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Simple Summary: Worldwide, breast cancer is amongst the most frequently diagnosed cancer in
women, and the second leading cause of cancer-associated mortality in women. While tumor genet-
ics contribute to therapies used to treat breast cancer and inform patient prognosis, modifications
of histone proteins, which help to organize the genetic material in cells into chromatin, can also
influence therapeutic response and ultimately patient outcome. Here we explore the role of enzymes
that modify histone proteins in breast cancer. We discuss how these reversible, or “epigenetic”
changes to chromatin perturb the tumor environment, and describe preclinical studies that provide
rationale for targeting chromatin-modifying enzymes in breast cancer. We build on existing preclin-
ical data to connect the epigenetic activity with changes to cells that support oncogenic growth, and
when applicable, assess the current clinical standings of treatments that target chromatin-modifying
enzymes in breast cancer.

Abstract: Breast cancer pathogenesis, treatment, and patient outcomes are shaped by tumor-intrin-
sic genomic alterations that divide breast tumors into molecular subtypes. These molecular subtypes
often dictate viable therapeutic interventions, and ultimately, patient outcomes. However, hetero-
geneity of therapeutic response may be a result of underlying epigenetic features that may further
stratify breast cancer patient outcomes. In this review we examine non-genetic mechanisms that
drive functional changes to chromatin in breast cancer to contribute to cell and tumor fitness, and
highlight how epigenetic activity may inform therapeutic response. We conclude by providing per-
spectives on the future of therapeutic targeting of epigenetic enzymes, an approach which holds
untapped potential to improve breast cancer patient outcomes.
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Introduction

A high degree of breast cancer heterogeneity had led to its classification into four distinct mo-
lecular subtypes, which can vary in tumor genomics and the cell type from which tumor initiation
occurs: (1) luminal A, (2) luminal B, (3) human epidermal growth factor receptor 2 (HER2)-positive,
and (4) triple negative breast cancer (TNBC). Tumor heterogeneity informs patient prognosis and
clinical disease management. At diagnosis, a combination of immunohistochemistry (IHC) and ge-
nomic assays define critical gene expression of three cell surface receptors: estrogen receptor (ER),
progesterone receptor (PR), and HER?2. Collectively, ER, PR, and HER2 expression enable breast can-
cer classification into one of the four established molecular subtypes, which forms the basis of clinical
disease management. Approximately 60-70% of all diagnosed breast cancers fall under the luminal
A subtype, which is defined as ER-positive and/or PR-positive, HER2-negative, with low proliferative
capacity by Ki67 IHC[1]. These tumors often respond to hormone therapies including tamoxifen or
aromatase inhibitors (Al), resulting in a favorable patient prognosis[2,3]. In contrast with luminal A,
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luminal B breast cancers are more aggressive with a high proliferative index via Ki67 IHC. Luminal
B breast cancers represent about 10% of breast cancers; these tumors are ER-positive and exhibit ei-
ther PR-positive or PR-negative staining[2]. Approximately 30% of diagnosed luminal B cancers are
also HER2-positive[4]. Patients with luminal B breast cancer do not exhibit as high a response rate to
hormone therapy as luminal A breast cancers, and some patients benefit from hormone therapy in
conjunction with chemotherapy[5]. About 10-15% of diagnosed breast cancers are characterized by
high HER?2 expression in the absence of ER or PR expression[3]. HER2-positive patient prognosis has
dramatically improved in the past 30 years with the development and widespread clinical application
of HER2-targeted therapies, including small molecule inhibitors (e.g., lapatinib) and antibody thera-
pies (e.g., trastuzumab) in combination with chemotherapies such as doxorubicin[6]. HER2-targeted
antibody drug conjugates such as trastuzumab-emtansine (T-DM1) or trastuzumab-deruxtecan (T-
Dxd) are also used clinically for HER2-positive breast cancers, as well as advanced breast cancers
characterized by low HER2 levels[7,8]. Lastly, TNBCs account for 10-20% of diagnosed breast cancers
and typically originate from basal cell lineage in the breast and are not characterized by ER, PR, or
HER?2 expression[9]. Instead, TNBC tumor genomics vary, resulting in proposed subclassifications
within the TNBC subtype and can be characterized by loss of function mutations in tumor suppres-
sors such as BRCA1/2 or TP53[10]. The heterogeneity of TNBCs and its aggressive nature render this
tumor type more challenging to clinically manage and patient prognosis is usually poor.

In addition to ER, PR, and HER2 expression that stratify breast cancers into the above molecular
subtypes, additional genomic alterations may be present that contribute to disease etiology, thera-
peutic response, and disease progression. This involves genomic alterations, including mutations and
indels in BRCA1/2, inactivating mutations or deletions in tumor suppressor genes PTEN, CDH1, or
TP53, and amplification or activating mutations in critical growth regulators such as PIK3CA[11-14].
While the importance of genomic alterations in breast cancer clinical management cannot be under-
stated, in recent years it has become clear that the epigenetic landscape provides an additional and
dynamic layer of insight into the dysregulation of cellular processes in breast and other cancers. In
some cases, tumor genomics and epigenetics are linked; genomic alterations have been defined to
modulate the activity or function of chromatin modifying enzymes, in turn play a role within epige-
nomic regulation[12,15]. Posttranslational epigenetic modifications that occur on histones and on
DNA can alter chromatin accessibility by modifying histone-DNA interactions, recruiting transcrip-
tional machinery to DNA, or interacting with transcription factors[16]. Delineating the specific mech-
anisms by which these modifications fine-tune cellular processes in normal conditions and in cancer
first requires examining their environment in the structure of chromatin.

The size of the human genome in relation to the volume of the nucleus presents a need to organ-
ize the genome into a more condensed form. Nucleosome hetero-octamers containing two each of
H2A, H2B, H3, and H4 organize DNA through compaction[17,18]. The nucleosome is incorporated
into chromatin through the winding of DNA such that 145-147 base pairs of DNA are wrapped
around each nucleosome. Histone proteins contain a globular core domain and unstructured N- and
C-terminal tail domains which extend out of the globular domain on either side[17,19]. The nucleo-
some is assembled through interactions within the globular domains of the heterodimers, and to-
gether with nucleosome-incorporated DNA, the histone globular and tail domains support post-
translational modification (PTM), which can inform transcriptional competence[20]. Covalent histone
PTMs are orchestrated through the dynamic activity of chromatin modifying enzymes: writers that
introduce modifications, readers that identify and bind to PTMs, and erasers that remove the modi-
fications[21]. Histones harbor more than 20 types of unique epigenetic PTMs, including methylation,
acetylation, phosphorylation, SUMOylation, ADP ribosylation, and numerous others[22,23]. Collec-
tively, the specific combination of histone PTMs can impact chromatin accessibility, thereby regulat-
ing transcription and gene expression[24]. Beyond transcriptional regulation, the dynamic histone
PTM landscape informs diverse cellular processes ranging from DNA repair to cellular differentia-
tion[25]. The essential contributions of the epigenome and its dynamic regulation support cancer de-
velopment while contributing to therapeutic response and clinical patient outcome, leading to the
recognition of epigenetic reprogramming as an emerging, distinct hallmark of cancer[26].
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Here, we examine the contributions of histone PTMs and the associated epigenetic modifiers
that read, write, and erase these PTMs to the breast cancer landscape. We focus on preclinical mech-
anistic studies demonstrating the role(s) of epigenetic modifiers in essential biological processes that
inform cancer initiation, development, and therapeutic response. We conclude with examining how
these mechanistic studies could potentially support the clinical management of breast cancer.

Histone modifying complexes

COMPASS complex perturbation and associated histone methylation in breast cancer

The activity of multiprotein H3K4 methyltransferase-specific COMPASS (complex of proteins
associated with Setl) complexes are dysregulated in breast cancers. A total of six Setl/MLL methyl-
transferases (Set1A-B, MLL1-4) recruit unique and shared subunits to support COMPASS complex
substrate specificity across genome-wide mono-, di-, and tri-methylation of H3K4[27]. H3K4 methyl-
ation is typically associated with transcriptional activation. In HR+, PIK3CA mutant breast cancer,
clinical PI3K inhibition hyperactivates ER signaling. Mechanistic studies have found that the AGC
kinase AKT phosphorylates the MLL4/KMT2D methyltransferase, reducing its enzymatic activity;
PI3K inhibition enhances MLL4 activity, increasing enhancer H3K4mel and promoting an open chro-
matin state[28]. Functionally open chromatin supports the recruitment of the FOXA1 and PBX1 pio-
neer transcription factors to the genome to support ESR1 binding and subsequent transcription of
ER-responsive genes. Other AGC kinases, including SGK1, mediate MLL4/KMT2D phosphoryla-
tion[29], suggesting that a wider network of growth factor-associated signal transduction pathways
may integrate cellular cues with chromatin modifying enzyme function to regulate gene expression.
The importance of maintaining appropriate H3K4 methylation is highlighted by reports that demon-
strate the H3K4me?2/3 demethylase KDM5A is also an AKT effector; AKT-mediated KDM5A phos-
phorylation redistributes KDM5A to the cytoplasm where it is unable to demethylate promoter
H3K4me3[30]. Acute loss of promoter H3K4me3 occurs at cell cycle regulated genes and is correlated
with a poor patient outcome in advanced stage breast cancers across molecular subtypes including
HR+ breast cancers[30]. Targeting the MLL1 and/or the MLL4/KMT2D COMPASS complexes to re-
duce promoter or enhancer H3K4 methylation, respectively, impairs HR+ breast cancer cell and tu-
mor growth[28,31].

Dysregulation of SWI/SNF in advanced stage breast cancers

The SWItch-mating type/Sucrose Non-Fermenting (SWI/SNF) family of ATP-dependent chro-
matin remodeling complexes regulate gene expression by supporting DNA accessibility, affecting
cell proliferation, differentiation, and the cellular response to DNA damage[32]. The ATPases BRG1
(SMARCA4) and BRM1 are common to all SWI/SNF complexes (BAF, P-BAF, and ncBAF), with
unique cofactors and binding partners assembling to form each of the three unique complexes. Ge-
nomic alterations in the SWI/SNF complexes are relatively rare in primary breast cancers. However,
genomic alterations in the BAF complex tumor suppressor and DNA binding protein ARID1A occur
in 12% of metastatic breast cancers, and its deletion or functional inactivation is associated with poor
patient prognosis in metastatic luminal A and HER2-positive breast cancers, including endocrine
therapy resistant, ER-positive breast cancers[33]. Recent studies using genome-wide CRISPR screens
demonstrate that genes encoding the BAF complex—including ARID1A—mediate therapeutic re-
sponse to ER antagonists; loss of ARID1A enhances proliferative capacity, rendering ER+ breast can-
cer cell lines resistant to both tamoxifen and fulvestrant[34]. ARID1A and BRGI physically associate
with ER. This interaction supports ARID1A repression of ER-dependent transcription by binding
chromatin at ER-regulated enhancers using a FOXA1-dependent mechanism[34]. Complementary
studies suggest that ARID1A expression supports luminal breast lineage maintenance. ARID1A loss
impairs SWI/SNF recruitment to regions of the genome that support luminal lineage commitment,
thereby mediating a transition to basal-like breast cancer cells that are ER-independent[35]. These
studies suggest mechanisms of resistance to ER antagonists, and also additional therapeutic strategies
to treat advanced ER-positive breast cancers characterized by genomic alterations in the BAF
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complex. Outside of ER-positive breast cancers, the SWI/SNF complexes may also be linked to other
breast cancer subtypes. BRG1 increases cell proliferation via activation of cell cycle dependent genes
in TNBC cell lines[36] and genetic loss of BRG1 increases HDACI binding to the genome[36]. The
transcription factor SOX4 and BRG1 cooperate to positively regulate PI3K/AKT signaling via tran-
scription of TGFBR2[37]; because TNBCs are characterized by high BRGI levels[38], these reports
suggest a patient cohort whose tumors may be sensitive to BRG1 and/or PI3K inhibition.

Histone Acetyltransferases

Histone acetylation is a reversible and dynamic PTM catalyzed by histone acetyltransferases
(HATSs) and removed by histone deacetylases (HDACs)[39]. HATs catalyze the covalent transfer of
the acetyl group from acetyl-CoA to lysine groups in proteins including histones (Figure 1). While
the activity of many HATs was originally described using histones as substrates, HATs have since
been shown to acetylate a number of non-histone targets including p53, YY1, and STAT3[40-42]. Hu-
man HAT enzymes are divided into three major categories based on their sequence homology and
mechanism of catalysis: the GNAT, MYST, and p300/CBP families (Figure 1)[43]. Functionally, HAT
enzyme-mediated histone tail acetylation neutralizes the attraction between nucleosome-incorpo-
rated histone proteins and DNA, supporting a euchromatin state and contributing to enhanced tran-
scription[44,45]. A diverse array of acetylation events have been defined on histone H3 and H4 (in-
cluding but not limited to H3K4[46,47], H3K9[48], H3K18[49], H3K23[50], H3K27[51-53], H3K56[54],
H3K122[55], H4K5[56], H4K8[57], H4K12[57], and H4K16[57])[58], but their biological functions have
not been well-characterized. For example, H3K27 is widely-recognized as a marker for active enhanc-
ers[59], but its specific mechanistic role in transcription is not completely understood. One method
to contextualize these marks within the grander scheme of breast cancer is to examine the enzymes
that write or erase them and their catalytic functions within oncogenic mechanisms.

Histone acetylation in breast cancer pathogenesis

While histone acetylation is critical for normal cellular maintenance, it is also subject to dysreg-
ulation in human cancers. Aberrant histone acetylation has been closely associated with cancer pro-
gression and therapeutic response[60-63]. This is highlighted by a clinical study examining a panel
of histone acetylation marks in 880 human breast cancer carcinomas. While hypoacetylation of H4K16
was observed in 78.9% breast cancer cases, its high-level expression was correlated with longer dis-
ease-free survival (DFS), thus leading authors to postulate that loss of H3K16ac is an early event in
breast cancer invasion pathogenesis[60]. The presence of these acetylation marks is also associated
with different subtype categories. The overall detection of high levels of global histone acetylation
was significantly associated with luminal-like breast tumors, whereas moderate to low global lysine
acetylation was linked to basal carcinoma and HER2-positive tumors[60]. More specifically, an eval-
uation of several histone PTMs including acetylation marks from patient tumors suggested that H3K9
acetylation is associated with TNBC and HER2-positive breast tumors, whereas H3K27me3 correlates
with the luminal A and B molecular subtypes[64]. Furthermore, acetylation via HAT activity has been
shown to impact tumor phenotypes directly. MYST3 binds to the proximal promoter region of the
ESR1 gene, increasing ERa expression in a HAT-dependent manner; mutations to the HAT domain
of MYSTS3 fail to upregulate ERa expression to the same extent as wild-type MYST3[65]. Knockdown
of MYST3 in HR-positive breast cancer xenografts leads to significant tumor regression and increased
progression free survival, corroborating in vitro studies that found that the genetic ablation of MYST3
significantly reduces cell growth in HR+-positive breast cancer cell lines[65]. These data suggest that
further exploration of MYST3-targeting for the treatment of MYST3-high ER-positive/HER2-negative
breast cancers is warranted and may benefit endocrine therapy-resistant patients. While HATs cata-
lyse the addition of acetyl groups to histone residues, the overall maintenance of histone acetylation
consists of a dynamic interplay between HATs and HDACs, both of which can be dysregulated in
breast and other cancers.
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Figure 1. Epigenetic regulation of histone acetylation and deacetylation. HATs and HDACs have a
crucial role in gene regulation. These enzymes are responsible for the transfer and removal of acetyl
group from histones on lysine residues. HDACs are classified into class I (HDAC 1, 2, 3, and 8), class
II (HDAC 4, 5, 6, 7,9, and 10), class III (SIRT1-7), and class IV (HDAC 11). HAT-directed lysine acet-
ylation on histones promotes led an open chromatin structure that enhances transcriptional compe-
tence. HDAC-directed lysine deacetylation supports chromatin compaction, thereby reducing tran-
scriptional activity. Dysregulation of these chromatin modifying enzymes aids in aberrant cellular
proliferation, angiogenesis, EMT, as well as escape from cell cycle arrest and evasion of apoptosis.
While HAT inhibition remains in preclinical development, four HDAC inhibitors are currently FDA

approved in human cancers, and are denoted by *.

HATSs promote the transcription of EMT-specific markers in breast cancer

HATSs have been documented to function in the epithelial-to-mesenchymal transition (EMT).
While EMT occurs normally during embryonic development, it has been implicated in the acquisition
of stem-cell-like qualities that accentuate tumor growth and metastasis in cancer[66]. In one study,
DOT1L, a methyltransferase targeting the active transcription mark H3K79[67,68], was shown to en-
hance the expression of EMT transcription factors in a p300-dependent manner in noncancerous ep-
ithelial breast cells. Specifically, the HAT p300 is recruited by DOTIL to the promoters of SNAII,
ZEB1, and ZEB2, mesenchymal regulator genes, as part of a transcriptionally active complex contain-
ing DOTIL, c-MYC, and p300[69]. This is concurrent with H3 acetylation enrichment at the SNAII,
ZEB1, and ZEB2 promoters, alongside H3K79 methylation enrichment[69]. Additionally, in the TNBC
MDA-MB-231 cells, pharmacologic HDAC inhibition with trichostatin A induced re-expression of
Snail, ZEB1, and ZEB2 transcription factors in DOT1L-knockdown cells, reinforcing the EMT and
cancer stem cell-promoting function of p300 in the presence of DOT1L[69]. This study highlights how
histone acetylation, together with cross-talk with histone methylation marks, can dictate tumor dif-
ferentiation and subsequent aggressiveness. Separately, elevated activity of the GNAT family HAT
GCNS supports EMT by inducing expression of Snail and Slug upon TGF-[31 treatment in TNBC cell
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lines including MDA-MB-231[70]. Functionally, this results in enhanced cell migration and invasion,
which could facilitate cancer metastasis. Notably, genetic knockdown of GCN5 reversed the meta-
static phenotypes and prevented EMT[70]. Thus, the epigenome and its HAT-mediated regulation
may contribute to phenotypes that support breast cancer metastasis (Figure 1).

HAT-mediated requlation of the DNA damage response

The HAT p300/CREB-binding protein-associated factor (PCAF) acetylates H4K8 in BRCA-defi-
cient TNBC, thereby promoting replication fork degradation[71]. This study suggests that PARP in-
hibitor resistance in BRCA-deficient breast cancer may be due in part to low PCAF levels; PCAF levels
could serve as an indicator to assess for therapeutic response to PARP inhibition in BRCA-deficient
breast and other cancers. These data simultaneously reinforce other studies that identified drug syn-
ergy via combined use of HDAC and PARP inhibitors in various cancer types[72-75], and predict that
this combination therapy may increase fork degradation and subsequent cell death in BRCA-deficient
cancers[71]. Similarly, Tip60, a HAT in the MYST family, regulates homologous recombination-di-
rected DNA repair in both normal and tumor mouse mammary epithelial cells (MEC)[76]; genetic
loss of Tip60 elevated MEC yH2AX[76], a marker for DNA damage. Surprisingly, Tip60-silenced
MEC tumor cells were also markedly more resistant to the DNA-damaging agent cisplatin despite an
increase in unrepaired DNA compared to vehicle-treated cells[76], suggesting a dual role of Tip60 in
both DNA damage repair and DNA damage-induced cell death. As such, histone acetyltransferase
inhibitors are in preclinical development, with early studies suggesting activity in preclinical breast
cancer models. The Tip60 inhibitor TH1834 induced apoptosis by generating non-repairable DNA
damage and elevated H4K8ac[77] in HR-positive MCF7 breast cancer cells and slow xenograft growth
in vivo[78]. Another Tip60 inhibitor, garcinol, inhibits estradiol-induced cell proliferation by inducing
GO/G1 cell cycle arrest and increasing apoptosis in MCF7 cells[79]. Collectively, the development and
preclinical testing of HAT inhibitors that target specific HATs in human cancers is in its infancy. To
date, HAT inhibition has not entered clinical trials, at least in part because HATs serve both oncogenic
and tumor-suppressive roles within the cell. Comparatively, modulating histone acetylation through
the inhibition of HDAC activity in breast and other cancers has gained more preclinical and clinical
traction.

Histone Deacetylases

HDACSs oppose HAT activity, catalyzing the removal of acetyl groups from the e-amino group
of a lysine residue, thereby restoring its attraction to DNA (Figure 1)[80]. 18 HDACsS are encoded in
the human genome, divided into four classes based on protein homology with budding yeast. Class
I HDACs (HDACs 1, 2, 3, and 8) are homologous to the reduced potassium dependency 3 (Rpd3)
protein in S. cerevisiae[81]. HDACS is the only class I HDAC that has been shown to function as a
monomer; other class | HDACs are recruited to larger complexes including CoREST, MiDAC, NuRD,
Sin3A (HDACs 1/2) and SMRT/NCoR (HDAC3)[82,83]. Class Il HDACs are genetically similar to the
yeast Hdal protein[84], stratified into class Ila (HDACs 4, 5, 7, and 9) and class IIb (HDACs 6 and 10)
based on domain composition[81]. HDACI1 is the sole member of the class IV HDAC family and is
homologous to budding yeast Hos3.1[81]. Class Il HDACs (SIRT1, SIRT2, SIRT3, SIRT4, SIRTS,
SIRT6, SIRT7) are homologous to Sir2 and are NAD-dependent enzymes, differing from Class I, 1I,
and IV HDACs, which all perform zinc-dependent catalysis[81]. HDACs are enzymes that can be
found in numerous cellular contexts and compartments; further defining their mechanistic roles in
cancer may support future studies to target their oncogenic activity or exploit their potential prog-
nostic value. In general, HDACs are overexpressed in breast and other cancers[85-90]. The pro-onco-
genic activities of HDACs along with structural and activity features that render HDACs viable ther-
apeutic targets provide sufficient rationale to develop and utilize HDAC inhibition for the clinical
management of human cancers.
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HDAC s as prognostic factors in breast cancer patients

While HDAC overexpression is common in some cancer types, the molecular mechanism(s) by
which HDACs contribute to tumorigenesis is not yet fully understood. High HDAC1 expression is
positively correlated with hormone receptor status in patient tumor samples[91-93]. HDAC1 and
HDAC?2 expression is significantly correlated with HER2 expression[92,93], and HDAC2 expression
is associated with the presence of nodal metastasis[92]. Despite detectable HDAC overexpression in
some breast cancer subtypes, the ability of HDAC overexpression to predict overall survival (OS) or
disease-free survival (DFS) is less clear; conflicting results were published indicating potential prog-
nostic value of HDAC6[93,94] and HDAC2[92,93,95] expression. These discrepancies in the potential
prognostic value of HDAC expression could, in part, be due to differences in race and ethnicity in
participating patient populations, therapeutic regimens, post-operative treatment protocols, or tumor
staging[93]. However, these reports also reinforce the notion that HDACs have diverse, tissue-spe-
cific roles that vary between the HDAC classes described above, and those specific functions, rather
than an overall characterization of HDACs, could guide clinical approaches in the therapeutic target-
ing of HDACs. Therefore, it is critical to consider HDAC functions with respect to the specific tumor-
igenic contexts they function within, which may vary widely by breast cancer subtype, tumor staging,
or prior therapies.

HDACs support the epithelial-to-mesenchymal transition (EMT) in breast cancer

The Nucleosome Remodeling and Deacetylation (NuRD) complex is a repressor complex that
reduces DNA accessibility within chromatin[96]. The complex contains class | HDAC1 and HDAC2,
an ATP-dependent chromatin remodeling protein (CHD3/4/5), methyl-CpG-binding domain protein
(MBD2/3), nuclear zinc finger protein (Gata2a/2b), SANT and GATA DNA-binding domain
(MTA1/2/3), as well as additional scaffolding proteins (Rbbp4, Rbbp7)[96]. Prior studies identified
NuRD interacting with the EMT-related transcription factor ZEB1 to contribute to non-small cell lung
cancer metastasis[97]. In TNBC, the transcription factor RUNX2 has been shown to recruit NuRD to
repress expression of tumor suppressor genes, thereby promoting EMT. RUNX2 binds with the
NuRD complex member MTA1, and either RUNX2 or MTA1 overexpression augments fibronectin,
N-cadherin, and vimentin mesenchymal markers while depleting E-cadherin, a-catenin, and +-
catenin epithelial markers[98]. The HDAC class I/II inhibitor vorinostat upregulates E-cadherin, en-
hancing differentiation in TNBC cells[99]. The authors found that the use of either class I and II
HDAC-targeting inhibitor vorinostat or entinostat decreases protein expression of TCF4, a major Wnt
signaling effector. In this context, HDAC inhibition reprograms the epigenome to repress Wnt sig-
naling[99], thereby reducing EMT[100-102]. These data suggests that HDAC inhibition can support
cancer cell differentiation, reducing tumorigenesis while improving treatment efficacy. In a murine
mammary carcinoma model, HDACS8 siRNA knockdown reverses the upregulation of EMT-driver
genes VIM, CDH2, WNT5A, and ZEB1 in surviving cells following treatment with cisplatin and/or
paclitaxel[103]. Conversely, HDAC8 knockdown rescued the chemotherapy-induced downregula-
tion of genes associated with mesenchymal to epithelial transition (e.g., ELF, GATA3, RORA, GRHL2)
that support the epithelial phenotype by reversing EMT[103]. These same genes exhibited a signifi-
cant decrease of promoter-proximal H3K27ac occupancy following chemotherapy[103], suggesting
HDACS8-mediated EMT antagonizes chemotherapy efficacy. HDAC inhibition via entinostat hinders
EMT, reducing the expression of the EMT transcription factors twist and snail, as well as N-cad-
herin[104]. Chromatin immunoprecipitation (ChIP) demonstrates that twist and snail binding to the
E-cadherin-encoding CDH1 promoter decreases with entinostat treatment, leading to an increase in
CDH1 mRNA expression[104]. This coincides with earlier studies that have found that snail represses
CDH]1 by recruiting the Sin3A-HDAC1/2 complex to the CDH1 promoter[105]. Cytokeratin 8/18, fil-
aments lost during EMT[106], were upregulated via entinostat treatment[104]. Numerous HDACs
have been implicated in the EMT process, thus inhibiting HDACs that regulate gene expression as-
sociated with EMT may enhance the anti-tumorigenic effects of other therapies including DNA dam-
aging agents commonly used in breast cancer treatment.
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HDACs modulate ER expression and signaling

The NuRD complex may also repress ER expression in breast cancer. In advanced stage TNBC,
the NuRD complex interacts with the ESR1 promoter, which reduces promoter H3K27ac via an
HDAC1-dependent mechanism, reducing ERa expression[107]. Further, when NuRD is suppressed
by knocking down the NuRD-recruiting protein MUCI, an increase in ESR1 promoter H3K27ac is
observed, along with induction of ERa expression at both mRNA and protein levels[107]. Comple-
mentary studies in melanoma found that the NuRD complex is recruited to the twist-binding chro-
matin region of the ESR1 gene by twist to decrease H3K9ac and increase H3K9mel in melanoma,
consistent with the repressive role of NuRD in ERa expression.[108] These results suggest HDACs
are involved in epigenetic changes that enable the transition of luminal breast cancer into more ag-
gressive basal breast cancer. Pharmacologically targeting HDACs that contribute to NuRD complex
function may reverse the de-differentiation of TNBC and enhance ER expression, which could poten-
tially define new patient populations who may benefit from hormone therapy.

NuRD complex constituents also play a role in the downstream ER pathway. Within the normal
estrogen pathway, estrogen binds to estrogen-responsive elements (EREs) to transactivate down-
stream genes[109]. The NuRD complex member MTA1 suppresses ERE-mediated transcription by
recruiting HDACs and interacting with the activation domain of ERa in HR-positive breast can-
cer[110]. Class I HDAC inhibition via trichostatin A mediates a reversal of the inhibition of ERE tran-
scription by MTA1[110]. HDAC2 localizes with MTA1 to the PS2 promoter, which is an ER-respon-
sive gene and a tumor suppressor[110,111]. Other studies in HR-positive breast cancer demonstrate
that HDAC1 and HDACS3 are recruited to the PS2 and ¢-MYC promoters in a tamoxifen-dependent
manner as part of chromatin-remodeling complexes: HDAC3-containing NCoR and HDAC1-con-
taining NuRD[112]. The introduction of tamoxifen reverses estrogen-induced H3 and H4 acetylation,
leading to global H3 hypoacetylation and an increase in euchromatin, as well as a reduction in RNA
pol Il occupancy at PS2 and ¢-MYC genes[112]. The ER antagonist tamoxifen is one of the most com-
mon first-line treatment drugs for patients with ER-positive breast cancer[113,114]. However, tamox-
ifen resistance occurs in 50% of these tumors[114]. Targeting HDACs may reduce tamoxifen re-
sistance, which could restore hormone therapy benefit in some patients with HR-positive breast can-
cers.

HDAC:S as a therapeutic target to overcome treatment resistance

Tamoxifen resistance is also caused by upregulation of the embryonic transcription factor SOX9,
which localizes to the nucleus in ER-positive breast cancer to support tamoxifen resistance[115].
HDAC5-mediated SOX9 deacetylation induces SOX9 nuclear localization in HR-positive breast can-
cer, and HDACS5 overexpression promotes cell growth under tamoxifen exposure[116]. Proto-onco-
gene c-MYC encodes c-MYC, which regulates HDAC5 gene expression[116]. In turn, c-MYC also
maintains the nuclear localization of SOX9 in an HDAC5-dependent manner; HDACS5 rescues a re-
duced growth rate in tamoxifen-resistant, MCF7 cells that have been treated with shRNAs targeting
c-MY(C[116].

Radiotherapy remains a treatment mainstay for many breast cancer patients. However, re-
sistance occurs from radiation most commonly due to intratumoral heterogeneity or activation of
downstream signaling pathways[117], including ERK1/2 and PI3K/AKT([118]. Several studies suggest
that HDACs may also contribute radioresistance in other cancers[119-122]. HDAC inhibition in breast
cancer may enhance radiotherapy efficacy, improving patient outcome. To investigate the mecha-
nisms of radioresistance, radioresistant HR-positive and TNBC cell lines have been engineered and
are characterized by reduced H3K9ac and H3K27ac and an increase in HDAC activity compared to
radiosensitive parental cell lines[123]. In radioresistant HR-positive breast cancer cell lines, the loss
of H3K9 and H3K27 acetylation occurred independently of the cell cycle, suggesting that these events
are connected to the acquisition of radio-resistance[123]. Treatment with the class | HDAC inhibitor
valproic acid increases H3K9ac and H3K56ac while also increasing YH2AX retention, signaling sus-
tained DNA damage, in both acquired and intrinsically radio-resistant cells[123]. These studies sug-
gest that HDAC inhibition may sensitize some breast cancer subtypes to DNA damaging agents


https://doi.org/10.20944/preprints202306.0898.v1

d0i:10.20944/preprints202306.0898.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2023

including radiotherapy, although a more thorough investigation is necessary to determine the
broader implications of these studies.

Clinical HDAC inhibition

To date, four HDAC inhibitors have achieved US FDA-approval to treat cancer (Table 1). In 2006,
the class I/Il HDAC inhibitor vorinostat was approved to treat advanced cutaneous T-cell lymphoma
(CTCL), which was followed by the 2009 approval of romidepsin for the same indication[124,125].
Romidepsin achieved accelerated approval as a class I HDAC inhibitor for peripheral T-cell lym-
phoma (PTCL) initially in 2011; however, its PTCL approval was withdrawn in 2021 due to its failure
to reach the endpoint of PFS in combination with the chemotherapy CHOP[126]. The pan HDAC
inhibitor belinostat was FDA-approved for the treatment of PTCL in 2014[127], and the pan HDAC
inhibitor panobinostat gained accelerated approval in 2015 to treat multiple myeloma in combination
with dexamethasone and the proteosome inhibitor bortezomib[128]. Currently, the clinical utility of
HDAC inhibition is restricted to the hematological malignancies described above. For solid tumors
including breast cancer, while HDAC inhibition is under limited clinical investigation, including four
open U.S. clinical trials (Table 1). Given the importance of HDACs and histone acetylation in breast
cancer development and the metastatic cascade, rationale remains for the continued exploration of
clinical HDAC inhibition as part of a combination treatment regimen.

Table 1. Clinically viable HDAC inhibitors and their targets. HDAC inhibitors that have achieved
FDA-approval in non-breast cancers or have an active, ongoing clinical trial in breast cancer. The
HDAC targets of each inhibitor, along with the known histone acetylation marks that are regulated
via the inhibitor are indicated. When known, the context in which histone acetylation is regulated is
described, along with the disease indication. While multiple HDAC inhibitors have entered US-based
clinical trials for the treatment of breast cancer, 12 clinical trials are currently active.

H3K14ac &
H3K27ac (MCF7), Active;
H]é)g;?l,;, &3;, 8 H3K27ac, Cu;arr:o}lllsn"i;cell NCT03742245,
HDACE (Class FEK18a¢, HiKsac (IYJD}Z)[‘; o LI NCT00616967,
Ib)[136] (MDA-MB- NCT04190056,
231)[137], H3K9ac NCT03878524
(TNBC)[138]
Cutaneous T-cell Active;
HE)IA le)[zl,f(;]B Unknown lymphoma LI NCT02393794,
(Class (FDA)[125] NCT01638533
Pan-inhibitor Relapsed/Refractory '
for zinc-de- peripheral T-cell Active;
i Unknown lymphoma I NCT04315233,
HDAC[141] (FDA)[127] NCT04703920
Pan-inhibitor
for zinc-de-  H3K9ac, H4K8ac Multiple myeloma I Active;
pendent (TNBC)[142] (FDA)[128] NCT03878524
HDAC[136]
Active;
HDACI, 2 ’
( ClassCI)’ a;fi Breakthrough desig- NCT01349959,
HDAC9 E Class Unknown nation (advanced I NCT02115282,
0)[143] breast cancer) NCT02453620,

NCT03280563.
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NCT03538171
(China)
Active (China
only);
NCT05276713,
NCT05390476,
NCT05632848,
NCT05633914,
NCT05335473,
NCT05411380,

III (China) NCT04192903,
NCT05747313,
NCT05186545,
NCT05047848,
NCT05890287,
NCT05749575,
NCT05085626,
NCT05464173,
NCT05400993

HDACI, 2,3
(Class I), H3K9ac, H3K18ac Peripheral T-cell
HDACI0 (Class (TNBC, HR+)[144] lymphoma (CFDA)
I1)[143]

Currently, preclinical mechanistic data support the utility of HDAC inhibition in multiple breast
cancer subtypes via unique mechanisms described above and elsewhere, HDAC inhibition is not a
currently approved therapeutic modality for the treatment of breast cancer. Preclinical data demon-
strated that the class I and Il HDAC inhibitor entinostat significantly reduces the growth of letrozole-
resistant tumors in the presence of the aromatase inhibitor (Al) letrozole or exemestane, overcoming
Al resistance[129]. These data led to a US multi-center phase III clinical trial in patients with advanced
HR+ breast cancer, but the trial did not meet the endpoint in Al-resistant HR-positive/HER2-negative
breast cancer when treated with exemestane with entinostat[130]. Patients treated with entinostat
with exemestane showed a median overall survival of 23.4 months (95% CI, 21.2 to 25.6) compared
to 21.7 months (95% CI, 19.3 to 27.1) for patients treated with a placebo with exemestane (p =
0.94)[130]. Similarly, median progression free survival (PFS) was 3.3 months (95% CI, 3.1 to 5.3) in
patients treated with entinostat with exemestane and 3.1 months (95% CI, 3.0 to 3.3) in the placebo/ex-
emestane group (p = 0.30)[130]. This contrasts a similar international study based in China that ex-
amined the use of the class I/Il HDAC inhibitor tucidinostat with exemestane in the treatment of
advanced, HR-positive breast cancer. Patients who received tucidinostat with exemestane experi-
enced 9.2 months of PFS compared to the placebo group of 3.8 months (p = 0.024)[131]. This study
was limited to a single racial patient cohort, and quality of life metrics were not reported. Further-
more, patients in this study were less likely to have received prior endocrine therapy with advanced
disease, which all could account for differences in efficacy between these two reported HDAC inhib-
itor trials[130,131]. Given the importance of HDACs in mediating multiple cancer hallmarks and the
promising results of the above tucindostat trial, preclinical and clinical HDAC inhibition should con-
tinue to be explored. Moving forward, rational combination therapies may enhance the on-target ac-
tivity of HDAC inhibition.

Perspectives on HDAC inhibition in breast cancer

As descbied above and elsewhere, class I HDACs including HDAC1/2/3 participate in repressive
multi-unit complexes that have been shown to decrease ER expression and estrogen signaling, such
as reducing pS2 and c-MYC expression. Moving forward, it could be valuable to investigate the action
of class I-specific HDAC inhibitors for the treatment of advanced stage breast cancer. Because of the
role of class I HDACs in repressing ER expression and promoting EMT, there may also be value in
the preclinical investigation of sequential class I HDAC inhibition followed by aromatase inhibition
or SERM treatment in TNBC or other HR- breast cancers. This approach may support tumor de-
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differentiation of TNBC into an ER-dependent tumor, especially in advanced-stage tumors that rely
on de-differentiation in order to invade other cell types[132]. These proposed studies could expand
on the clinical trial that utilized entinostat with exemestane, which focused only on overcoming aro-
matase inhibitor resistance in HR+ cancers. Because HDACS5 has been shown to mediate tamoxifen
resistance in HR-positive breast cancer[116], it may worth developing and testing class II HDAC in-
hibitors for overcoming resistance in advanced stage HR-positive breast cancer. Moreover, the class
I/Il HDAC inhibitors vorinostat and entinostat demonstrate preclinical efficacy in repressing EMT in
TNBC cell culture models; testing vorinostat or entinostat in in vivo models of TNBC in combination
with chemotherapy may demonstrate greater treatment efficacy, as it has been shown in other cancers
that chemo-sensitivity significantly increases with tumor differentiation[133,134]. Lastly, the relation-
ship and functional overlap between epigenetic and genetic mechanisms of tumor development and
metastasis should be considered for maximizing clinical benefit for breast cancer patients. Inhibitors
such as the dual PI3K/HDAC inhibitor fimepinostat may overcome PI3K inhibitor resistance, given
the established antagonism between PI3K and ER signaling. PI3K inhibition is associated with a com-
pensatory increase in ER-dependent transcription[29,135] and HDAC-inhibition has been shown to
decrease ER-dependent transcription[110].

Conclusion and Perspectives

Despite the categorization of existing breast cancers into the luminal A, luminal B, HER2, and
triple negative subtypes, intratumoral epigenetic heterogeneity and epigenetic plasticity can impact
breast cancer aggressiveness and response to existing therapeutics. Targeting the enzymes and en-
zyme complexes responsible for these epigenetic changes may reduce breast cancer growth and pro-
liferation. This epigenetics-forward approach may address some of the mechanisms of resistance to
standard-of-care therapies commonly employed for breast cancer clinical management, and identify
mechanisms to promote tumor differentiation which can open avenues for enhanced efficacy in later-
line treatments. As more information is obtained about how the cellular roles of histone methyltrans-
ferases, HATs, HDACs, and chromatin-remodeling complexes are perturbed in cancer initiation, de-
velopment, and therapeutic response, it remains critical to investigate their therapeutic targeting to
advance current personalized treatment strategies in breast cancer.
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