
Abstract. DNA methylation is a critical mechanism of
epigenetic modification involved in gene expression
programming, that can promote the development of several
cancers, including breast cancer. The methylation of CpG
islands by DNA methyltransferases is reversible and has
been shown to modify the transcriptional activity of key
proliferation genes or transcription factors involved in
suppression or promotion of cell growth. Indeed, aberrant
methylation found in gene promoters is a hallmark of cancer
that could be used as non-intrusive biomarker in body fluids
such as blood and plasma for early detection of breast
cancer. Many biomarker genes have been evaluated for
breast cancer detection. However, in the absence of a unique
biomarker having the sufficient specificity and sensitivity, a
panel of multiple genes should be used. Treatments targeting
aberrant methylation by DNA methyltransferase inhibitors,
which trigger re-expression of silenced genes, are now
available and allow for better treatment efficiency.

Carcinogenesis is a multi-stage process consisting of
initiation, promotion, progression and malignant conversion
phases. Thus, a series of several mutations or alterations to
certain classes of genes is usually required before the
transformation of a normal cell into a cancer cell (1). With
the addition of alterations, cancer severity increases until
invasion of cancer cells and ultimately death in the absence
of treatment. These modifications can occur at the genetic
and epigenetic levels. For instance, the introduction of a

mutation in a tumor suppressor gene (TSG) is a characteristic
that predisposes cells to accumulation of DNA damage and
therefore mutations in other genes. In the absence of proper
DNA repair, the cell is more prone to becoming cancerous. It
is also recognized that epigenetic abnormalities in the
expression of key genes, including TSGs, play an important
role in general carcinogenesis and particularly in breast
cancer development (2-4). An epigenetic alteration such as
aberrant DNA methylation does not involve changes in DNA
sequence but is a covalent chemical modification of DNA
which has a great effect on whole-gene expression. Thus, this
altered gene expression leads to many accumulated changes,
paving the way for tumorigenesis (5).

DNA Methyltransferases and Methylation of CpG
islands

DNA methylation is a reversible mechanism that occurs most
commonly with an addition of a methyl group in the fifth
position of the pyrimidine ring of cytosine on CpG sites
within the genome. Human DNA methylation is introduced
into the sequence of nucleotides by enzymes of the DNA
cytosine methyltransferases family including DNMT1,
DNMT3A, DNMT3B and DNMT3L (6).

The DNMT1 protein methylates newly-synthesized
strands prior to chromatin packaging and is localized to the
replication foci during the S-phase. This highly expressed
enzyme is mainly responsible for maintenance of the
methylation pattern during replication (7). An increased
expression of DNMT1 is observed in many types of cancers
and this overexpression is associated with cellular
transformation, while reduced DNMT1 expression levels
seem to be associated with a protective effect (8, 9).

The DNMT3A and -B proteins allow de novo DNA
methylation activity in vitro, without distinction between
unmethylated and hemi-methylated DNA (10). In particular, the
expression of DNMT3B is elevated in several human cancer
types, while its suppression results in tumor cell apoptosis (11,
12). Indeed, inactivation of the TSG Ras association domain
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family 1 isoform A (RASSF1A), through promoter hyper -
methylation triggered by up-regulation of DNMT3B, is a
common event in numerous cancers or tumor types (13).
Several studies suggest that DNMT3B plays a predominant role
over DNMT3A and DNMT1 in breast tumorigenesis, given its
overexpression in breast cancer tissues compared to DNMT1
and -3A (14). Although DNMT3L has no catalytic activity on
its own, this enzyme promotes the activity of DNMT3A and -B
by increasing their binding capacity for the methyl group donor,
S-adenosyl-L-methionine (15).

In mammalian tissues, DNA methylation occurs in CpG
dinucleotides, and clustering of these elements in the 5’
regulatory regions of approximately 60% of genes are referred
to as CpG islands (16). Unusual methylation of these CpG
islands may lead to silencing of certain genes involved in key
proliferation and apoptosis pathways such as TSGs, DNA
repair and hormone receptor genes, as well as genes that
inhibit angiogenesis (17). Two different DNA methylation
mechanisms lead to transcriptional gene repression: CpG
dinucleotide methylation inhibits the binding of transcriptional
factors to their promoter regulatory elements; and methylated
cytosines enhance the recruitment of methylated binding
domain proteins, which inhibit binding of transcription factors
through inactive chromatin configuration state around the
genes (18). On the other hand, ten-eleven translocation (TET)
proteins such as TET2 can remove DNA methyl marks and
trigger re-expression of silenced genes. Of interest, TET2 has
been shown to be mutated and therefore inactivated in many
types of cancer (19).

In addition, growing evidence suggests that methylation
of regions located upstream of CpG islands, called CpG
island shores, as well as intragenic sequences, are also
important for regulation of gene expression and can be
involved in disease development and progression (20, 21).
Generally in normal cells, gene promoters are unmethylated,
while gene bodies and intergenic regions are methylated.

DNA Methylation as Biomarker for Breast Cancer
Detection

Magnetic resonance imaging and digital mammography
represent the current screening diagnostic methods largely
used for breast cancer detection. However, these techniques
lack sensitivity and specificity and are considered invasive
methods (22). As an alternative approach, assessment of
tumor biomarkers could be used as a non-invasive and
valuable method for early breast cancer detection. Indeed,
high-sensitivity and specificity biomarkers can be detected
in accessible tissues or body fluids, thus rendering the
detection test easier and cost-efficient. Because DNA
methylation pattern alterations are one of the earliest
modifications occurring in the process of cancer
development, they can be helpful for early detection (23). 

Analysis of DNA methylation can be assessed through
different methods including bisulfite conversion. This can be
performed in combination with real-time methylation-
specific PCR and specific primers to amplify CpG islands of
a panel of selected genes (2). A genome-wide approach with
high-throughput sequencing can also be performed using
bisulfite-converted DNA from different non-invasive
biological sources such as whole blood, serum and plasma.

Using a genome-wide approach and blood samples from
breast cancer cases and controls, several promising epigenetic
markers for early detection have been identified. For instance,
Yang et al. discovered that hyaluronoglucosaminidase 2
(HYAL2) CpG islands were significantly hypomethylated in
peripheral blood from breast cancer cases compared to
controls (24). Given that the HYLA2 locus is
hypermethylated in malignant breast cancer tissue, this
strongly suggests that HYAL2 hypomethylation in blood
represents an early peripheral cancer biomarker that does not
originate from circulating tumor DNA. They concluded that
the HYAL2 methylation level in blood has a power to
distinguish very early breast cancer cases from controls with
64% sensitivity and 90% specificity. Another similar study
performed on plasma of affected and unaffected women
identified hypermethylation status of the kinesin family
member 1A (KIF1A) promoter in breast cancer cases. Thus,
they conclude that assessment of KIF1A promoter
methylation level in plasma could also represent an early
breast cancer biomarker (2). Furthermore, twin studies of
DNA methylation revealed that docking protein 7 (DOK7)
promoter was hypermethylated in blood of affected patients
compared to their twin. This hypermethylation was apparent
several years before the diagnosis, suggesting that alteration
of DOK7 is an early event in tumorigenesis. Therefore, DOK7
promoter methylation level could potentially represent a
biomarker for early detection of breast cancer (25). 

DNA methylation status within and outside of CpG
islands of a certain number of genes have also been studied,
and some of them have been linked to breast cancer risk. In
the study conducted by Kloten et al., the methylation status
of a panel of TSGs (secreted frizzled-related protein (SFRP1,
SFRP2, SFRP5), inter-alpha-trypsin inhibitor heavy chain
family, member 5 (ITIH5), WNT inhibitory factor 1 (WIF1),
dickkopf WNT signaling pathway inhibitor 3 (DKK3) and
RASSF1A) was evaluated in circulating cell-free DNA (26).
DKK3 and ITIH5 CpG islands were found unmethylated in
women with benign disease or without breast cancer, and
significantly hypermethylated in affected women. They
hypothesized that promoter methylation of DKK3 and ITIH5
in blood could be used as a biomarker mainly in patients
with dense breast tissue, while RASSF1A CpG islands
methylation did not represent a good biomarker given its low
rate of detection in healthy women. Brennan et al. studied
DNA methylation status located outside of CpG island
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clusters of ATM serine/threonine kinase (ATM) and long
interspersed nuclear element 1 (LINE1) repetitive elements
in a large cohort of women with and without breast cancer
using white blood cells (27). They observed higher
methylation of the ATMmvp2a locus in breast cancer cases
compared to controls, and concluded that that region could
be used as a biomarker for breast cancer risk. They also
found that the association of ATM methylation with breast
cancer risk was more reliable in younger women and that
this biomarker remains stable over time for at least six years.

Global methylation profile in leukocyte DNA has also
been assessed, and Kuchiba et al. found that the level of
global methylation was lower in breast cancer cases than
controls. In addition to gene hypermethylation, global
hypomethylation was also associated with an increased risk
of cancer (28). Indeed, hypomethylation leads to genomic
instability, reactivation of transposable elements, and loss of
imprinting, all of which promoting cancer development (29).

Breast Cancer Treatment Through Regulation of
Methylation

Early-stage detection (stages I and II) and treatment of breast
cancer improve the 5-year survival rate (>93%) in comparison
to a late-stage diagnosis for patients with metastatic cancer
(stage IV: 22%) (30). Numerous TSGs (e.g. DNA repair,
apoptosis, hormone receptor, cell cycle and transcription
factor genes) have been identified as being differentially
methylated in breast cancer and may be good therapeutic
targets; breast cancer treatment through regulation of proteins
involved in methylation processes is also promising.

Potential breast cancer treatments include regulation of
methylation activity that can be achieved using DNA
methyltransferase inhibitors. A lower DNA methyl -
transferase activity inhibits tumor growth through an
increased expression of silenced genes such as TSGs,
estrogen receptor alpha, E-cadherin and SFRPs. Cytidine
analogs such as decitabine (5-aza-2’-deoxycytidine) and 5-
azacytidine act as DNMT inhibitors and thus can reactivate
expression of key genes through depletion of DNMT1 (32).
Both these analogs were approved by the U.S. Food Drug
Administration for the treatment of myelodysplastic
syndrome. These DNMT inhibitor residues are incorporated
into DNA during the S-phase of the replication process and
establish irreversible bonds with DNA methyltransferase
enzymes to prevent their action (33). A large range of
efficacy was reported in breast cancer studies aiming to
assess the in vivo action of these compounds on solid breast
tumors (34). However, in addition to their weak stability and
lack of specificity for cancer cells, these drugs are rapidly
inactivated by the action of cytidine deaminase. Therefore,
these drugs have serious limitations for treatment of
advanced solid tumors, including breast cancer. These

unfavorable characteristics led to the development of new
DNMT inhibitors namely zebularine, SGI-110 and NPEOC-
DAC, which are more selective for cancer cells and show
higher resistance to deamination.

Zebularine has a potent inhibitory effect on both DNMTs
and cytidine deaminase. This drug has been shown to inhibit
cell growth of mammary tumors and triggers necrosis and
apoptosis of early-onset tumor cells in transgenic mice that
develop mammary tumors (35). Zebularine in combination
with decitabine was shown to exert a significant inhibitory
effect on cell proliferation and colony formation in MDA-
MB-231 breast cancer cell line through induction of
estrogen receptor alpha and progesterone receptor mRNA
expression (36). Although zebularine initially demonstrated
promising effects associated with its higher selectivity for
cancer cells, its toxicity renders this molecule less attractive
for breast cancer treatment. 

SGI-110 is a modified dinucleotide showing enhanced
resistance to cytidine deaminase and increased half-life
compared to decitabine and 5-azacytidine (37). This short
oligonucleotide could be envisaged to ensure effective
delivery of the nucleotide drug and protection from de-
amination. NPEOC-DAC is a metabolic precursor of the
decitabine molecule and exerts dose-dependent repressive
effects on DNA methylation (38).

Several other natural compounds containing specific
molecules such as anthocyanines and polyphenols have also
been shown to possess anti-DNMT activity [for review see
(6)]. In addition, knockdown of DNMT1 achieved using
small interference RNA led to promising results in HCT116
colon cancer cells (39).

Given that side effects of DNMT inhibition include the
concomitant activation of both TSGs and proto-oncogenes,
some studies assessed combinations of cytidine analogs with
chemotherapeutic agents, immunotherapy or knockdown of
specific genes such as methyl-CpG binding domain protein
2 (MBD2) and lysine (K)-specific demethylase 1B
(KDM1B/LSD2). 

Vijayaraghavalu et al. noted a significant enhancement of
doxorubicin treatment efficiency in MCF-7, MDA-MB-231
and BT-459 cells when combined with decitadine (40). This
dual treatment triggered cell cycle phase arrest for over 90%
of cells and restored sensitivity to doxorubicin through up-
regulation of p21 proto-oncogene expression to overcome
drug resistance of these breast cancer cells. In another study,
Wrangle et al. assessed the sequential combination of 5-
azacytidine and immunotherapy. Their results revealed that
a combined epigenetic therapy using DNA methyltransferase
inhibitor and programmed death pathway blockade produced
a synergistic anti-tumorigenic response in patients with non-
small cell lung cancer (41). 

MBD2 has been shown to silence methylated genes on one
hand, and on the other, to be involved in activation of gene
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expression through its ability to interact with gene promoters.
A recent study reported that a treatment combining
methyltransferase inhibitor (5-azacytidine) administration and
suppression of MBD2 expression using RNA interference
technology led to activation of apoptosis and reduced cell
growth, as well as inactivation of invasion and metastatic
processes in breast cancer cells (42). They concluded that
depletion of MBD2 antagonizes the activation effect on proto-
oncogenes resulting from hypomethylation treatment. The
same strategy including DNA methyltransferase inhibition
and LSD2 knockdown was also efficient for cell growth
inhibition in MDA-MB-231 and MCF-7 breast cancer cells.
This treatment enhanced expression of epigenetically silenced
genes such as those encoding progesterone receptor and
estrogen receptor alpha (43).

Conclusion

In the last decade, several gene expression signatures have
been established for characterization and subtyping of breast
tumors. However, methylation is now considered as a major
player involved in gene expression regulation and unlike
RNA transcription profiles, which represent snapshots of the
transcription activity at a specific time, DNA methylation
signature constitutes a more stable and long-lasting marker
of the molecular state and cancer predisposition of a cell.

Although numerous models of metastatic processes have
been proposed, recent insights suggest that the metastatic
capacity of breast tumors is an inherent feature of the genetic
background of the host. Before such a metastatic process,
epigenetic change is believed to occur early in the process
of breast carcinogenesis, and the methylation profile has
been demonstrated to be representative, to a certain extent,
of the genetic background of individuals. 

Hence, all these observations support the notion that
assessment of the methylation profile in body fluids could
represent a promising clinical avenue for pinpointing women
predisposed to or affected with breast cancer. Given that
circulating cell-free DNA in blood plasma contains tumor-
specific mutations and DNA methylation patterns associated
with the disease, the identification of new precursor
biomarkers of potential cancer predisposition or
aggressiveness in such DNA would be a huge advance in
predictive medicine for targeting women at high risk of
developing breast cancer. Non-invasive testing such as blood-
borne screening is a more convenient and cost-efficient
methodology compared to mammography and magnetic
resonance imaging. However, mainly due to the limited
number of affected and matched control DNA samples
included in studied cohorts, no specific methylation
biomarker has been yet validated for clinical use. In the next
years, the broader availability of blood samples combined
with epigenome-wide studies could definitely contribute to

the establishment of a panel of breast cancer biomarkers in
order to improve breast cancer detection and diagnostic of
women. 

Although the action and effect of a few DNMT
inhibitors have been reported as being of benefit in some
types of cancers, further studies regarding the in vivo
action of de-methylating agents in solid tumors is highly
warranted. The effect of DNMT inhibitors requires cell
division and proliferation, and therefore repeated
treatment is necessary to enhance their efficiency (44). In
addition, several factors including toxicity, lack of
specificity and low stability, as well as the simultaneous
activation of proto-oncogenes, promote the development
of new inhibitors. However, combination of these
molecules with other treatments such as chemotherapeutic
agents and RNA interference has been demonstrated to
yield promising results. 

In summary, epigenomics combined with a larger access
to non-invasive biological material will be crucial over the
increased understanding of the biology of breast cancer and
development of personalized therapy to provide a better
outlook for patients with breast cancer.
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