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Epigenetic changes can be defined as stable molecular alterations of a cellular phenotype
such as the gene expression profile of a cell that are heritable during somatic cell divisions
(and sometimes germ line transmissions) but do not involve changes of the DNA sequence
itself. Epigenetic phenomena are mediated by several molecular mechanisms comprising
histone modifications, polycomb/trithorax protein complexes, small non-coding or anti-
sense RNAs and DNA methylation. These different modifications are closely intercon-
nected. 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
this review we will describe the various aspects of epigenetics and in particular DNA meth-
ylation in breast carcinogenesis and their potential application for diagnosis, prognosis and
treatment decision.

Basal-like © 2010 Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.
Tp53
1. Introduction DNA hypomethylation can be associated with gene reactiva-

tion and chromosomal instabilities and might lead to the

Epigenetic alterations in transformed cells involve changes in
DNA methylation including global hypomethylation and lo-
cus-specific hypermethylation, altered histone tail modifica-
tions patterns and nucleosomal remodeling. DNA
methylation is an enzyme-driven chemical change to the
DNA sequence that most commonly occurs at CpG dinucleo-
tides in mammals (Hinshelwood and Clark, 2008) (Figure 1).

upregulation or overexpression of proto-oncogenes, increased
recombination and mutation rates, skewed or loss of X-chro-
mosomal inactivation and loss of imprinting (De Smet et al.,,
2004). DNA hypermethylation is frequently associated with
gene repression and genomic instability (through silencing
of DNA repair genes) and can lead to the suppression of tu-
mor-suppressor genes and compaction of chromatin.
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Figure 1 — DNA methylation in normal and cancer cell. In a normal
cell CpG islands (C) in actively transcribed promoter regions are not
methylated allowing transcriptional activity (green arrow). CpG

islands elsewhere, within genes and intergenic spaces are more often
methylated (M). In a cancer cell the reverse is observed. Red line with

X: repressed transcription.

Associated with DNA methylation are post-translational his-
tone tail modifications, another epigenetic mechanism that
can modulate chromatin structure to regulate gene expres-
sion (Baylin and Ohm, 2006; Esteller, 2007). In addition, it has
been shown that some regulators that control nucleosomal
remodeling are also involved in the regulation of DNA methyl-
ation and histone modification (Baylin and Ohm, 2006;
Esteller, 2007; Jones and Baylin, 2007; Martin and Zhang,
2005). The understanding of all these epigenetics changes
and their contribution to breast tumorigenesis is very impor-
tant for further progress in the field of diagnosis, prognosis
and therapy of breast cancer.

2. DNA methylation, histone modification and
chromatin structure

DNA methylation is a post-replication modification, almost
exclusively found on the 5th position of the pyrimidine ring
of cytosines in the context of the dinucleotide sequence CpG
(Bird, 2002). 5-Methylcytosine accounts for ~1% of all bases,
varying slightly in different tissue types and the majority
(75%) of CpG dinucleotides throughout mammalian genomes
are methylated. More than 90% of all methylated cytosines re-
side within repetitive elements and transposons that together
account for one third of the human genome. During evolution,
the number of CpG dinucleotides in the genome has been re-
duced because of the inherent mutagenicity of methylated cy-
tosines and the result is a reduced number of CpGs compared
to the mathematically expected number. Methylated cyto-
sines are more susceptible to modifications by endogenous
and exogenous mutagenic processes than the other bases of
the DNA and mutation rates at CpG sites have been estimated
to be about 40 times higher than other transitional mutations
(Pfeifer and Besaratinia, 2009). About one third of all known
somatic and germ line mutations are C to T transitions at
CpG dinucleotides, although there are some differences in
the distribution according to the tumor type (Jones et al., 2008).

CpGislands are short stretches of DNA (200 bp to several kb
in length) and are located in the 5'-regions of 60% of all genes.
Despite the general trend for CpGs throughout the genome to
be methylated, CpG sites in CpG islands and especially those

associated with gene promoters are usually unmethylated
which correlates with their potential for active gene transcrip-
tion (De Smet et al., 2004; Stearns et al., 2007). In cancer cells,
CpG islands that are normally unmethylated may become
methylated, which might result in silencing of important
genes, such as tumor-suppressor genes (Figure 2). At the
same time, CpG dinucleotides in other regions may become
unmethylated, leading to poor transcriptional repression of
normally silenced genes such as oncogenes or retrotranspo-
sons. Different classes of genes are silenced by DNA methyla-
tion: tumor-suppressor genes, genes that suppress tumor
invasion, and metastasis; DNA repair genes; genes for hor-
mone receptors; and genes that inhibit angiogenesis. DNA
methylation affects gene expression because the transcrip-
tional regulatory proteins that bind to methylated DNA differ
from those that bind to unmethylated DNA. Gene silencing by
hypermethylation of promoter genes is an important mecha-
nism of carcinogenesis that has great promise for cancer pre-
vention and therapy (“epigenetic therapy”). Many tumor-
suppressor and other cancer-related genes have been found
to be hypermethylated in human cancer cells, and primary tu-
mors (Lo and Sukumar, 2008). Their biological function in-
cludes cell-cycle regulation, apoptosis, DNA repair, cellular
homeostasis, cell adhesion and invasion. A selection of the
most frequently methylated genes in breast cancer is given
in Table 1. A new dimension has been added to epigenetic can-
cer research with the demonstration of long-range gene si-
lencing by epigenetic modifications (Frigola et al., 2006).
Long-range epigenetic silencing seems to be a prevalent phe-
nomenon during carcinogenesis as a recent survey identified
28 regions of copy-number independent transcriptional de-
regulation that are potentially regulated through epigenetic
mechanisms (Stransky et al., 2006). Breast cancer does not
constitute an exception and the distribution of aberrantly
methylated regions across the genome was found to be non-
random and tended to concentrate in relatively small genomic
regions spanning up to several hundred kilobases which are
frequently located at gene family clusters such as the HOXA
gene cluster (Novak et al., 2006). Remodeling of the cancer ge-
nome thus occurs through a combination of hypermethyla-
tion and long-range epigenetic silencing together with loss
of heterozygosity and genomic deletions.

DNA is packed into chromatin, a highly organized and dy-
namic protein—DNA complex which forms the regulatory plat-
form for transcription. Open (euchromatin) and closed
(heterochromatin) chromatin states are controlled by histone
modifications and histone composition in close crosstalk with
thebinding of a myriad of non-histone proteins. The fundamen-
tal subunit of chromatin, the nucleosome, is composed of an
octamer of four core histones, an H3/H4 tetramer and two
H2A/H2B dimers, around which 146 bp of DNA are wrapped
(Ito et al., 2002; Strahl and Allis, 2000). Local chromatin architec-
ture is now generally recognized as an important factor in the
regulation of gene expression. This architecture of chromatin
is strongly influenced by post-translational modifications of
the N-terminal tails of the histones (Figure 3). Core histones
are subjected to a variety of covalent modifications including
methylation, acetylation, phosphorylation, ubiquitination
sumoylation, ADPribosylation, deamination, proline isomeriza-
tion (Schubeler et al., 2004; Shilatifard, 2006). The combination
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Figure 2 — DNA methylation mediated by DNA methyltransferases (DNMTs).

of different N-terminal modifications and the incorporation of
different histone variants which have distinct roles in gene reg-
ulation, have led to the proposition of a regulatory histone code
which determines — at least partly — the transcriptional poten-
tial for a specific gene or a genomic region (Xu et al., 2009). During
activation of gene transcription, this compact, inaccessible DNA
is made available to DNA binding proteins through modification
of the N-terminal histone tails and consequently nucleosome
density and positioning (Ito et al., 2002). Each histone modifica-
tionis a unique mark to show the status of chromatin structure.
Compared to methylation and phosphorylation, the acetylation
of core histones is probably the best understood type of modifi-
cation. Histone acetylation occurs at the e-amino groups of evo-
lutionarily conserved lysine residues located at the N-termini.
Trimethylation at H3K4, H3K36, or H3K79 results in an open
chromatin configuration and is often associated with active
transcription. This euchromatin is also characterized by a high
level of histone acetylation, which is mediated by histone ace-
tyltransferases (HATs). Conversely, histone deacetylases
(HDACsS) have the ability to remove this epigenetic mark, which
leads to transcriptional repression and the formation of hetero-
chromatin. Steady-state levels of acetylation of the core his-
tones result from the balance between the opposing activities
of histone acetyltransferases and histone deacetylases (HDACs).
In general, increased levels of histone acetylation (hyperacetyla-
tion) are associated with increased transcriptional activity,
whereas decreased levels of acetylation (hypoacetylation) are
associated with repression of gene expression (Wade, 2001,
Forsberg and Bresnick, 2001). Many non-histone proteins have
been identified to be the substrates of HDACs, such as proteins
involved in transcription (p53, p73, E2F1, STAT1, STATS3,
GATA1, YY1, HMGB1 and NF-kB), hormone response (AR, ERg,
GR), nuclear transport (importin-a7), DNA repair (Ku70) WNT
signaling (B-catenin) and heat shock/chaperone response
(HSP90) (Bolden et al., 2006; Kim et al., 2006).

For a long time the presence of methylated cytosines on
DNA and that of deacetylated histones have been regarded as
two separate mechanisms, both capable of modulating chro-
matin structure and gene expression independently of each
other (Turner, 2000; Roth et al., 2001). It has become evident
that the activity of histone deacetylases (HDACs) is coupled
to that of DNA methylation through either methyl group bind-
ing proteins such as MeCP2, which are able to recognize meth-
ylated regions on DNA and recruit HDACs to them (Nan et al,,
1998; Jones et al., 1998) or through direct interaction of HDACs
with DNA methyltransferases (DNMTs) (Figure 3) (Robertson
et al., 2000; Bachman et al., 2001). Successively, histone meth-
ylation has appeared as an epigenetic modification connected
to the two above mentioned ones in determining whether
a gene will be silenced or expressed (Kouzarides, 2002;
Lachner et al., 2003). For example, lysine 9 of histone H3 is acet-
ylated in active chromatin regions and becomes methylated
when the geneis silenced introducing a binding site for hetero-
chromatin protein 1 (HP1) (Litt et al., 2001; Peters et al., 2002).
Another epigenetic modification, phosphorylation, controls
this event by preventing methylation of lysine 9 when serine
10 is phosphorylated (Rea et al., 2000). Another modification
is poly-ADP-ribosylation (D’Amours et al., 1999; De Murcia
and Shall, 2000). It has been suggested that poly-ADP-ribosyla-
tion can influence chromatin structure through two different
mechanisms (Zardo et al., 2003), either covalently, building
rather short chains of ADP-ribose polymers on histone proteins
or noncovalently, attracting histones to the long and branched
polymers present in automodification domain of PARP-1.

3. Epigenetics of hormonal receptors in breast cancer

Pathological estrogens have been associated with a higher risk
for breast and endometrial cancer and hormone dependence
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Table 1 — .Hypermethylated and hypomethylated genes in human
breast cancer cells.

Gene Function Methylation status
MGMT DNA repair Hyper
BRCA1 Hyper
MLH1 Hyper
RAD9 Hyper
LDLRAP1 Cellular Hyper
(ARH1) homeostasis
GPC3 Hyper
HOXD11 Hyper
LAMA3 Hyper
LAMB3 Hyper
LAMC2 Hyper
ROBO1 Hyper
BCSG1 Cell invasion/ Hypo
CDH1 metastasis Hypo
CDH3 Hypo
CDH13 Hyper
CAV1 Hypo
CST6 Hyper
NAT1 Hypo
SYK Hyper
UPA Hypo
CCND2 Cell-cycle Hyper
14-3-sigma regulation Hyper
(SEN)

AKS5 Hyper
CDKN1C Hyper
CDKN2A Hyper
ER Hyper
FOXA2 Hyper
PGR Hyper
RAR-B Hyper
RASSF1A Hyper
RUNX3 Hyper
SFRP1 Hyper
WIF1 Hyper
WRN Hyper
WT1 Hyper
APC Apoptosis Hyper
HIC1 Hyper
HOXAS5 Hyper
DAPK Hyper
BCL2 Hyper
DCC Hyper
TWIST Hyper
TMS1 Hyper

of breast cancers is correlated with tumor progression and pa-
tient prognosis. Most breast cancers are initially positive for
ER, and their growth can be stimulated by estrogens and
inhibited by antiestrogens. DNA methylation of the ESR1 and
PGR promoters has been proposed as a mechanism for the de-
velopment of ER-negative tumors in cell lines as well as pri-
mary tumors. Hypermethylation has been discussed as
a possible cause of ER loss due to the findings of Weigel and
deConinck (1993), who demonstrated that ER-negative breast
cancer cells are devoid of ER mRNA. Further, Ferguson et al.
(1995) could reactivate ER gene expression in ER-negative cells
by inhibition of methylation. However, clinical data remains
contradictory. Lapidus et al. (1996) found hypermethylation
of the ER promoter region in tumors, but other groups such
as Hori et al. (1999) have detected no correlation between

gene methylation pattern and ER gene expression in breast tu-
mors. In summary, current evidence suggests that there is no
clear link between ESR1 methylation and ER status, while PGR
methylation is significantly linked to PR expression and PGR
methylation status might be a predictor for ER status
(Gaudet et al., 2009). Future investigations are required to de-
termine whether methylation actually causes loss of ER in
breast cancer.

4. Epigenetics in relation to histological type,
molecular profiles and clinical parameters of breast cancer

Although breast tumors are frequently hypomethylated on
a genome-wide scale the number of genes reported as hypo-
methylated in breast cancer is relatively small. This is proba-
bly due to the positioning of hypomethylated DNA to regions
of pericentromeric DNA and gene poor regions of the genome
but also to the fact that the focus on DNA methylation in can-
cer has been on hypermethylation of CpG islands and most
techniques will only detect hypermethylated regions. Genes
that are hypomethylated in primary breast tumors include
the endonucleases FEN1 (Singh et al., 2008), the N-acetyltrans-
ferase NAT1 (Kim et al., 2008) and the cadherin CDH3 (Paredes
et al.,, 2005). Genes that have been found hypomethylated in
breast cancer cell lines but where evidence for hypomethyla-
tion in primary tumors is weak include the metastasis gene
PLAU (Pakneshan et al., 2004) and the breast cancer-specific
gene 1 (BCSG1) (Gupta et al., 2003). The only imprinted gene
that has been reported hypomethylated in breast cancer so
far is the insulin-like growth factor II (IGF2) gene although
hypomethylation has been described in cell lines also for
ARH1 (Yuan et al., 2003) Recent high resolution analysis of
DNA hypomethylation in breast cancer identified a large num-
ber of hypomethylated sites with around 1500 regions hypo-
methylated in a cancer-specific manner (Novak et al., 2008;
Shann et al., 2008). It is likely that many of these regions con-
tain genes or regulatory sequences that play important roles
in tumorigenesis.

More than 100 genes have been reported to be hypermethy-
lated in breast tumors or breast cancer cell lines (Hinshelwood
and Clark, 2008). Many of the genes aberrantly methylated
play important roles in cell-cycle regulation, apoptosis, tissue
invasion and metastasis, angiogenesis and hormone signaling
(Widschwendter and Jones, 2002). Cyclin D2 (CCND2) is an im-
portant regulator of the cell cycle and overexpression inhibits
the transition between G1 and S phase. CCND2 has been found
frequently methylated in breast cancer and is also methylated
in DCIS (ductal carcinomas in situ) suggesting it to be an early
event in tumorigenesis (Evron et al., 2001b). Another cell-cycle
regulator attracting a lot of interest is the p16™%*4/CDKN2A
that is frequently methylated in many human cancers includ-
ing breast cancer (Herman et al., 1995). CDKN2A inactivation
associated with DNA methylation has been observed in Hu-
man Mammary Epithelial Cells (HMECs) when the cultured
cells escape senescence and acquire telomere crisis and chro-
mosomal abnormalities similar to those observed in early
neoplastic lesions (Huschtscha et al., 1998; Romanov et al.,
2001). CDKN2A methylation has been found in disease free
breast tissue and it is speculated that this methylation



246

MOLECULAR ONCOLOGY 4 (2010) 242-254

Normal

Transcriptional DNA Histone
co-repressor methyltransferases deacetylase

methylcytinose-binding proteins

methylcytinose-binding proteins

oo mmg»alIC OIONAS
Hlstone Hlstone
deacetylase deacetylase
Transcriptional Histone Transcription
coactivators acetyltransferase | | factors (primary)

Tumor

Transcriptional DNA Histone
co-repressor methyltransferases deacetylase

} ¥y !

methylcytinose-binding proteins

i

ITAE L I

Histone Histone Histone Histone Histone
deacetylasel deacetylase| deacetylase deacetylase deacetylase|
Transcriptional Histone Transcription

coactivators

acetyltransferase | | factors (primary)

Figure 3 — Effects of DNA methylation and chromatin structure on gene transcription in normal (upper) and tumor cells (lower panel). Blue ovals

with minus signs, nucleosomes with histones having deacetylation of key histone amino acids such as lysine 9 of histone H3 and methylation of this

same residue (both marks of inactive transcription); Orange ovals with plus signs, nucleosomes with acetylation of lysine 9 of histone H3 and

methylation of lysine 4 of H3 (both marks of active transcription); C: CpG sites; M: hypermethylated sites; green arrow: transcriptional activity;

red line with X: repressed transcription.

originates from a subpopulation of cells in normal epithelia
(Holst et al., 2003), however frequent methylation in DCIS
has not been found questioning the hypothesis that CDKN2A
methylation might be an early event in breast carcinogenesis
(Lehmann et al., 2002). Another methylated regulator of prolif-
eration in breast cancer is the tumor-suppressor RAR-
8 (Widschwendter et al., 2000). RAR-8 methylation is an early
epigenetic event in breast cancer and is found in situ lesions
from both lobular and ductal cancers (Fackler et al., 2003).
RASSF1A is another tumor-suppressor gene frequently meth-
ylated in breast cancer (Dammann et al., 2000, 2001). RASSF1A
methylation is also an early epigenetic event in breast cancer
and is found in DCIS and LCIS (Lehmann et al., 2002; Fackler

et al., 2003). HIN1 is an inhibitor of cell growth, migration
and invasion that is frequently silenced by DNA methylation
in breast cancer (Krop et al., 2005, 2001). CDH3 is a cell adhe-
sion molecule frequently silenced in breast carcinomas by
DNA methylation and this silencing might be important for
tumor cell invasion and metastasis (Graff et al., 1995). Given
its important role in familial breast cancer and the fact that
no BRCAI mutations have been detected in sporadic breast
cancers made DNA methylation induced silencing an attrac-
tive mechanism for BRCA1 silencing in these tumors. BRCA1
methylation has been found in sporadic breast cancers but it
is not a frequent event (Dobrovic and Simpfendorfer, 1997;
Esteller et al.,, 2000; Mancini et al., 1998) and it is possible



MOLECULAR ONCOLOGY 4 (2010) 242-254

247

>

Methylation frequency (%)

90
80

60
50

Promoter hypermethylation frequencies

@ Das
B Invasive

m Mixed
30
o i H
10
; b oa o |
oo = = = = o ~ — [es] =
o ~—
& 2 3 I & & g 83 & &
wi 3 = = o © (=] m o~ ©
a (L) e =3 o ]
[ o <
o oo
B ESR1  CDKN2A MGMT  MLH1 GSTP1  FOXC1 ABCB! PPP2R28 RASSF1A IGF2
v
a
w
>
=
v
s
=
=
a
w
=
=

Figure 4 — The most common histopathological types of breast cancer (left panel) and degree of methylation of selected candidate genes (right)

listed with their frequency of methylation events (Panel A) and according to cancer progression (Panel B). From Muggerud et al. (2010).

that BRCA1 methylation is most common in rare subtypes of
basal-like origin (Turner et al., 2007). Sporadic and inherited
breast tumors have overall similar methylation profiles but
BRCA1 tumors have reduced methylation of certain non-fa-
milial genes and have a phenotype associated with basal-
like carcinomas (Esteller et al., 2001). Although breast cancer
can be divided into distinct histological subclasses there is
no evidence for large differences in DNA methylation patterns
between them as has been reported for ductal and lobular
breast cancers (Fackler et al., 2003; Bae et al., 2004). Distinct
epigenetic profiles can be identified when dividing breast tu-
mors into groups based on hormone receptor status (Feng
et al., 2007; Widschwendter et al., 2004) and candidate genes
investigated are typically less methylated in ER-negative tu-
mors. Mutations in the TP53 gene have also been linked to dif-
ferential methylation patterns in both breast cancer and
colorectal cancers where tumors with TP53 mutations are
hypomethylated (Feng et al., 2007; Toyota et al., 2000). Since
mutations in TP53 and loss of ER expression are closely linked

to the basal-like expression subtype it is likely that tumors
with a basal-like phenotype are hypomethylated in a cancer-
specific manner.

In our own studies using quantitative methylation analysis
we identified stage dependent methylation of ABCB1, FOXC1,
PPP2R2B and PTEN as novel genes to be methylated as early as
in DCIS. In particular, FOXC1 showed a significant increase in
the methylation frequency in invasive tumors. Low FOXC1
gene expression in both methylated and unmethylated DCIS
and IDCs (invasive ductal carcinoma) indicates that the loss
of its expression is an early event during breast cancer progres-
sion (Figure 4) (Muggerud et al., 2010). Our studies of candidate
genes suggest a non-random distribution of methylation
amongbreast tumors with various clinical and molecular char-
acteristics (Figure 5A, zoom in B). This analysis has revealed
new genes methylated in DCIS (ABCB1, PPP2R2B, FOXC1 and
GSTP1). The role for these genes in the propagation from in
situ carcinoma to invasive carcinoma needs further investiga-
tion. Associations between DNA methylation levels and
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were the most frequently methylated genes in the tumors and in the DCIS samples. CDKN2A, ABCB1 and FOXC1 were significantly

differentially methylated between DCIS and the invasive tumors (p = 0.008, p = 0.017 and p = 0.018 respectively). PTEN, CDKN2A, MLH1
and ESR1 were methylated at a lower frequency both in the DCIS and the invasive tumors. PPP2R2B, ABCB1, FOXC1 and GSTP1 methylation
levels increased in late stage breast carcinoma compared to normal breast tissue and DCIS. RASSF1A methylation levels increased in late stage

BC. CDKN2A methylation levels were low and appear to increase with tumor stage but decrease with grade. Tumors with TP53 mutations had
significantly lower DNA methylation levels in PTEN, PPP2R2B FOXC1 and ABCB1. RASSF1A, PTEN, PPP2R2B, GSTP1. FOXC1 and
ABCB1 methylation levels were associated to hormone receptor status (submitted for review).

clinicopathological factors were found and confirmed complex
relationships between DNA methylation and TP53 status as
well as Estrogen receptor status (Submitted for review). As
reviewed elsewhere in this issue, gene expression analysis of
breast tumors has identified different breast cancer subgroups
most notably belonging to estrogen receptor negative basal-
like and the estrogen receptor positive luminal subgroups
(Perou et al., 2000) with differences in outcome (Sorlie et al.,
2001). Genome-wide DNA methylation analysis using methyl-
ation specific digital karyotyping of normal breast tissue has
identified cell-type and differentiation specific DNA methyla-
tion and gene expression patterns that are also found in breast
carcinoma (Bloushtain-Qimron et al., 2008). The association
between these epigenetic changes on well established prog-
nostic factors such as tumor size, lymph node status, distant
metastasis, grade, hormone receptor status, TP53 status and
breast tumor expression subclasses starts to emerge.

5. Biomarkers for diagnosis, prognosis and
prediction of treatment outcome in breast cancer

Tumor biomarkers are usually proteins measured either in se-
rum, plasma or tumor tissue and can be used to identify indi-
viduals with increased predisposition to develop a cancer,
screen for early malignancies and/or assist in cancer diagno-
sis and patient management through the stratification of pa-
tient groups and prediction of therapy response or prognosis
(Duffy et al., 2009).

There is currently no ideal protein biomarker that can be
measured with the desired sensitivity and specificity in
plasma or serum for the early detection of breast cancer
(Levenson, 2007). Gene expression signatures in peripheral
blood cells have proven useful displaying a sensitivity and
specificity similar to what can be obtained through mammo-
graphic screening (Aaroe et al.,, 2010; Sharma et al., 2005).
DNA methylation changes mightbe useful marker for early de-
tection of breast cancer as DNA is relatively stable compared to
other sources such as mRNA and proteins and can be obtained

from ductal lavage fluids, nipple aspirate fluids and cell-free
DNA in blood as well as fine needle aspirates of the primary tu-
mor (Levenson, 2007). Using a gene panel consisting of Cyclin
D2, RAR-8 and TWIST DNA methylation could be detected in
ductal lavage fluids from patients with invasive breast cancer
and ductal in situ carcinomas (Evron et al., 2001a). Increasing
the panel size to nine genes (RASSF1A, TWIST, HIN1, Cyclin
D2, RAR-8, APC1, BRCA1, BRCA2 and p16™%4?%) the same group
could show that DNA methylation doubled the sensitivity of
detecting breast cancers as compared to cytology and when
combined with cytology examination the accuracy reached
100% (Fackler et al.,, 2006). DNA methylation analysis of
GSTP1, RAR-8, p16™*42 p14ARF RASSF1A and DAP-kinase in
DCIS or stage 1 breast cancer identified identical methylation
in more than 80% of the nipple aspirate fluids and DNA meth-
ylation was not detected in benign and normal breast tissue
and nipple aspirate DNA from healthy women (Krassenstein
et al.,, 2004). Cell-free DNA from plasma was used in DNA
methylation analysis of APC, GSTP1, RAR-8, and RASSF1A for
early detection (Hoque et al., 2006). This study showed that
the methylation of the selected genes increased with tumor
progression and that additional breast cancer-specific genes
could help in increasing the sensitivity and specificity of this
approach. If the accuracy of DNA methylation analysis in
plasma is increased this approach could be a valuable supple-
ment to mammographic screening in patients with dense
mammograms where mammography is less sensitive. Com-
pared to ductal lavage and the collection of nipple aspirate
fluids the methylation analysis from fine needle aspirates is
a less invasive procedure that can be a supplement to histol-
ogy and mammography in breast cancer detection and diagno-
sis. Fine needle aspirates have recently been used to detect
aberrantly methylated genes in DCIS (Jeronimo et al., 2003)
and to diagnose early breast cancer lesions as atypical ductal
hyperplasia (ADH), DCIS and LCIS (Melnikov et al., 2008).
DNA methylation markers with independent prognostic
value have been identified and can be used in tailoring treat-
ment to patient groups that today are receiving uniform treat-
ment regimens. Loss of P3H2 and P3H3 expression was shown
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to result from epigenetic silencing, and is associated with ab-
errant hypermethylation in the CpG islands around exon 1 of
both P3H2 and P3H3 (Shah et al., 2009). Verification that P3H2 is
methylated only in breast cancer would make it an attractive
candidate gene in diagnosis and screening in breast cancer
(Metge et al.,, 2008). Breast Cancer Metastasis Suppressor 1
(BMRS1) is a novel target of epigenetic silencing and aberrant
methylation in the BMRS1 promoter may serve as a cause of
loss of its expression (Samant et al., 2000). BMRS1 was origi-
nally identified to suppress metastasis of highly metastatic
human breast cancer cell lines when injected into nude
mice (Seraj et al., 2000; Samant et al.,, 2002; Zhang et al,,
2006). Reduced expression of the BMRS1 mRNA is correlated
with poor prognosis in breast cancer (Stark et al., 2005;
Saunders et al., 2001). BMRS1 has been shown to play a role
in cell-cell communication (Shevde et al., 2002; DeWald
et al., 2005) and reduce phosphoinositide signaling (Liu et al,,
2006). BMRS1 has also been reported to suppress NFk-B signal-
ing through blockage of IkBa (Cicek et al., 2005; Samant et al.,
2007; Hurst et al., 2006). Further, regulatory mechanisms of
BMRS1 have been shown to involve histone deacetylases
(Meehan et al., 2004; Ki Hong et al., 1993). It has been shown
that BMRS1 silencing occurs via an epigenetic mechanism in
breast cancer development and progression. Treatment with
5-aza-2'-deoxycytidine reversed the methylated status of the
BMRS1 promoter allowing for increased expression of the
BMRS1 protein. Epigenetic silencing of BMRS1 may not only
be useful as a potential prognostic marker, but may also pos-
sibly be used for targeted breast cancer treatment.

The DNA methylation status of ESR1, ARH1 and CYP1B1 has
been suggested as a marker for treatment response in patients
receiving and not receiving Tamoxifen as hormonal treatment
(Widschwendter et al., 2004) and PSAT1 has been associated
with disease progression measured as time to disease progres-
sion in patients receiving Tamoxifen (Martens et al., 2005).
PITX2 methylation has been identified as a prognostic marker
for time to distant metastasis in untreated as well as Tamox-
ifen treated hormone receptor positive, node negative breast
cancers (Nimmrich et al., 2008; Maier et al., 2007). Patients
with methylated PITX2 are less likely to develop distant me-
tastasis and it is possible that these patients could be spared
adjuvant chemotherapy. A 4-marker panel including PITX2,
BMP4, FGF4 and C20orf55 shows an independent prognostic
value for time to distant metastasis in estrogen receptor pos-
itive, node positive, HER2 negative patients who received ad-
juvant anthracycline-based chemotherapy (Hartmann et al,,
2009). This 4-marker panel could delineate subgroups of pa-
tients with high overall survival suggesting that some patients
within this cohort might be over treated and do not benefit
from adjuvant anthracycline-based treatment.

The presence of DNA methylation in serum has success-
fully been used as a marker for treatment response both to
hormonal and anthracycline-based treatment. Detection of
RASSF1A methylation in serum has been used as marker for
response to treatment with Tamoxifen and detection of
RASSF1A methylation in sera 1 year after primary surgery
was an independent prognostic factor for the risk of relapse
and death (Fiegl et al., 2005). The presence of RASSF1A and
APC methylation in serum of breast cancer are independent
markers for poor prognosis in patients not receiving adjuvant

treatment (Muller et al., 2003). The presence of methylation at
the NEUROD1 promoter in serum after treatment with the
anthracyclines has been shown to be an indicator of poor
prognosis (Fiegl et al., 2008).

The resistance of cancer cells to chemotherapeutic agents
is major challenge in clinical practice and understanding the
mechanisms behind this resistance will provide valuable in-
formation that hopefully can be used to predict therapy re-
sistance and help in tailoring treatment to the individual
patient. Experiments performed in cell lines have shown
that hypomethylation of drug resistance genes such as
ABCBI1, GSTP1, UPa and MGMT might be responsible for Doxo-
rubicin resistance in MCF-7 breast cancer cells (Chekhun
et al., 2006). MCF-7 cell lines resistant to either Tamoxifen
or Fulvestrant have different epigenetic profiles compared
to sensitive MCF-7 cells suggesting that epigenetic mecha-
nisms might be involved in chemoresistance (Fan et al.,
2006). Activation of growth promoting genes by promoter
hypomethylation was frequently observed in antiestrogen
resistant cells. Also in doxorubicin and cisplatin resistant
MCF-7 cell lines frequent hypomethylation has been ob-
served suggesting that hypomethylation might be a prevalent
mechanism for drug resistance development (Chekhun et al.,
2007). In a recent study analyzing quantitatively the methyl-
ation patterns in the promoter regions of 14 genes in 75 well-
described pre-treatment samples from locally advanced
breast cancer treated with the anthracycline doxorubicin,
we identified the absence of methylation at the ABCB1 pro-
moter to be correlated with progressive disease during doxo-
rubicin treatment (Dejeux et al., in press). Further, the DNA
methylation status at the promoters of GSTP1, FOXC1 and
ABCB1 correlated with survival, whereby the combination
of methylated genes improved the subdivision with respect
to the survival of the patients. In multivariate analysis
GSTP1 and FOXC1 methylation status proved to be indepen-
dent prognostic markers associated with survival.

6. DNA methylation and histone modification as
therapeutic targets in breast cancer

6.1. DNA methyltransferase inhibitors

The best-established inhibitors of (cytosine-5) DNMTs are the
substrate analogues 5-azacytidine and 5-aza-deoxycytidine
(decitabine). These compounds act by their incorporation
into DNA in the place of the natural base, cytosine, during
DNA replication leading to covalent trapping of DNMTs. This
causes the depletion of active DNMT enzymes and demethyla-
tion of genomic DNA through cell division. There are a few dis-
advantages of these compounds and the main disadvantage is
that 5-Azacytidine and 5-aza-deoxycytidine are highly unsta-
ble in neutral aqueous solutions, complicating the treatment
regimens. The development of zebularine, a more stable de-
rivative, might provide an alternative. In one study it has
been shown that zebularine is an effective DNMT inhibitor
and demethylating agent in human breast cancer cell lines.
Treatment of two cancer cell lines, MDA-MB-231 and MCF-7
with zebularine showed that cell growth was inhibited in
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a dose and time dependent manner. This was associated with
increased expression of p21, decreased expression of cyclin-D,
and induction of S-phase arrest. At high doses zebularine in-
duced changes in apoptotic proteins manifested by alteration
in caspase-3, Bax, Bcl2 and PARP cleavage (Billam et al., 2009).
The toxicity of 5-azacytosine nucleotides has been shown to
be significantly reduced in DNMT1-deficient cells and ani-
mals, which provided a direct link between the inhibitory ac-
tivity and the toxicity of the compounds. This inherent
toxicity has initiated the search for alternative ways to inhibit
DNMT activity in human cells.

Recently, several additional compounds have been de-
scribed that inhibit DNMTs in cultured human cells. The local
anaesthetic procaine and its derivative procainamide, an ap-
proved antiarrhythmic drug, have been shown to have deme-
thylating activity in cancer cells, leading to the reexpression of
silenced tumor-suppressor genes (Brueckner and Lyko, 2004).
Both compounds are derivatives of 4-aminobenzoic acid that
do not become incorporated into DNA but bind to CpG-rich se-
quences. This might disturb the interactions between DNMTs
and their target sequences. Another molecule with demethy-
lating activity is (—)-epigallocatechin-3-gallate (EGCG), the
main polyphenol compound in green tea. Cancer cells treated
with micromolar concentrations of EGCG showed reduced
DNA methylation and elevated transcription of tumor-sup-
pressor genes. EGCG is currently being tested in phase I trials
butits effects on DNA methylation in cancer patients have not
been reported (Chekhun et al., 2007).

6.2. Histone deacetylase inhibitors

Recent research has focused on the role of epigenetic gene
silencing, important in pathogenesis of breast cancer, in
which acetylation or deacetylation of DNA modifies the ex-
pression of tumor-suppressing genes. HDAC inhibitors could
potentially represent new treatment options for breast can-
cer. In one small study (Serena, 2009) a combination of the
HDAC inhibitor vorinostat with paclitaxel and bevacizumab
induced a partial or complete response in more than 50%
of patients with metastatic breast cancer. It has also been
shown that HDAC inhibitors have different role in ER+ and
ER— breast cancer cells. Thomas and Munster (2009) have
shown in their study that HDAC inhibitors are associated
with a transcriptional down-regulation in ER positive cells
while in ER-negative cells HDAC inhibitors re-establish ex-
pression. Hurtubise and Momparler (2006) have studied the
combination of the HDAC inhibitor (LAQ824) and a DNMT in-
hibitor (decitabine) since LAQ824 shows antineoplastic activ-
ity and can activate genes that produce cell-cycle arrest. A
combination of LAQ824 with decitabine might therefore re-
sult in the synergistic (re-)activation of silenced tumor-sup-
pressor genes. Histone deacetylase inhibitors (HDACI) can
also sensitise cancer cells to topoisomerase inhibitors by in-
creasing their access and binding to DNA. A phase I trial con-
firmed an acceptable toxicity profile, tolerability, and
recommended phase II dose of escalating doses of the HDACi
vorinostat with weekly doxorubicin (Munster et al., 2009).
These studies demonstrate the potential of epigenetic thera-
pies in combination with conventional chemotherapy to im-
prove breast cancer patient management.

7. Outlook

Alarge number of breast tumor samples are currently compre-
hensively analyzed by the International Cancer Genome Con-
sortium (ICGC, http://www.icgc.org). The ICGC aims at
studying all major types and subtypes of cancer in adults and
children. Systematic studies of over 25,000 cancer genomes at
the genomic, epigenomic, and transcriptomic levels are under-
taken to reveal the repertoire of oncogenic mutations, define
clinically-relevant subtypes for prognosis and therapeutic
management, and enable the development of new cancer ther-
apies. Currently three breast cancer projects within the frame-
work of the ICGC have been announced that will analyze
together at least 1500 breast tumors at the genetic, transcrip-
tomic and epigenetic (DNA methylation) level using massively
parallel sequencing technologies. The French National Cancer
Institute (INCa) has agreed to fund the integrative analysis of
500 HER2 amplified breast cancer with an amplification of the
HER?2 gene, the Wellcome trust and the Breakthrough Founda-
tion provide the funding for the analysis of triple negative and
lobular breast cancers and alarge consortium (BASIS) led by the
Sanger Institute has been selected through the FP7 programme
of the European Union to analyze atleast 500 estrogen positive
(HER2 negative) breast cancer samples. The results will yield an
immense amount of data to decipher the epigenetic (and other
molecular) alterations implicated in breast carcinogenesis and
will permit to identify correlations between tumor-specific epi-
genetic changes with clinical and histopathological data in-
cluding prognosis, prediction of therapy response and tumor
classification schemes for diagnosis and might eventually
lead to the development of novel specific therapies.
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