basal-like associated CpGs, respectively [29]. Both
signatures were associated with reduced survival and observed in most but not all of
the relevant molecular subtypes, reflecting the heterogeneity between them. Three
genes for Epi-LumB and two genes for Epi-Basal phenotype were selected as proxy
to analyze by locus specific assays. Analysis of 301 tumors showed that survival of
patients with luminal B or basal-like tumors were not changed by having Epi-LumB
or Epi-Basal phenotype. However, within ER(+) tumors, having luminal B or Epi-
LumB phenotype significantly increased the death risk by approximately fivefold
compared to having only luminal B phenotype. Similarly, within ER(-) tumors,
having basal-like or Epi-Basal phenotype increased the death risk by tenfold com-
pared to basal-like only phenotype although it did not reach to statistical signifi-
cance [29]. In summary, DNA methylation profiling was shown to provide additional
information to estimate prognosis and stands out as a prominent approach for clini-
cal use.

Metastasis is another important mechanism that is tightly associated with the
survival of the patient. Thus, its molecular characterization has long been a focus of
interest. To understand the landscape of breast brain metastasis, DNA methylation
profile was analyzed in 32 metastases, 12 non-neoplastic breast tissue and 15 non-
neoplastic brain tissue [38]. 425 CpGs were found to be differentially methylated in
metastases, majority being hypermethylated. Similar to primary tumors, subtypes of
metastases were discriminated by 90 differentially methylated CpGs. Basal-like
metastases were found to have the lowest methylation levels consistent with the
primary tumor data [38]. The differences between metastases and matched primary
tumors were not that striking. A recent study analyzed methylation pattern of more
than 400,000 CpGs in 44 paired primary tumors and lymph node metastases [39].
Metastases did not form an independent group but each metastasis was grouped
with the matching primary tumor instead, indicating that metastasis specific changes
do not dominate the methylation profile. Metastases have global DNA
hypermethylation compared to primary tumors mostly outside the core promoter
regions, with the most significant increase being observed in basal-like subtype.
Only luminal A metastases mainly confer hypomethylation leading to the question
whether different subtypes acquire metastatic capacity via different mechanisms.
Only 155 genes were differentially methylated between primary tumor and its
matched metastasis in at least one of the molecular subtypes. Among these 155
genes, only 8 were differentially expressed indicating that majority of the methyla-
tion changes that are associated with gene expression must have occurred early in
tumorigenesis [39].

Overall, high throughput DNA methylation analysis improved our understanding
in breast tumor heterogeneity and clinical outcomes. However, how DNA methyla-
tion contributes to these processes is still an open question. Many of the studies
combined DNA methylation profiling with mRNA profiling. Although there was an
association, DNA methylation did not always correlate with gene expression.
B-CIMP phenotype that is associated with better prognosis was composed of 1764
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hypermethylated genes, only 102 of which were downregulated at the mRNA level
[23]. 444 CpGs were found to be differentially methylated between ER(-) and
ER(+) cell lines, but only 151 of them were inversely correlated with the expression
of 149 genes [24]. Among 79 genes that were differentially methylated between
three clusters of tumors, only 33 showed a significant anti-correlation between
methylation and gene expression [19]. The tumor group with hypermethylation pro-
file has 4283 genes that are differentially methylated, while only 1899 of them were
differentially expressed [7]. All these data point to alternative mechanisms that
regulate gene expression in coordination with or independent of DNA methylation
to reach to a certain context in the cell. Loss of copy number could be one of the
candidate mechanisms. In poorly metastatic MDA MB 468-GFP and highly meta-
static MDA MB 468-LN cell lines, copy number alterations, gene expression and
DNA methylation profiles were analyzed. It was shown that loss in copy number
was correlated with hypermethylation, while copy number increase was associated
with hypomethylation [40]. Gene expression and DNA methylation analysis in
ERBB2(+) cell line HCC1954 showed that hypomethylated genes had greater ten-
dency to be repressed [41]. In 50 ERBB2(+) breast tumors, the genes hypomethyl-
ated in HCC1954 were enriched in repressed genes compared to 23 normal breast
samples. The repression mechanism of hypomethylated genes were revealed by the
analysis of histone modifications. Regions showing hypomethylated DNA were
enriched in H3K9me3 and H3K27me3. Allele specific analysis showed that in
hypomethylated genes, one allele was methylated and the unmethylated allele was
occupied by H3K9me3 and H3K27me3, resulting in repression of gene expression
[41]. Thus, DNA hypomethylation was tightly linked to formation of closed chro-
matin structures and gene silencing.

In conclusion, DNA methylation profiling proved to be useful as a novel approach
to understand the heterogeneity of breast cancer and classify breast tumors into bet-
ter defined subtypes with predictable clinical characteristics. Since DNA could be
well preserved in different kinds of clinical specimen and represent a more stable
profile than mRNA, methylation pattern as a prognostic or diagnostic marker would
benefit clinic.

9.1.2 Global Histone Modifications

Eukaryotes maintain their DNA content in a highly compact and ordered structure
by the help of small, basic histone proteins. This condensed structure is formed by
wrapping 147 bp of DNA around the octamer of four core histone proteins, com-
posed of H2A, H2B, H3 and H4 dimers [6, 42—44]. As a result of this configuration,
two types of chromatin regions are generated in the genome; transcriptionally inac-
tive heterochromatin and transcriptionally active euchromatin regions. This chro-
matin structure is strictly regulated by post-translational covalent modifications of
histone tails and at least 16 different types of histone modifications including the
addition/removal of methyl, acetyl, phospho, ubiquitin, SUMO and
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poly-ADP-ribose groups, have been identified that regulate DNA replication, tran-
scription and repair mechanisms [45-50]. The specific function of each modifica-
tion and their modifiers in DNA-based mechanisms have been extensively studied
to determine their relevance to cellular functions and their contribution to the gen-
eration and progression of several human disorders including different types of can-
cer [6].

Identification of various types of histone modifications suggested the importance
of combinations of histone marks in the genome that are referred to as the “histone
code” for the regulation of gene function [50-52]. This also implicated the crosstalk
among different histone modifier enzymes and their effector proteins. Examination
of individual histone marks enabled the determination of the function of each mark
and recent efforts now focus on the interplay between different modifications and
their involvement in cellular functions [47, 50].

Among all modifications, acetylation and methylation (mono, double and triple)
of basic lysine and arginine residues are the most widely investigated histone marks.
The levels of acetylation and methylation are governed by the activities of histone
acetyltransferases (HATs) and deacetylases (HDACs and Sirtuins); and by histone
methyltransferases (HDMTs) and demethylases (HDMs), respectively [47, 53, 54].
Studies on the identification of functions of single histone modifications on gene
activation and repression have shown that differential acetylation (ac), mono- (me),
di- (me2) and tri- (me3) methylation of histones produce diverse functional out-
comes in cells. For example, while H3K4me3, H3K36me3, H3K79me3, H3K9ac,
H3K14ac, H3K20me and H2BK4me modifications were demonstrated to be
involved in gene activation, H2ZBK5me3, H3K9me3, H3K27me3 and H4K20me3
were associated with gene repression [50, 52, 55-57]. Changes in the levels of his-
tone modifications can affect their function in gene transcription and therefore can
alter cell homeostasis.

Histone modifications are highly dynamic processes that can change in a cell-
context dependent manner by altering the activities of modifier proteins that consist
of modification inducers, erasers and readers that interact and bind to histone
complexes. Changes in histone mark status will eventually alter histone-DNA,
histone-histone, histone-non-histone protein interactions that control many DNA-
template processes important for regulation of cellular events [49, 58, 59]. This type
of crosstalk among DNA, histones, modifiers and effector proteins provide an enor-
mous amount of complexity to the regulation of the gene function [6, 48]. That is
why regulation and maintenance of histone modifications are crucial for normal
cellular functions and abnormalities in histone modifications, alteration in modifier
activities and alteration in the interaction with reader proteins might contribute to
the generation of various human disorders including cancer [10, 15, 58, 60].

Cancer is a multistep process that involves both genetic and epigenetic changes
of whom cooperation play essential part in the development and progression of
cancer [6, 60, 61]. The contribution of epigenetic changes to cancer generation and
progression was initially demonstrated by the observation of alterations in methyla-
tion status of CpG islands in promoters of cancer related genes [62—64]. This was
followed by the identification of the involvement of histone modifiers that were
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shown to be mutated to silence and/or activate cancer related-genes during cancer
formation [6]. Since then, roles of modifiers and their specific histone modifications
in various cancer types have been extensively studied. Although, initial studies
examined functions of individual modifier and/or modification in cancer formation
and progression, recent developments in global proteomic and genomic technolo-
gies enabled the study of global assessment of histone modifications and modifier
enzymes in a genome-wide scale. Global changes in histone modifications in differ-
ent cancer types including breast cancer have been focused on the potential usage of
these modifications for correlation with prognostic and histopathological outcomes
[65, 66].

Epigenetic factors are thought to be one of the contributors of the breast cancer
heterogeneity. For this, effects of epigenetic modifications to the development of
breast cancer and their association with breast cancer prognosis, recurrence risk and
subtype classification have been extensively studied in recent years [66—68]. Similar
to other cancers, breast cancer tissues and cells have been observed to have altered
epigenetic modifications compared to normal tissues and cells. Although initial
studies have focused on the analysis of modifications on a gene-by-gene basis,
recent trends switched to investigation of global epigenetic changes and their rele-
vance to breast cancer-specific subtypes, prognosis and patient outcomes [66]. In
the following parts, the global changes in histone acetylation and histone methyl-
ations and their association with breast cancer will be mainly explained with a brief
summary of involvement of other histone marks in breast cancer development and
progression.

Analysis of normal tissues, cancer cell lines and primary tumors have shown that
global loss of monoacetylation (H4K16ac) and trimethylation (H4K20me3) of his-
tone 4 have been commonly observed in initial steps of different cancers and con-
sidered to be one of the hallmarks of cancer generation [69]. This suggested the
involvement and usage of global histone modification changes for the prediction of
risk assessment, prognosis, recurrence and overall survival in breast cancer [66, 70,
71]. The global changes in H3K4me2, H3K9ac, H3K18ac, H4R3me?2, H4K12ac,
H4K16ac and H4K20me3 histone modifications were compared using immunohis-
tochemistry staining on tissue microarrays of 880 normal and primary invasive
breast carcinoma cases [66]. Here, authors observed a correlation between histone
modification status, breast cancer subtypes and clinical outcome in analyzed tissues.
Although a heterogeneous staining of different histone marks were detected in
tumor samples compared to normal tissue, majority of tumor cases (78.9 %) was
shown to have a very low or undetectable acetylation of K16 on H4 (H4K16ac)
levels. As a general observation, high levels of histone acetylation and methylation
were associated with a better prognosis, ER(+) and PR(+) tumors and luminal-like
breast tumors while low-to-moderate levels of all histone marks were generally
implicated in poorer prognostic tumors such as basal-like and HER2-positive sub-
types. Moreover, low levels of H3K18ac, H3K9ac, H3K4me2, H4R3me2, and
H4K16ac were associated with unfavorable patient outcome while high levels were
linked to more favorable breast cancer specific survival and metastatic specific sur-
vivals. Finally, high levels of H3K9ac, H3K18ac and H4R3me2 were associated
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with longer disease free survival rate [66]. In summary, global hypermodified or
hypomodified histones were differentially correlated with breast cancer subtypes,
prognosis and patient outcomes.

Genome-wide changes in acetylation of K12 of H4 (H4K12ac) were also corre-
lated with differential patient outcomes, where high levels of H4K12ac were impli-
cated in better breast cancer specific and metastatic specific survivals and low levels
were associated with unfavorable patient outcome [66]. In a similar way, immunos-
taining of global histone H4 acetylation (H4ac) and H4K12ac modification in 58
breast tissues containing concurrent non-cancerous breast epithelium, ductal carci-
noma in situ (DCIS), and invasive ductal carcinoma (IDC) in the same block and 22
normal breast samples from reduction mammoplasties indicated that normal epithe-
lium had a higher level of H4ac and H4K12ac expression compared to tumor sam-
ples. In tumors, on the other hand, a progressive hypoacetylation of H4ac and
H4K12ac was observed as the tumor progresses from normal to DCIS and to IDC
stages [72]. This suggested involvement of global histone H4 hypoacetylation, spe-
cifically H4K12ac, in the progression of cancer to more invasive stages.

Repressive histone modifications were among the widely studied histone marks
that have been shown to be associated with different breast cancer subtypes [67, 73,
74]. The expression of trimethylation of histone 3 on K27 (H3K27me3) was
observed to be higher in normal breast tissues (88 %) compared to breast tumor
samples as shown by immunohistochemical staining of 142 primary breast tumor
and 43 normal breast tissues [67]. Authors suggested a correlation between the
reduction of H3K27me3 mark and ER negative tumors and also large tumor sizes
which was supported by Holm et al. (2012) who observed a correlation between
high expression of H3K27me3 and small tumor sizes [67, 75]. Moreover, low
H3K27me3 levels were shown to have adverse prognostic values as low H3K27me3
levels were significantly correlated with poor prognosis in breast cancer patients
with shorter overall survival time compared to patients with high H3K27me3.
H3K27me3 was regulated by histone methyltransferase EZH2 (enhancer of zeste
homolog 2) that was observed to be upregulated in breast cancers and this
overexpression was shown to be mostly associated with aggressive breast cancer
phenotypes [76—79]. Holm et al compared the global expression of H3K27me3 and
EZH?2 in more than 400 tumor samples and also in breast cancer cell lines to relate
their expression pattern with different breast cancer subtypes [75]. There was an
inverse correlation between H3K27me3 and EZH2 expression in different tumor
types and tumor grades as high expression of EZH2 was associated with high grades
and ER(-)/PR(-) tumors and these tumors were observed to have low H3K27me3
levels [75]. Consistent with this study, examination of H3K27me3 on tissue micro
arrays in the Nurses’ Health Study demonstrated a significant association of
H3K27me3 mark with lower tumor grade and a positive association with ER(+) and
PR(+) tumors [68]. Finally, H3K27me3 was also observed to be positively associ-
ated with luminal subtype A breast cancers [68, 75].

The levels of other repressor marks, H3K9me3 and H4K20me3, were also evalu-
ated in a small group of primary tissues (15 breast cancer patients and 28 healthy
individual) and both of them were observed to be increased in breast cancer patients
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compared to the control group [46]. Assessment of global changes of H3K9me3
modification in a larger cohort suggested no correlation between H3K9me3 levels
and clinical data as tumor samples had a diverse staining of H3K9me3 while non-
cancerous cells of epithelium and myoepithelium had positive H3K9me3 staining
[80]. Similarly, Healey et al. (2014) also observed no association between H3K9me3
and clinical outcomes even though there was a significant overlap between
H3K9me3 and H3K27me3 positive tumors [68]. Studies in cell lines further sup-
ported this, where the global levels of H3K9Me3 were not observed to be signifi-
cantly changed among non-cancerous (H16N2), atypical ductal hyperplasia (21PT),
ductal in situ carcinoma (21NT) and metastatic carcinoma (21MT1) cell lines [81].

Loss of H4K20me3 is considered to be a common hallmark for different cancers
[69, 82]. The studies in breast cancer tissues also suggested a global loss of
H4K20me3 modification and its association with clinical outcomes [66, 80]. Low
levels of H4K20me3 in breast tumor samples were correlated with poor prognostic
features and higher tumor grades [66]. In the same way, Yokoyama et al. (2014)
observed a high expression of H4K20me3 in noncancerous regions adjacent to
tumor sites and benign cases and a low H4K20me3 levels in 63.9 % of cancer tis-
sues in a study comprised of benign and tumor samples from 112 breast cancer
patients. The heterogeneous H4K20me3 staining in cancer tissues was also corre-
lated with different histopathological characteristics. For example, the loss of
H4K20me3 mark was shown to be associated with poor prognosis and shorter
disease-free survival while patients with high H4K20me3 expression had higher
overall and disease-free survival rates [80]. Furthermore, a positive association
between H4K20me3 levels and luminal subtypes was suggested in this study as the
expression of H4K20me3 was correlated with ER and PR expression but not with
HER?2 expression. As a result, the loss of H4K20me3 might be a candidate for
detection of poor prognostic cases in breast cancer patients. The loss of H4K20me3 in
breast cancer was further verified by detection of a decrease in the expression of
H4K20me3-specific methyltransferases, SUV420H1 and SUV420H2, as observed
in Methylation and Expression of Normal and Tumor tissues, MENT, database as
well as in invasive breast cancer cell lines, MDA MB 231 and BT474, compared to
other cell lines [80]. Ectopic expression of SUV420H1 and SUV420H2 in these cell
lines resulted in elevated H4K20me3 levels and limited invasive activities of cells
while knockdown of SUV420H2 in MCF10A, immortalized non-tumorigenic
mammary epithelial cell line, increased invasion potential of these cells, suggesting
a possible role for SUV420H1 and SUV420H2 and their histone modifications,
H4K20me3, in cancer invasion.

In addition to acetylation and methylation, histones are phosphorylated on vari-
ous sites and histone phosphorylation has been shown to play role in mitosis, DNA
repair and transcriptional regulation [83-86]. Phosphorylation of histone H3
(Phosphohistone H3, PPH3) has been used as a marker for proliferating cells and
was suggested to have a prognostic value for rapidly proliferating tumor cases such
as for early breast cancer cases [87, 88]. Skaland et al. (2007, 2009), observed a
significant correlation between PPH3 levels and tumor size, estrogen receptor, his-
tological grade, and mitotic activity index in lymph node-negative invasive breast
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cancers in patients less than 55 years old and patients less than 71 years old, respec-
tively [88, 89]. Further, PPH3 was suggested to have a strong prognostic value in all
patients especially in ER-positive and histological grade 1 and 2 patients in lymph
node-negative breast cancers [89, 90]. Another study investigated the global phos-
phorylation of linker histone H1 in breast cancer samples, where a correlation
between the presence of pT146 of histone H1 staining and tumor grades and sub-
types was observed by the immunohistochemical analysis of 242 primary breast
tumors and 97 nonbreast cancer tissue [91]. An increase in pT146 staining of his-
tone H1 was also observed in the nuclei of tumor cells as the tumor progressed from
grade I to grade III. Further, an association between pT146 staining and tumor sub-
types was suggested as higher pT146 intensity was correlated with triple negative
breast tumors and lower staining was strongly linked to the luminal A subtype. A
similar trend was also observed in cell lines where pT146 level was higher in MDA
MB 231, a metastatic breast cancer cell line compared to the MCF-10A, immortal-
ized non-tumorigenic mammary epithelial cell line and MCF7, non-invasive breast
cancer cell line. This study suggested that pT146 staining of HI might be used to
differentiate tumor grades in breast cancer [91].

Aside from global changes in histone acetylation, methylation and phosphoryla-
tion levels, genome-wide alterations in other histone modifications such as ubiqui-
tination and deimination/citrullination have been also investigated in breast cancer
[92-94]. For example, a reversible histone ubiquitination process, governed by the
activities of ubiquitin ligases, E1, E2, and E3 enzymes that adds ubiquitin and deu-
biquitinating enzymes (DUBs) that removes the ubiquitin moiety, regulates the
activities of histones H2A and H2B [95, 96]. Ubiquitination of histones have been
implicated in the transcriptional regulation and DNA repair mechanisms and their
function in disease development including cancer have been recently started to be
investigated [96, 97]. Monoubiquitination of histone H2B (H2Bub) levels were ana-
lyzed in 109 samples containing normal breast epithelial tissue samples, benign,
malignant, and metastatic samples and it was shown that its level did not change in
benign breast tumors compared to normal breast epithelium as observed in other
cancers [93]. On the other hand, global loss of H2Bub expression was observed in
malignant and metastatic samples, suggesting its role in breast cancer progression
and metastasis [93, 98]. Further studies in a large group of breast cancer tissues can
help to establish the association of H2Bub and other histone ubiquitination marks
with different breast subtypes and clinical outcomes.

Citrullination is another histone modification that involves the conversion of
positively charged arginine and methylated arginine residues to neutral citrulline by
peptidylarginine deiminase (PAD) family of enzymes in a process called deamina-
tion or citrullination [94, 99]. Methylation of arginine at different sites of histones
H3/H4 can have either repressive or activator effect on gene transcription and there-
fore, citrullination of these residues could alter chromatin structure and lead to tran-
scriptional activation or repression, respectively [100-102]. The contribution of
PADs and citrullinated histones (HCit) to the development of different tumors
including breast cancer have been recently started to be investigated. For example,
PAD4 was initially shown to be extensively expressed in various tumor types com-
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pared to the normal or benign tissues that basically lacked the PAD4 expression
[103, 104]. Guertin et al. (2014) further investigated the association of ER, PAD2
and H3R26Cit in tumor sections of 21 breast cancer patients [94]. They observed a
correlation between the degree of ER staining, PAD2 and H3R26Cit staining.
Additionally, a significant link between PAD2 expression and relapse free survival
time of patients was detected in luminal A subtypes. These results might suggest the
importance of PADs and citrullination in tumor development/progression but fur-
ther studies will elicit their prognostic and histopathological values.

Genome also contains other rare modifications that include O-GlcNacetylation,
sumoylation, ADP-ribosylation, proline isomerization, crotonylation, propionyl-
ation, butyrylation, formylation and biotinylation [6]. Involvement of some of these
modifications (O-GlcNacetylation, sumoylation) in breast cancer development and
progression have started to be documented recently [105, 106]. Development of
new tools to detect these minor histone marks in the genome will enable the inves-
tigation of their global changes in different cancers including breast cancer and their
relevance to prognosis and clinical outcomes.

In conclusion, breast cancer tissues contained altered global histone modification
profiles compared to normal breast tissue, implicating the importance of chromatin
regulation for tumorigenesis. Elucidation of genes affected by these changes would
provide clearer picture about how histone modifications contribute to cellular func-
tions as well as carcinogenesis.
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