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Abstract Epigenetics refers to alterations in gene expression
due to modifications in histone acetylation and DNA methyla-
tion at the promoter regions of genes. Unlike genetic mutations,
epigenetic alterations are not due to modifications in the gene
primary nucleotide sequence. The importance of epigenetics in
the initiation and progression of breast cancer has led many
investigators to incorporate this novel and exciting field in
breast cancer drug development. Several drugs that target epi-
genetic alterations, including inhibitors of histone deacetylase
(HDAC) and DNA methyltransferase (DNMT), are currently
approved for treatment of hematological malignancies and are
available for clinical investigation in solid tumors. In this
manuscript, we review the critical role of epigenetics in breast
cancer including the potential for epigenetic alterations to serve
as biomarkers determining breast cancer prognosis and re-
sponse to therapy. We highlight initial promising results to date
with use of epigenetic modifiers in patients with breast cancer
and the ongoing challenges involved in the successful estab-
lishment of these agents for the treatment of breast cancer.
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Abbreviations

AZA S-azacitidine

CDA cytidine deaminase

CTCL cutaneous T-cell lymphoma
DAC decitabine

DNA deoxyribonucleic acid

DNMT DNA methyltransferase

DNMTs  DNA methyltransferase enzymes

ER estrogen receptor

FDA Food and Drug Administration

HAT histone acetyltranserase

HDAC histone deacetylase

MDS myelodysplastic syndrome

miRNAs  micro RNAs

mRNA messenger RNA

MSP methylation-specific polymerase
chain reaction

uM micromolar

nM nanomolar

PARP poly(adenosine diphosphate)-
ribose polymerase

PBMCs  peripheral blood mononuclear cells

PTCL peripheral T-cell lymphoma

PR progesterone receptor

QM-MSP  quantitative multiplex
methylation-specific PCR

RNA ribonucleic acid

RT-PCR  reverse transcriptase polymerase
chain reaction

TRAIL tumor necrosis factor-related
apoptosis-inducing ligand

Introduction

The initiation and progression of breast cancer has been
recognized for many years to be secondary to the accumu-
lation of genetic mutations which lead to aberrant cellular
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function. Genetic mutations, either inherited or sporadic,
may result in the activation of oncogenes and the inactiva-
tion of tumor suppressor genes. The more recent discovery
that reversible alterations in histone proteins and deoxyribo-
nucleic acid (DNA) can also lead to tumorigenesis has
introduced a novel term to the field of cancer research
known as “epigenetics” [1].

Epigenetics refers to alterations in gene expression that
are not a result of changes in the primary nucleotide se-
quence of a gene, such as is the case with a genetic muta-
tion. Instead, epigenetic alterations may result in changes in
chromatin structure leading to a repressive chromatin state
and silencing of both gene expression and transcription of
DNA into ribonucleic acid (RNA). Epigenetic alterations
include both histone hypoacetylation and abnormal methyl-
ation of DNA in the promoter region of important genes.
Epigenetic regulation is critical for normal growth and de-
velopment, and alterations may result in a variety of patho-
logical processes including autoimmune diseases and
cancer. The deregulation of genes that ensues can impact
important cellular functions such as DNA repair and control
of the cell cycle and apoptosis.

In this review, we will detail the epigenetic alterations
that have been reported in breast cancer and have been
associated with disease outcome, as well as the potential to
utilize epigenetic modifiers to reverse these alterations. We
will also describe the current status of clinical trials which
incorporate these agents either alone or as combination
strategies in breast cancer, and the challenges that have been
identified while transitioning these agents to the solid tumor
setting.

Epigenetic Alterations in Cancer
Histone Modification

Chromosomal DNA is packaged into chromatin and coils
around structural histone proteins. The histones are respon-
sible for maintaining the shape and structure of chromatin.
A number of post translational alterations can occur at the
amino acid tail of histone proteins which result in a confor-
mational change in the chromatin and therefore in the tran-
scription of important genes such as tumor suppressors.
These alterations include acetylation, methylation or phos-
porylation [2].

Histone acetylation is controlled by a balance in activity
between histone acetyltransferase (HAT) and histone deace-
tylase (HDAC). The former add an acetyl group to histones
resulting in uncoiling or “opening” of the chromatin, facil-
itating gene transcription. The HDACs remove acetyl
groups from the histones leading to coiling or “closing” of
chromatin which inhibits transcription [3]. The HDACs are
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critical in the regulation of expression of genes important for
cell survival, proliferation, differentiation, and apoptosis [4].
HDAC:S also act as members of a protein complex respon-
sible for recruitment of transcription factors to the promoter
region of genes, including those of tumor suppressors, and
regulation of acetylation status of specific cell cycle regula-
tory proteins [5]. High HDAC expression and histone hypo-
acetylation have been observed in cancer with associated
transcriptional repression of genes, providing a rationale for
the investigation of HDAC inhibitors in cancer therapeutics

[6].

DNA Methylation

Gene silencing may occur due to methylation of DNA at the
promoter region of genes [4]. Adenine, guanine, cytosine
and thymine are the four bases which are the building blocks
of our genetic make-up. DNA methyltransferase enzymes
(DNMTs) add a methyl group (-CH3) to the pyrimidine ring
of cytosine to form methyl cytosine (DNA methylation) and
play a crucial role in the hypermethylation of tumor sup-
pressor genes. Five DNMT proteins have been discovered in
mammals, but only DNMT1, DNMT3a, and DNMT3Db have
catalytic methyltransferase activity. DNMT1 has a prefer-
ence for hemi-methylated DNA as a substrate [7], whereas
the DNMT3 enzymes are known as de novo methyltrans-
ferases and target unmethylated DNA [8].

This process of DNA methylation occurs only to cyto-
sines which precede a guanine in the DNA sequence, known
as the CpG dinucleotide. CpG dinucleotides exist through-
out the genome and are usually heavily methylated and thus
impede transcription of genes at those sites. Where a num-
ber of these CpG dinucleotides are found at the promoter
regions of genes they are known as CpG islands. In normal
tissue CpG islands are more commonly unmethylated,
allowing for gene transcription to take place. In cancer, the
reverse can be seen with abnormal DNA methylation of
CpG islands that impede transcription of important genes
such as tumor suppressor genes [1].

Assays

Assays that can identify epigenetic alterations in tumor
samples are critical both in the laboratory and in the clinic.
When detected, alterations in histone acetylation and gene
methylation have several possible clinical utilities. Epige-
netic alterations have the potential to identify those at high
risk of developing a new cancer, facilitate the early detection
of cancer, assist in cancer staging and predict prognosis or
response to a particular therapy and present a target for
novel therapies [9—12].
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HDAC inhibitors target the HDAC enzymes, resulting in
hyperacetylation of histone tails. Preclinical investigations
have suggested that this histone acetylation may occur ap-
proximately 30 min after exposure to HDAC inhibitors, with
the effect on chromatin remodeling occurring after more
prolonged exposure to these agents (24—48 h minimum)
[13]. The hyperacetylation of target histones observed with
administration of the HDAC inhibitors is comparable in
tumor samples and peripheral blood mononuclear cells
(PBMCs) when assessed by standard western blot analysis
and other techniques [13, 14]. Analysis of PBMCs represents
a useful and non-invasive way to identify the pharmacody-
namic effect of HDAC inhibitors, i.e. whether it is “hitting the
target.” However, until recently, studies have failed to show a
clear correlation between the level of hyperacetylation and
response to therapy with HDAC inhibitors [12, 15].

The detection of promoter hypermethylation at CpG
islands in both preclinical and clinical samples has been
facilitated by a technique known as methylation-specific
polymerase chain reaction (MSP) [16]. MSP can differenti-
ate between methylated and unmethylated cytosine upon
sodium bisulfite treatment of DNA and subsequent amplifi-
cation of the modified DNA using primer sets specific to the
methylated or unmethylated promoters. Quantitative
multiplex-methylation specific PCR (QM-MSP) was subse-
quently found to be a highly sensitive technique which can
accurately assess promoter hypermethylation for many
genes simultaneously in small samples, termed a “candidate

Table 1 Epigenetic modifiers in clinical investigation

marker approach.” [17] Advances in gene array technolo-
gies now also allow for a comprehensive whole-genome
methylation array analysis (“methylome analysis”) in cancer
samples at low cost [18]. These methods quantify the pro-
portion of methylated cytosines to total cytosines at approx-
imately 27,500 different CpG dinucleotides in 14,500
regions (e.g. the Illumina Infinium HumanMethylation27
array). The areas queried in this method include thousands
of well-annotated genes as well as hundreds of methylation
hotspots in cancer genes, cancer related targets, and micro-
RNA promoters. As little as 500 ng of input DNA is re-
quired by many of these assays [19]. Ongoing research aims
to further refine these methods, develop new assays and
ultimately assess their clinical utility in well-designed pro-
spective clinical discovery and validation studies.

Epigenetic Modifiers
HDAC Inhibitors

Aberrant HDAC activity has been documented in a variety
of tumor types and led to the development of HDAC inhib-
itors as anticancer therapeutics (Table 1). Currently avail-
able HDAC inhibitors target a variety of HDAC isoenzymes
with class 1 (HDAC 1, 2, 3 and 8), class 2 (HDAC 4-7 and
9-10), and class 4 (HDAC 11) activity. Modest clinical
benefits were previously reported with relatively weak

Class Agent Alternative name FDA Approval

HDAC inhibitors

Hydroxamic Acid Vorinostat SAHA, suberoylanilide hydroxamic acid CTCL
Panobinostat LBH-589 -
Belinostat PXD-101 -
CHR-3996 - -
Tefinostat CHR-2845 -
INJ-26481585 - -

Benzamide Entinostat MS-275 -
CI-994 Tacedinaline, acetyldinaline -
MGCD-0103 Mocetinostat -

Cyclic Peptide Romidepsin Depsipeptide (FK-228) CTCL

Small Chain Fatty Acid Valproic acid -

Seizures, mania, migraine prophylaxis

Phenylbutyrate - Urea cycle disorders
DNMT inhibitors
Nucleoside analogues Azacitidine 5-AZA, 5-AC, 5-azacytidine, azacytidine, MDS
ladakamycin
Decitabine 5-aza-dCyd, deoxyazacytidine, MDS
2-deoxy-5-azacytidine, dezocitidine
SGI-110 - -

HDAC histone deacetylase, DNMT DNA methyltransferase, CTCL cutaneous T cell lymphoma, MDS myelodysplasia
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HDAC inhibitors such as valproic acid and phenylbutyrate
in advanced solid tumors or hematologic malignancies [20].
More potent HDAC inhibitors including both class-specific
inhibitors (entinostat and romidepsin) and pan HDAC inhib-
itors (vorinostat, belinostat and panobinostat) have been
developed recently. Both romidepsin and vorinostat are
approved by the Food and Drug Administration (FDA) for
treatment of cutaneous T-cell lymphoma (CTCL). In a phase
2b clinical trial in patients with heavily pretreated CTCL,
investigators reported a 30 % response rate with use of
vorinostat, an impressive median time to progression, and
pruritus relief in approximately 30 % of patients. [21] Romi-
depsin is associated with significant anti-tumor activity fol-
lowing failure of previous treatment in patients with CTCL
as well as peripheral T-cell lymphoma (PTCL) [22-24].
Clinical studies in solid tumors are ongoing with HDAC
inhibitors, alone or in combination with other agents, with
those relevant to breast cancer described later in this review.

DNMT Inhibitors

DNMT inhibitors, also referred to as demethylating agents,
have been under preclinical and clinical investigation for over
30 years [25]. The nucleoside analogues, 5-azacitidine (AZA)
and decitabine (DAC), have been the most widely studied.
Because they are cytidine analogs, both agents are incorpo-
rated into DNA after activation to a triphosphate moiety. After
formation of an irreversible complex with DNMT1, degrada-
tion of the enzyme occurs [26]. This prevents methylation of
daughter DNA in CpG islands during DNA replication. In
addition, AZA (but not DAC) is converted into a ribonucleo-
side moiety and is incorporated into RNA, interfering with
protein translation. At low concentrations (e.g. 30nM DAC,
300nM AZA), these inhibitors exhibit potent DNA hypome-
thylation properties, whereas high concentrations (=<3—10 uM)
are cytotoxic [27]. The doses of AZA and DAC that were
employed in many of the early clinical trials in solid tumors
were cytotoxic, reflecting maximum tolerated doses, which
likely accounts for the excessive toxicity, and possibly also to
lack of overall efficacy, observed in these studies [28]. More
recently, clinical trials in hematologic malignancies were
designed with a better understanding of the DNA hypomethy-
lating effects of these agents. AZA and DAC have subse-
quently been approved by the FDA for use in the treatment
of myelodysplastic syndrome (MDS). A phase 3 randomized
trial in patients with high risk MDS indicated a significant
improvement in median overall survival with AZA when
compared to conventional care regimens including best sup-
portive care or standard chemotherapy (24.5 versus
15 months) [29]. Impressive disease responses have also been
observed with the use of DAC in a similar patient population
[30]. Other DNMT inhibitors in an earlier phase of develop-
ment include DAC analogues such as SGI-110 and zebularine.
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Epigenetics and Breast Cancer

Epigenetic alterations are prevalent in breast cancers,
prompting much interest in their clinical significance and
whether these can be manipulated. Aberrant HDAC activity
has been documented in many tumor types. HDAC 1 ex-
pression is associated with an advanced stage and aggres-
sive histology in certain cancers [31]. However, in breast
cancer core biopsy specimens, HDAC 1 expression is asso-
ciated with estrogen receptor (ER) and progesterone recep-
tor (PR) expression, earlier stage of disease at diagnosis, and
improved disease-free survival [32]. HDAC 6 messenger
RNA (mRNA) is more frequently expressed in breast cancer
patients with small (less than 2 cm), low grade, ER and PR-
positive tumors. However, multivariate analyses failed to
confirm that HDAC 6 expression was an independent prog-
nostic factor for survival [33].

When considering aberrant DNA methylation in breast
cancer, global DNA hypomethylation is far more prevalent
in breast cancer specimens (up to 50 %) compared to that
observed in other tumor types. This global hypomethylation
has been associated with poor prognostic factors such as
tumor size, stage and grade [34]. DNA hypomethylation can
also affect individual breast cancer genes [35]. More com-
monly, breast cancer-related genes are hypermethylated and
thus silenced compared to non-cancerous tissue. Methylated
genes in breast cancer include those important for growth
(e.g. the ER), evasion of apoptosis (e.g. HOXAS5 and Twist),
invasion and metastasis (e.g. E-cadherin) as well as cell
differentiation (e.g. RARbeta) [36]. A panel of seven genes
was evaluated using MSP in a variety of breast tissues [37,
38]. In invasive breast carcinomas, almost all specimens
contained at least one hypermethylated gene, 80 %
contained two, and 60 % contained three or more methylat-
ed genes. Only one of eight reduction mammoplasty speci-
mens contained hypermethylated genes. DNA methylation
in RASSF1A4 and CDHI promoters has also been evaluated
by QM-MSP in archival tumor and blood samples from 92
patients with breast cancer and 50 controls. RASSFIA and
CDH1 methylation was observed in 82.6 % and 21.7 % of
breast cancer tumors respectively, while no methylation was
detected in controls. CDHI methylation levels were signif-
icantly associated with lymph node status and breast cancer
subtype [39]. In another study, the methylation status of
eight genes (DCR1, DAPK1, RASSF1A, DCR2APC, MGMT,
GSTP1 and PTEN) was evaluated in snap-frozen primary
breast tumors (2=49). The highest frequencies of promoter
methylation was observed for the APC (54 %), DCRI
(40 %), DAPKI (37 %), RASSF1A4 (33 %) and MGMT
(22 %) genes, with 75 % of specimens associated with
aberrant methylation in at least one gene. An association
was also identified between MGMT promoter methylation
and age, with MGMT methylation more often observed in
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older patients. Larger tumors showed a higher frequency of
RASSFI and DAPKI promoter methylation [40]. These
studies indicate that promoter methylation of specific genes
may be utilized as potential prognostic biomarkers in breast
cancer patients if validated in future studies.

The prevalence of ER methylation has specifically been
examined after establishing that the ER indeed has a CpG
island in its A and B promoters and first exon [41]. The ER
gene is unmethylated at the CpG island in normal tissues
and in several ER-positive human breast cancer cell lines.
Only 36 % of human breast cancers that express both the ER
and PR proteins are methylated at the £R promoter, compared
to 72 % of tumors that are ER-positive but PR-negative, and
100 % of tumors that are ER and PR-negative [41]. These
observations prompted further investigation as to whether
reversal of methylation at the ER promoter would sensitize
the tumors to hormone treatment and is described below.

Whether methylation of specific breast cancer genes can
predict clinical outcomes has also been investigated using a
genome-wide methylation array technology (methylome
analysis) [42]. The Illumina Infinium HumanMethylation27
array was used to analyze both primary invasive breast
cancers (n=103) and normal breast samples (n=21). A
higher frequency of methylation is observed in ER-
positive tumors compared to ER-negative tumors, specifi-
cally, higher methylation at 5,264 loci in ER-positive versus
at 3,112 loci in ER-negative tumors. The hypermethylated
loci in ER-negative tumors, however, cluster closer to the
transcriptional start sites than in the ER-positive tumors;
perhaps indicating a tighter control of transcriptional repres-
sion. The methylation patterns of ER-positive and ER-
negative tumors are also distinct with 27 (ER-positive) and
13 (ER-negative) loci showing the highest subtype specific-
ity in individual tumor samples. This information, if vali-
dated, may help identify molecular pathways best targeted
in the individual breast cancer subtypes. Finally, an attempt
was made to develop an epigenomic signature that would
aid prediction of outcome in breast cancer patients. Inves-
tigators identified a 100 CpG loci signature that was signif-
icantly associated with disease progression in patients newly
diagnosed with breast cancer treated with either no adjuvant
therapy, hormonal or chemotherapy. Approximately 20 % of
the loci included in this signature were from homeobox-
containing genes including HOX suggesting a key role in
tumor progression. Others have also reported associations
between aberrant DNA methylation and breast cancer out-
comes [43]. However, additional studies are needed to de-
fine the exact role of gene methylation signatures in
predicting clinical outcome and response to therapy. Based
on the higher frequency of methylation observed in ER-
positive tumors in these studies, it is possible that ER-
positive breast cancer may represent a better target for
epigenetic therapy than other tumor subtypes.

DNA methylation profiling has also identified specific
breast cancer subtypes that are distinct from the “intrinsic
subtypes” classified by gene-expression profiling in recent
years (luminal A, luminal B, HER2 and basal) [44]. Meth-
ylome analysis performed on frozen primary tumor samples,
led to the identification of six different methylation clusters
[45]. Tt was shown for the first time that DNA methylation
profiles can reflect the cell-type composition of the tumor
microenvironment, with a T lymphocyte infiltration of these
tumors in particular in HER2-enriched and basal-like
tumors. Interestingly, high expression of certain immune-
related genes were found to be associated with improved
relapse-free survival providing further insight into the im-
portance of the immune system and tumor microenviron-
ment in certain breast cancer subtypes.

An area of great interest is whether methylation of spe-
cific breast cancer genes can predict benefit from breast
cancer therapies. For example the antitumor activity of
poly(adenosine diphosphate)-ribose polymerase (PARP)
inhibitors in BRCA1/BRCA2-associated cancers has been
recently, of intense interest to the oncology community [46].
Interestingly, the BRCAI gene has been shown to be inacti-
vated in sporadic breast and ovarian cancers by DNA meth-
ylation [10]. Whether this epigenetic modification confers
sensitivity to PARP inhibitors was investigated by a group
of international collaborators [47]. As with BRCA mutation,
hypermethylation of the gene in a breast cancer cell line was
associated with equal sensitivity to PARP inhibitors as did
the BRCA1 mutation. Treatment of this cell line with AZA
restored expression of the gene. In addition, 36.7 % (25 of
68 tumors) of “triple-negative” (ER/PR/HER2-negative)
breast tumors were found to exhibit BRCA/ methylation,
indicating that this may be a population that may benefit
from PARP inhibitors in the clinic.

Another area of intense research at this time is the asso-
ciation between epigenetics and microRNAs (miRNAs),
which are small, non-coding RNA molecules with the abil-
ity to regulate gene expression. miR are downregulated in
many tumor types including breast cancer and have the
potential to be used as biomarkers for early breast cancer
detection or prognosis [48, 49]. Hypermethylation of miR-
NAs may also lead to their silencing and inability to func-
tion as tumor suppressors [50]. Whether miRNAs reflect a
novel target in breast cancer requires further evaluation.

Preclinical Activity of the HDAC Inhibitors

Laboratory research conducted to date supports the investi-
gation of HDAC inhibitors for the treatment of breast can-
cer. Vorinostat, for example, induces differentiation or
arrests growth of a wide variety of human carcinoma cells
including breast cancer cells [51, 52]. Vorinostat also
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reduced tumor incidence in NMU-induced rat mammary
tumorigenesis by 40 % [53]. In vitro studies demonstrated
that vorinostat inhibits clonogenic growth of both ER-
positive and ER-negative breast cancer cell lines by induc-
ing G1 and G2/M cell cycle arrest and subsequent apoptosis
[54]. Exposure to low concentrations of vorinostat is also
associated with accumulation of cells mainly in G1, while
higher vorinostat concentrations cause cell cycle arrest pre-
dominantly in G2/M [52].

The ability of the HDAC inhibitors to relieve transcrip-
tional repression in preclinical breast cancer models has also
been investigated. The accumulation of acetylated H3 and
H4 histone tails in conjunction with re-expression of a
functional ER in ER-negative breast cancer cell lines has
been observed with a novel HDAC inhibitor, scriptaid [55].
Treatment of ER-negative breast cancer cell lines with vor-
inostat is associated with reactivation of silenced ER, as well
as downregulation of DNMT1 and EGFR protein expres-
sion [56]. The significance of an epigenetically reactivated
ER was demonstrated when tamoxifen sensitivity was re-
stored in the ER-negative MDA-MB-231 breast cancer cells
following treatment with both HDAC (trichostatin A) and
DNMT inhibitors (DAC) [57]. Entinostat has been shown to
induce not only re-expression of ER«, but also the androgen
receptor and the aromatase enzyme (CYP19) both in vitro
and in triple-negative breast cancer xenografts [58]. In ad-
dition, the combination of entinostat and letrozole resulted
in a significant and durable reduction in the xenograft tumor
volume when compared to treatment with either agent alone.
These experiments have provided the strong rationale for
combining epigenetic modifiers with hormonal therapy in
breast cancer clinical trials [58]. Interestingly, many of these
studies also indicate that a strategy which combines HDAC
and DNMT inhibitors is more efficacious than either agent
alone with respect to both re-expression of silenced genes
and restoration of response to tamoxifen and aromatase
inhibitors [55, 59, 60].

The RAR[ gene, well known for its’ tumor suppressive
effects in epithelial cells, can also be subject to gene silenc-
ing by epigenetic modification in breast cancer models.
Reactivation of the gene has been demonstrated with use
of both HDAC and DNMT inhibitors [9]. Clinical studies
investigating the retinoids in various breast cancer popula-
tions to date have yielded disappointing results, but perhaps
the lack of efficacy observed relates to the fact that RARG
expression was not evaluated in the majority of these studies
[61, 62]. It is possible that more careful patient selection
based on RAR[3 expression in the primary tumor and the use
of epigenetic modifiers to reactivate the pathway if silenced
will be necessary to produce clinically meaningful results.

Pretreatment of various tumor cell lines with HDAC
inhibitors increases the cytotoxicity of chemotherapy. Ad-
ministering the HDAC inhibitor after chemotherapy did not
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achieve the same results, suggesting that pretreatment with
these agents may open the chromatin structure and thus
facilitate an enhanced anti-cancer effect of chemotherapy
drugs that target DNA [63]. In breast cancer cell lines with
amplification and overexpression of HER2, HDAC inhibitor
use depleted HER2 by attenuation of its mRNA levels and
promotion of proteosomal degradation. HDAC inhibition
also enhanced apoptosis induced by trastuzumab, docetaxel,
epothilone B, and gemcitabine [64]. HDAC inhibitors also
significantly enhance trastuzumab-induced growth inhibi-
tion in trastuzumab-sensitive, HER2-overexpressing breast
cancer cells, providing a strong rationale for clinical studies
with this combination in patients with HER2-positive disease
[65, 66].

Preclinical Activity of the DNMT Inhibitors

Scientists evaluated the administration of low doses of AZA
and DAC in breast cancer cell lines and in xenograft models
in an attempt to harness the tumor “reprogramming” effect
of these agents. Nanomolar (nM) doses of these agents (e.g.
100nM DAC and 500nM AZA) resulted in the development
of an anti-tumor “memory” response which inhibited the
growth of cancer cells, including traditionally resistant stem-
like cells [67]. These effects were observed without evi-
dence of immediate cytotoxicity. Sustained, genome-wide
alterations in promoter methylation and gene expression
which affected major cell signaling pathways were also
observed. The alteration of promoter methylation of specific
tumor suppressor genes including ER, BRCA-1, E-cadherin,
PTEN and MASPIN have been demonstrated previously in
breast cancer cell lines exposed to these agents in a number
of other studies [68—70]. In addition, DNMT inhibitors have
been shown to sensitize breast cancer cell lines to the che-
motherapeutic agent doxorubicin by inducing tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL) [71].
Preclinical studies combining a DNMT inhibitor with an
HDAC inhibitor have also yielded promising results as
described above [55, 59, 60]. Ongoing studies aim to eluci-
date novel combination strategies relevant to breast cancer
treatment paradigms including combinations of epigenetic
modifiers with tamoxifen, aromatase inhibitors, trastuzu-
mab, and cytotoxic agents, amongst others.

Breast Cancer: Clinical Experience

Based on the approval of both DNMT inhibitors and the
HDAC inhibitors for various hematologic malignancies [21,
23], clinical investigators extended studies of epigenetic
modifiers to the solid tumor arena either as single agents
or in combination with both standard and investigational
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therapies. A number of early phase solid tumor clinical trials
have been completed or are ongoing (Table 2).

HDAC Inhibitors

Vorinostat is a potent HDAC inhibitor which targets class 1
and 2 HDAC:s. This agent has been shown to inhibit prolif-
eration of both ER-positive and ER-negative breast cancer
cell lines and induce cell cycle arrest [52]. It was the first
HDAC inhibitor available for investigator-initiated trials.
Antitumor activity was observed in a phase 1 trial investi-
gating oral vorinostat in patients with advanced cancer [72].
Based on the results from this phase 1 study, alongside
strong preclinical rationale, a phase 2 trial of single agent
vorinostat was designed in the advanced breast cancer set-
ting. Fourteen patients (8 ER/PR-positive, 4 HER2-positive)
were treated with single agent oral vorinostat at a dose of
200 mg oral twice daily for 14 days of a 21 day cycle [73].
Median number of prior chemotherapies was only 1.5 (range
0-2). The study failed to reach its primary endpoint (re-
sponse rate by RECIST criteria), however, stable disease
was observed in almost 30 % of patients (n=4) with time
to progression of 4, 8, 9 and 14 months in these patients.
The therapy was well tolerated with the most common
adverse events including fatigue, nausea and diarrhea. In
addition, a presurgical or “window” biomarker study has
evaluated surrogate markers of response with short term
administration of vorinostat. Vorinostat 300 mg given twice
daily for six doses to women awaiting definitive breast
surgery was associated with a reduction in proliferation-
related gene expression by RT-PCR (reverse transcriptase
polymerase chain reaction) using the Oncofype Dx assay.
However, significant changes in cell death, candidate gene
methylation or expression of candidate genes such as the ER
were not observed. The results support preclinical findings
that while the agent may inhibit proliferation, ER and other
gene expression modulation is more likely to be seen fol-
lowing the combination of a HDAC inhibitor with another
anti-cancer agent or epigenetic modifier [74].

Whether the addition of a HDAC inhibitor to hormonal
strategies for breast cancer can reverse resistance to hor-
monal therapy and therefore improve breast cancer out-
comes has been investigated. Preclinical models which
suggested that the efficacy of tamoxifen can be enhanced
by vorinostat [14] prompted the development of a phase 2
trial in advanced breast cancer patients. Women with
hormone-resistant breast cancer (n=43) received oral vor-
inostat 400 mg daily (21 days of a 28 day cycle) and
tamoxifen 20 mg daily, with the investigators reporting an
objective response rate of 19 % and a clinical benefit rate
of 40 % [15]. The combination of agents was well toler-
ated with no unexpected adverse events. Approximately

60 % of patients received prior tamoxifen in the adjuvant
setting, and 54 % had received two prior lines of therapy
with aromatase inhibitors. Histone hyperacetylation and
high baseline HDAC 2 levels were predictive of response.
These findings suggest that vorinostat may indeed restore
responsiveness to tamoxifen in patients with hormone-
resistant disease, and support the development of a ran-
domized trial for further delineation of the clinical rele-
vance of the combination.

In ENCORE 301, investigators evaluated the role of
entinostat, a class 1 selective HDAC inhibitor, in combina-
tion with exemestane (steroidal aromatase inhibitor, Al) in a
randomized phase 2 study in the advanced breast cancer
setting. Postmenopausal women who had received 0—1 prior
chemotherapy and had progressed on a non-steroidal Al
were randomized to exemestane 25 mg daily plus entinostat
5 mg or placebo weekly [75]. A significant improvement in
progression-free survival (PFS) was noted in the entinostat
arm compared to placebo (median 4.28 versus 2.27 months,
respectively). Preliminary results suggested that overall sur-
vival (OS), a secondary endpoint, was also significantly
longer in the entinostat arm versus the placebo arm (26.94
versus 20.33 months, respectively). These promising results
met the pre-specified study statistical plan and support the
need for a phase 3 study. Interestingly, in a subset analysis
examining protein acetylation in patients receiving entino-
stat (n=27), the median PFS was 8.5 months in those
exhibiting protein lysine hyperacetylation versus those
who did not, and this was apparent after just 2 weeks of
therapy [12]. It is not known whether the addition of entino-
stat in this setting resulted in the re-expression of the ER, a
question which will be answered in ongoing studies [76]. It
is also not clear whether the observed benefit reflects activ-
ity of entinostat or its combination with exemestane. A
phase 3 study is in the planning stages to further delineate
the role of entinostat and the potential role of lysine acety-
lation as a biomarker predicting efficacy.

To date, few studies have combined HDAC inhibitors
with standard cytotoxic agents specifically in breast cancer
populations. Phase 1 studies in advanced solid tumors have
combined vorinostat either with doxorubicin [13], or with a
paclitaxel and carboplatin combination [77] and suggested
enhanced antitumor activity. In the study which combined
vorinostat with doxorubicin, histone hyperacetylation corre-
lated with pre-treatment HDAC 2 expression. Vorinostat has
also been investigated in the 1st line metastatic setting in
combination with paclitaxel and bevacizumab [78]. In a
single arm study, an overall response rate of 55