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Abstract
Thanks to the advancement in science and technology and a significant number of cancer research programs being
carried out throughout the world, the prevention, prognosis and treatment of breast cancer are improving with a
positive and steady pace. However, a stern thoughtful attention is required for the metastatic breast cancer cases—
the deadliest of all types of breast cancer, with a character of relapse even when treated. In an effort to explore the
less travelled avenues, we summarize here studies underlying the aspects of histone epigenetics in breast cancer
metastasis. Authoritative reviews on breast cancer epigenetics are already available; however, there is an urgent need
to focus on the epigenetics involved in metastatic character of this cancer. Here we put forward a comprehensive
review on how different layers of histone epigenetics comprising of histone chaperones, histone variants and histone
modifications interplay to create breast cancer metastasis landscape. Finally, we propose a hypothesis of integrating histone-epigenetic factors as biomarkers that encompass different breast cancer subtypes and hence could be
exploited as a target of larger population.
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Background
Cancer has now become a worldwide phenomenon.
According to World Health Organization, in the year
2018, 18.1 million new people have been found to be
diagnosed with cancer globally [1]. Among women,
breast cancer is considered to be the most common cancer and second most amongst overall [2]. The incidence
rate of breast cancer is 1.7 million per year globally, which
is a very huge number and need immediate attention [3].
With the advent of modern techniques, diagnosis, prognosis and treatment of breast cancer have considerably
evolved till date. Upon early diagnosis, breast cancer gets
cured but sometimes the disease relapses at some secondary sites by means of a phenomenon called “metastasis”, a Greek word meaning “displacement” [4]. Breast
cancer metastasize to distant body parts including brain,
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lungs, bone and this makes it one of the deadliest disease
that is hard to beat [5–8]. Various diagnostic options are
available that has led to the betterment of the diseased
condition. By far the most widely used option for the
treatment of metastatic condition is chemotherapy and
hormonal therapy [9]. In order to target the metastatic
cells undergoing the cellular change in morphology called
Epithelial to mesenchymal transition (EMT), one need to
understand the molecular crosstalk leading to such cell
fate [10]. A set of transcription factors play critical role
in the process of EMT. They induce EMT through the
transcriptional downregulation of E-cadherin (CDH1)
while upregulation of mesenchymal-specific genes of
Snail Family Transcriptional Repressor 1/2 (SNAI1/
SNA2), Zinc Finger E-Box Binding Homeobox 1/2
(ZEB1/2), Twist basic helix-loop-helix transcription factor 1/2 (TWIST1/2), Forkhead Box C1/2 (FOXC1/2),
Transcription factor 3 (TCF3), Goosecoid Homeobox
(GSC) [11]. Additional to these transcription factors, a
substantial number of recent studies provided evidence
in the involvement of other types of proteins including
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proto-oncogene Cellular Oncogene Fos (c-FOS), Zinc
finger protein 367 (ZNF367), ribosomal protein RPL15,
RNA-binding protein A-Kinase Anchor Protein (AKAP8)
in regulation of breast cancer metastasis [12–16]. However, for understanding the cellular transition mechanisms lying in the heart of breast cancer metastasis, it is
very important to shed light over the epigenetic mechanisms besides these regulations. Currently, multiple studies have implicated the involvement of epigenetics in
breast cancer metastasis. However, no such consolidated
review is available from which one can summarize the
entire histone epigenetics involved in the perspective of
breast cancer metastasis. Therefore, this current review
aims to generate a histone epigenetic landscape starting
from its recruitment by histone chaperone, functional
differences among histone variants to their modifications
in the perspective of breast cancer metastasis.
Eukaryotic DNA is a tightly packaged, highly organized and regulated structure composed of DNA bound to
histones and non-histones proteins in the form of nucleosomes [17, 18]. Nucleosome, the basic structural unit of
DNA is formed when 147 bp of chromatin fiber, wound
around a histone octamer composed of H2A–H2B dimer
and tetramer of H3 and H4 histone molecules [19, 20].
Nucleosomes are connected to each other by means of
linker histones H1 [21]. Nucleosomes along with linker
DNA is termed as chromatosome, which is 166 bp in size
[22]. Besides DNA compaction, nucleosome organization
also helps in the recruitment of chromatin modifying
enzymes by acting as a scaffold [23].
Histones are the key player responsible for the interaction with DNA and ultimately leading to the altered
chromatin state of the cell [24]. Hence starting from
the histone recruitment by histone chaperone to histone eviction, displacement and modification, altogether
they play a great role in maintaining the chromatin state
[open/closed] of a cell [25]. The beauty of epigenetics of
histone is that, a variety of histone molecules along with
their recruiters (histone chaperones) and modifications
in different combinations comes to the scenario creating
a unique pattern to determine the cell fate as depicted in
Fig. 1. Disruption or modification of such epigenetics of
histones has been found to be associated with many diseases including breast cancer [26].
Epigenetics of histone

Histone epigenetics is a multi-layered regulatory process leading to the formation of open or closed chromatin state. It can be broadly divided into three layers
(Fig. 1), with the first layer being histone chaperone (HC)
[27]. HCs are defined as protein molecules responsible for histone metabolism. HCs play an important role
in maintaining the chromatin dynamics of the cell by
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maintaining, transporting, recruiting and replacing the
histones [28]. HCs can recruit the histone molecules at
nucleosome independently or in association with other
HCs [29]. Functionally histone chaperones have been
implicated in replication, repair and in regulation of transcription as well [28].
Second layer of histone epigenetics comprises of the
histones themselves (Fig. 1). Histones—the “key player”,
are basic protein around which DNA is wounded form
the stable nucleosome complex. Two distinct classes of
histone molecules exist. The core histones called canonical histones whereas the regulatory histone variants
(HVs) are termed as non-canonical histones. Canonical histone molecules are deposited during the S-phase
of DNA replication [30]. They are the “wild type” of histones, which helps to maintain normal chromatin state.
On the other hand, non-canonical histones are recruited/
replaced throughout the cell cycle as depicted in Fig. 1
[30, 31]. So far implications of these histone variants have
been widely reported in context of development and diseases [32].
In the final layer of epigenetics of histone, histone modifications (HMs) come into the picture (Fig. 1). Histone
modification can be defined as the addition of chemical
moiety to the protruding amino terminal tail of a histone
molecule [19]. Various types of modifications have been
reported so far. Histone modification include methylation, acetylation, phosphorylation, ADP ribosylation at
particular amino acid residues [33–36]. These modification pattern leads to a change in the chromatin state on
the basis of a particular “Histone Code”. “Histone Code
Hypothesis” given by Allis and coworkers states that“distinct pattern of covalent histone marks” affects the
transcription efficiency of the gene leading to the change
in transcriptomic profile of the cell [18]. It is quite interesting to see, how all these histone epigenetic players are
interacting with each other in such a complicated manner (depicted in Fig. 1). However, often this class of epigenetic processes is either disrupted leading to a diseased
condition or its disruption lead to a diseased condition.
In short, epigenetic changes could be either the cause or
the result of a diseased condition including breast cancer.
In this review, we will discuss such epigenetic features
of cells, which underwent disruption or modification in
breast cancer metastasis condition.
Histone chaperones in breast cancer metastasis
APLF

Aprataxin and PNK (Polynucleotide Kinase) like factor (APLF) is a histone chaperone [37]. Apart from histone chaperone activity, APLF is associated with the
non-homologous end joining DNA repair pathway [33,
38]. The acidic C-terminal domain (AD) of APLF is
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Fig. 1 Layers of histone epigenetics composed of histone chaperones, histone variants and their modifications. (1) First layer of histone epigenetics
is histone chaperone, which recruits histone variants into the chromatin. Canonical histones are recruited in replication dependent manner while
non-canonical histone variants are recruited in replication independent manner. (2) Second layer of histone epigenetics is histone variants, which
plays an important role of maintaining chromatin switch [ON/OFF state]. (3) Final layer of histone epigenetics is Histone Modifications which further
modifies the chromatin state by addition of functional groups into the tails of histones

responsible for histone chaperone activity [37]. APLF AD
domain is found to be structurally homologous to NAP1
protein (Nucleosome Assembly protein 1), characterized
as a histone chaperone [39].

Although mass spectrometry study and immunoprecipitation analysis showed that APLF could interact with
all the four histones (H2A, H2B, H3 and H4) but it could
only recruit H2A–H2B histone dimer with higher affinity
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[37]. The Cancer Genome Atlas (TCGA) database analysis
for invasive ductal breast cancer patient sample comprising of a cohort of 815 patient samples, showed significant
increase of APLF in triple negative breast cancer (TNBC)
sample and invasive breast cancer of the basal type [40].
The breast cancer molecular subtypes include triple negative/basal, luminal A, luminal B and HER2-enriched.
Luminal A tumor can be either Estrogen-receptor positive (ER+) or HER2 negative ( HER2−). Luminal B tumors
could be E
 R+ or H
 ER2+ or H
 ER2−. Triple negative breast
−
−
cancers are ER , HER2 and progesterone receptor negative (PR−). Human breast cancer tissue sections reflected
consistently enhanced expression of APLF in comparison
to their adjacent control sections [40]. APLF expression
was highest in TNBC cell line MDAMB-231 with respect
to invasive cell line MCF-7 and normal mammary epithelial cell line MCF-10A [40]. In short, APLF expression was directly proportional to the degree of metastatic
nature of the breast cancer cells [40]. APLF regulated the
genes implicated in epithelial-to-mesenchymal transition (EMT) associated with breast cancer metastasis.
Enhanced recruitment of repressive HV MACROH2A.1
(encoded by H2AFY gene) at the mesenchymal specific
gene promoters including SNAI1, SNAI2, MMP3 (Matrix
metalloprotease 3) and MMP9 (Matrix metalloprotease
9) abrogated the expression of these genes involved in
metastasis [40]. On the other hand the epithelial marker,
CDH1 was induced upon loss in APLF expression due to
the binding of master regulator forkhead box protein A1
(FOXA1) within the CDH1 locus in MDAMB-231 cells
[40]. Basically, loss in APLF resulted in the derepression
of the FOX1 promoter due to the erasure of H3K27me3
mark aided by the loss in expression of EZH2 (Enhancer
of Zeste Homolog 2), the histone methyl transferase of
the Polycomb Repressor Complex 2 [40]. This case of epigenetic regulation of breast cancer metastasis is a classical example as it distinctively shows how all three layers
of histone epigenetics work in connection to one another
HC to HV to HM (Fig. 2).
HJURP

Holliday junction recognition protein (HJURP) is a histone chaperone that widely functions in the eviction,
recruitment and replacement of histone molecules [40,
41]. HJURP is known for the deposition of Centromere
protein A (CENP-A) histone variant in the centromeric
nucleosomes [41]. CENP-A binding domain (CBD) is a
stretch of 80 amino acid region located at the N-terminal of HJURP protein responsible for recruiting CENP-A
[41]. Aberrant HJURP expression has been observed in
a cohort of 71 breast cancer patients. Increased HJURP
expression in luminal A subtype breast cancer progression associated with the increase in probability of
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metastasis. In fact, HJURP has been reported to be a better biomarker than Ki67 for assessing the proliferation
rate in luminal A breast cancer [42, 43].
Higher expression of HJURP has been associated with
breast cancer progression of different subtypes 
(ER−,
−
PR ) and associated with shorter survival [43–45]. Bravaccinni et al., shown that patients expressing higher
HJURP in the stroma stands more than sevenfold higher
risk in chances of a breast cancer relapse [45]. Both
in vitro and in vivo data has shown that higher HJURP
level is more sensitive to radiation therapy [40]. Like
APLF, HJURP is also found to have DNA repairing function. Upon induction of DNA double strand break, Ataxia
Telangiectasia Mutated (ATM) get recruited to the site
which phosphorylates its downstream targets including
HJURP [40]. HJURP along with its interaction partners
MutS Homolog 5 (hMSH5) and Nibrin (NBS1), a part of
MRN complex, starts the process of homologous recombination. hMSH5 along with hMSH4 is known to recognize Holliday Junction Complex (Fig. 2) [46]. HJURP
activation is a major event for maintaining chromosomal
stability and thus support its induced expression in cancer cells undergoing frequent genomic instability [47].
DAXX

Death domain-associated protein (DAXX) is a histone
chaperone that recruits H3.3 histone variant [48]. DAXX
interacts with Alpha Thalassemia/mental Retardation
syndrome X-linked (ATRX), a chromatin remodeler
[48–50]. Among the four domains of DAXX protein, the
histone-binding domain HBD binds to the H3.3/H4 histones dimer. DAXX have two Sumo Interacting Motifs
(SIM) at either terminal important for recruiting DAXX
into heterochromatin segment of the chromosome [49].
The acidic C-terminal domain of DAXX interacts with
p53 and H3.3/H4 tetramer [49].
Unlike other histone chaperones DAXX is found to be
downregulated in breast cancer metastasis [51]. DAXX
act as a negative regulator of MET proto-oncogene
(c-MET). DAXX causes c-MET repression by interacting
with the proximal promoter region of c-MET [51]. DAXX
interact with the histone modifying enzyme, Histone
deacetylase 2 (HDAC2) thereby recruiting HDAC2 at
the c-MET promoter resulting in repression of the locus
due to loss in H4 acetylation [51]. A similar trend was
observed in metastatic breast cancer tissue samples [51].
DAXX is found to function as a tumor-suppressor
[52]. Upon over-expression of DAXX in TNBC cells,
MDAMB-231 and MDAMB-157, significant reduction in cell growth, colony formation and tumor formation was observed [52]. Mechanistically, DAXX bind to
the RAD51 promoter thereby repressing the function of
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Fig. 2 Histone chaperone landscape of breast cancer metastasis. (1) APLF downregulation causes recruitment of repressive histone MacroH2A.1 in
the promoter of mesenchymal genes like SNAI1, SNAI2 and MMPs, thereby promoting MET. Another pathway by APLF is showing, how repressive
histone mark EZH2/H3K27me3 is recruited in the promoter region of FOXA1. In absence of FOXA1, CDH1 stops transcribing, thus pushing the
cell towards EMT. (2) In ANP32E over-expressed cells, cell cycle regulator E2F1 causes upregulation of Cyclin E1/E2 therefore leading the cells to
cell cycle. However, ANP32E itself is regulated at the transcript level by mi-RNA-141. (3) Over-expression of FACT has been associated with Breast
Cancer Metastasis. (4) DEK has been found to directly inhibit CDH1, thus causing EMT. DEK also promotes angiogenesis by binding to DRE (DEK
Response Element) in the VEGF promoter and recruiting p300 and HIF-α. Another pathway is showing how DEK induces metastasis via PI3K/AKT/
mTOR pathway. (5) ASF1B is found to be upregulated in breast cancer metastasis. (6) NPM1 causes c-FOS suppression via YY1 expression. NPM1
also upregulates CDH1 levels, which causes SKP2 degradation, leading to p27KIP1 ubiquitination, thereby inducing breast cancer proliferation. (7)
DNA Double Strand Breaks (DSBs) causes recruitment of ATM, which phosphorylates HJURP. HJURP along with DNA repairing protein hMSH5 and
NBS1 repairs the DNA. (8) DAXXX inhibits c-MET [proto-oncogene] directly as well as via HDAC2 recruitment. DAXX binds to the promoter region of
RAD-51 and forms repressive mark. However in breast cancer metastasis, downregulation of DAXX is found which causes over-expression of RAD-51
and the entire process corroborates the metastatic phenomenon

RAD51 and resulting in the inhibition of breast cancer
metastasis (Fig. 2) [52, 53].

DEK

DEK proto-oncogene (DEK) protein is another H3 histone chaperones [54]. It specifically binds to H3.3 variant by means of four-way cruciform structure [55, 56].
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This cruciform structure mainly helps in forming positive supercoiling of DNA, thus shifting the chromatin
towards closed state. In fly, DEK function as suppressor
of variegation thereby maintaining the heterochromatin
integrity of the genome [57]. DEK interact with HP1α
(Heterochromatin protein 1α) that augments the interaction of the complex with H3K9me3 [57]. H3K9me3 being
a repressive chromatin mark justifies the suppressive role
of DEK. Additionally, DEK interacts with HDAC2 and is
responsible for H3–H4 specific acetyltransferase inhibitor activity [58]. Both of these factors further intensify
the repressed state of the chromatin. Interestingly, DEK
is also involved in transcriptional repression by interacting with DAXX [58].
DEK has been implicated in various kinds of cancer including breast cancer metastasis [58]. DEK is significantly enhanced in TNBC MDA-MB-231 cells. DEK
regulated cellular invasion has been partially attributed
to β-Catenin activation in the cancer cells [59]. RON
(Receptor d’ Origin nantaise), a Tyrosine kinase receptor
has been implicated in tumour progression and is a target
of DEK [60]. In MMTV (malignant breast cancer mouse
model) Ron mouse, upregulated DEK expression resulted
in the induced probability of developing distant metastasis in comparison to RON DEK−/− mice [60].
Positive correlation between DEK, breast cancer and
lymph node metastasis have been reported by multiple groups [60–64]. DEK regulate EMT associated with
breast cancer metastasis via PI3K/AKT/mTOR pathway
in TNBC cells (Fig. 2) [61]. Additionally, DEK regulate
tumor angiogenesis in breast cancer by binding to the
DEK Response Element (DRE) in the VEGF promoter
thereby inducing HIF-α and acetyltransferase P300
recruitment within the promoter (Fig. 2) [62]. A positive
correlation with angiogenesis factor VEGF and formation of micro-vessel among a cohort of 58 breast cancer
patients further validated the role of DEK in breast cancer [62, 65]. This induced expression of DEK positively
correlate to poor prognosis in TNBC patients as well in
invasive ductal carcinoma patients [62, 65]. Additionally,
invasive adenocarcinoma patient also exhibited higher
expression of DEK [59].
ANP32E

Acidic leucine rich Nuclear Phosphoprotein 32 (ANP32E)
belongs to ANP32 family (member E) [66, 67]. ANP32E is
H2A.Z-H2B specific histone chaperone binding through
the C-terminal domain. The region of C-terminal domain
interacting with H2A.Z is known as ZID (H2A.Z Interacting Domain). H2A.Z has an αC-helix region inside
M6 cassette region (89–100 aa) which specifically binds
to ANP32E [67]. Once αC-helix region has interacted
with H2A–H2B dimer, there is no provision left for the
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interaction with H3–H4 [67]. ChIP-sequencing results
have shown ANP32E modulates H2A.Z recruitment at
promoter, enhancer and insulator sites [67]. Cells when
irradiated with UV radiation, H2A.Z is displaced by
ANP32E followed by deposition of H2A.X by FACT [68].
Basal type breast cancer patient samples and TNBC cell
lines including MDAMB-231, MDAMB-468, express
high level of ANP23E [69]. Interestingly, ANP32E expression, could demarcate a clear distinction between TNBC
and non-TNBC patient samples [69].
Interestingly, ANP32E is a part of Landmaine’s “six
gene signature” that is used for the screening of distant
relapse of breast cancer metastasis [70, 71]. ANP32E
along with desmocollin 2 (DSC2), UDP glycosyltransferase 8 (UGT8), Integrin subunit beta 8 (ITGB8) and
Fermitin family member 1 (FERMT1) is found to predict
lung metastasis of breast cancer patients and has been
used as prognostic marker [71]. ANP32 enhanced proliferation of TNBC cells by promoting G1/S transition
through transcriptional induction of E2F1 and thereby
resulted in induced tumorigenesis of TNBC cells [69, 72,
73].
ASF1

Another histone chaperone that has been implicated in
breast cancer metastasis is Anti Silencing Factor 1 (ASF1)
[74]. Mammalian ASF1 has two isoforms namely ASF1A
and ASF1B in contrast to its yeast counter part which has
only one [75]. ASF1 is known for recruiting H3–H4 histones into the nucleosome. ASF1 interacts with H3–H4
in heterodimeric manner instead of highly stable H3–H4
heterotetramer observed in normal nucleosomal packaging [74]. It performs multitude of functions like gene
silencing, DNA replication and repair. NMR studies have
shown the interaction between conserved core (amino
acid 1–156) of ASF1A along with the C-terminal helix of
H3 [74]. Other histone chaperones for H3–H4 tetramer
are HIRA (Replication independent) and CAF1 (Replication dependent). ASF1A–HIRA complex function in a
replication independent manner, whereas ASF1B-CAF1
in a replication dependent manner [75]. ASF1A influence
cell recovery from DNA damage while ASF1B is associated with defective cell growth, sensitivity during replication stress and breast cancer metastasis [75, 76]. ASF1B
level is significantly enhanced in tumor samples and metastatic breast cancer cell lines significantly increase the
likelihood of developing breast cancer metastasis [75].
FACT

Facilitates chromatin transcription (FACT) protein, is
a histone chaperone which acts as both nucleosome
assembly and disassembly factor [77]. FACT has role
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in transcription elongation as well as DNA repair [78].
Upon DNA damage, FACT activates tumour suppressor
protein, P53 and starts recruiting histone variant H2AX–
H2B [78]. FACT is a heterodimeric complex of two other
proteins—Suppressor of Ty16 homologue (SPT16) and
structure specific recognition protein 1 (SSRP1) [78].
It binds to H2A–H2B dimer and H3–H4 tetramer with
similar affinity. Both these protein binds at different
location in the FACT molecule. FACT is reported to be
upregulated in breast cancer patients [79]. Expression
of SSRP1 subunit of FACT showed a strong correlation
between matched primary and metastatic lesions in a
large cohort of patients (n = 1092) [79]. Immunohistochemical studies showed SSRP1 is a reliable indicator of
FACT level in tumors and not SPT16.
Nucleophosmin

Nucleophosmin (NPM1) is a nuclear phosphoprotein
that shuttles between nucleoli and nucleoplasm [80, 81].
It is also a histone chaperone that is found to be interacting with histones H3, H2B and H4 [81]. Acetylation
of Nucleophosmin by p300 changes the chromatin into
open state thereby enhancing transcription process [81].
NPM1 has also been implicated in breast cancer metastasis [82–84]. Higher NPM1 expression has been found in
the serum samples of breast cancer patients [80]. Study
done among 100 breast cancer patient serum samples has
shown association of Nucleophosmin auto-antibodies
with the disease recurrence [81]. In breast cancer MCF-7
cell line, Nucleophosmin level is induced by estrogen and
repressed by anti-estrogen [80, 85].
IHC data has shown higher NPM1 expression among
TNBC patients [82]. In fact, NPM1 expression has been
found to be higher among basal breast cancer patients
than luminal [82]. Real time expression from tissue samples has shown higher NPM1 expression in breast cancer
(n = 1097) samples than normal (n = 114) [82]. NPM1
expression shares a positive association with proliferation index and ki-67 expression. Mechanistically, loss
in NPM1 induced CDH1 expression that could accelerate SKP2 degradation causing p
 27kip1ubiquitination and
finally resulting in induced cell proliferation [82]. NPM1
is also found to regulate YY1 transcription factor expression, which causes suppression of c-FOS expression
thereby promoting cell growth [84]. However, Karhemo
et al., has postulated NPM1 as a tumour-suppressor gene
[85]. Lower NPM1 level associate with poor prognosis
as studied among a cohort of 1160 breast cancer patient
samples [85].
From the expression level of these histone chaperones
in breast cancer metastasis we could infer that different factors including histone variants, histone modifications, histone modifying enzymes and signaling pathway
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interact in order to create a metastatic niche. We represent a landscape to capitulate how all the histone chaperones are responsible breast cancer metastasis (Fig. 2).
All these histone chaperones along with their mechanism
of inducing breast cancer and breast cancer associated
metastasis has been stated in Table 1.
Histone variants implicated in breast cancer metastasis
H2A family

I. H2A.Z H2A.Z histone variant was for the first time
reported by West and Bonner, 1980 [86]. It is encoded by
two genes H2A.Z1 and H2A.Z2 [87]. Although H2A.Z
accounts for only 5% of the total H2A canonical histones, it is expressed throughout the entire cell cycle [88].
H2A.Z sequence is highly similar H2A histone sequences.
Large number of studies carried on H2A.Z delineated
how beautifully our genome is regulated in different conditions. H2A.Z histone enrichment has been found in
the promoter, enhancer as well as insulator region [89].
H2A.Z is also found to be associated with pericentric heterochromatin domain [89]. So far acetylation of H2A.Z
has been shown to have role in the maintenance of chromatin states wherein hypoacetylated H2A.Z accumulates
in the heterochromatin region [89].
Enhanced expression of H2A.Z is prevalent in breast
cancer patient samples, in cell lines as well as in lymph
node metastasis [90, 91]. H2A.Z is enriched at the P53/
P21 promoter thereby causing transcriptional repression [92]. Depletion of p21 results in cell cycle re-entry
(depicted in Fig. 3a). Thus, high H2A.Z is found to be
associated with cell proliferation [87]. Another way, by
which H2A.Z regulate cell cycle is via activation of oncoprotein C-MYC expression [93, 94]. H2A.Z is found to
activate oncoprotein c-MYC promoter. c-MYC in turn
suppresses P21 thereby causing the cell to enter cell-cycle
(Fig. 3a) [94]. H2A.Z is also found to be deposited within
the promoter of TFF1 (Trefoil factor 1), an ER-α positive
breast cancer tumour marker [94]. Histone methyltransferase SMYD3 methylates H2A.Z.1 at Lys101 leading to
a stable H2A.Z-chromatin association and thereby driving the cells to enter s-phase of cell cycle [90]. Positive
enhanced correlation between H2A.ZK101me2 with
SMYD3 has been observed in human breast tissue biopsies [90]. However contradicting role of H2A.Z has also
been reported recently by Domaschenz et al. 2017 [87].
They confirmed that H2A.Z depletion imitates the EMT
condition that is being produced by TGF-β pathway
induction whereas overexpression induce the epithelial
genes [87].This study could be further supported by the
fact that loss in H2A.Z in MCF-10A cell line, EMT was
induced (Fig. 3a). So, it is very much evident that H2A.Z
indeed play an important role in chromatin maintenance
and oncogenesis induction. Nevertheless, the precise role
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Table 1 Histone chaperones in breast cancer metastasis
S. no Histone chaperone Role in breast cancer metastasis

References

1.

APLF

APLF over-expression is associated with breast cancer metastasis
Regulate MacroH2A.1 recruitment in EMT specific promoter, EZH2/H3K27me3 level at FOXA1 promoter and recruitment of FOXA1 at CDH1 promoter

[40]

2.

HJURP

Higher expression in breast cancer metastasis condition
Target of ATM signaling pathway, where it interacts with hMSH5 and NBS1

[43, 44, 46, 47]

3.

DAXX

Down-regulated in breast cancer metastasis
Forms complex with ATRX in order to maintain H3K9me3 methylation
Negative regulator of c-met
DAXX knockout cells have lower H4 acetylation and higher HDAC2 activity
Binds at the promoter region of RAD51

[50, 52, 53]

4.

DEK

Act as proto-oncogene
Higher expression in breast cancer metastasis condition
DEK knock down cells has lesser H3K9me3 mark, lower CDH1 expression. Induces metastasis via
β-Catenin pathway
Downstream target of RON
Also found to mediate EMT via PI3K/AKT/mTOR pathway
Causes angiogenesis via VEGF pathway

[55, 58, 60, 61, 63]

5.

ANP32E

Positive correlation with breast cancer metastasis
Helps in the removal of H2AZ variants so that FACT can deposit ɣH2AX in response to DDR
Influences E2F1 transcription factor
Regulation by mi-RNA-141
Part of “Landmaine’s six gene signature” for predicting lung metastasis of breast cancer

[69, 71, 73]

6.

ASF1

ASF1B over-expressed in breast cancer metastasis

[75]

7.

FACT

Upregulated in breast cancer metastasis patient samples

[79]

8.

NPM1

Higher NPM1 expression among TNBC patients
[80, 82–84, 86]
NPM1 expression more in basal breast cancer than luminal breast cancer samples
NPM-1 regulates YY1 expression which causes suppression of c-FOS expression, hence promoting cell
growth

of H2A.Z is complex and need further intensive study. In
order to get a clear picture, it is very important to have
knowledge about the upstream regulator and downstream effector of H2A.Z. Breast cancer is a multifactorial disease, thus it is very important to have proper
stratification of the sample before going for any kind of
case–control analysis.
II. MacroH2A MacroH2A is another H2A variant that
has been implicated in breast cancer metastasis [95]. It
has two variants namely MacroH2A1 and MacroH2A2
encoded by H2AFY and H2AFY2 respectively [96]. MacroH2A1 has again two splice variants MacroH2A1.1 and
MacroH2A1.2 [96, 97]. The only difference between both
of these splice variant is that MacroH2A1.2 lacks the Leucine zipper motif present in macroH2A1.1 [98]. In contrary to other histone molecules, MacroH2A has large
non-histone parts [99]. Macro-histone molecules are also
heavier (42KDa) than normal histone variant (15KDa)
[99]. MacroH2A plays important part in nuclear organization and chromatin maintenance [99]. It is mainly associated with repressive chromatin mark, thus accounting
for its presence in the heterochromatin region like inactivated X-chromosome [98]. Multiple studies have reported
the tumour suppressor role of MacroH2A in breast can-

cer [95]. MacroH2A1 expression is inversely related to
aggressiveness of breast cancer cell lines [95, 96]. Splice
variant MacroH2A1.2 recruits EZH2 which trimethylates
H3K27, leading to the formation of repressive chromatin
mark around LOX (lysyl oxide) transcription start site
[96]. LOX has been considered to be a major factor for
breast cancer bone metastasis. In cancer cells, depletion
of MacroH2A1.2 leads to LOX upregulation that inhibit
metastasis via c-Src signaling pathway (Fig. 3bi) [96].
MacroH2A interaction with Her2 interaction leads to the
activation of ERBB2, implicated in breast cancer metastasis [100, 101]. SKP2, a F-box protein known for degrading its different substrates including macroH2A1, is the
upstream regulator of macroH2A1 [102]. SKP2 knockdown causes breast tumour suppression by upregulating
macroH2A1 [102]. Additionally, SKP2 depletion leads to
CDK8 upregulation, which helps in the ubiquitination of
cell cycle inhibitor P27 (Fig. 3bii). Dardenne et al. 2012
has very beautifully illustrated how alternative splicing
of macroH2A1 has important role in tumor invasiveness [103]. Decreased MacroH2A1.1:MacroH2A1.2 ratio
has been associated with metastatic condition. However,
contradicting reports indicated that MacroH2A1.1 level
is positively correlated to TNBC patient samples [104].
Upregulation of MacroH2A1.1 is found to be associated
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Fig. 3 Histone variants in the regulation of cell cycle in breast cancer. a Enrichment of H2A.Z in the c-MYCpromoter induces c-Myc expression.
c-MYC in turn inhibits p21 [cell cycle inhibitor] thereby leading the cells into cell cycle. H2A.Z also causes p21/p51 transcriptional repression
by binding to the later’s promoter region. H2A.Z knockdown induce EMT in MCF-10A. b (i) MacroH2A.2 recruits EZH2 which causes H3K27me3
repressive mark in the promoter region of LOX gene. LOX causes change in the αvβ3 integrin which causes phosphorylation of c-SRC causing
cytoskeleton and ECM remodeling and finally leading to breast cancer bone metastasis. b (ii) SCF SKP2 causes ubiquitination and degradation of
MacroH2A1, leading to CDK8 upregulation followed by Cyclin A/CDK2 recruitment, which causes cell proliferation. Besides, SCF SKP2, CDK8 and
Cyclin A/CDK2 also ubiquitinates cell cycle inhibitor p27

with down-regulation of epithelial marker, E-cadherin
and up-regulation of mesenchymal marker like TWIST1
and SNAI1 [104].
III. H2A.X H2A.X has been widely implicated in multiple types of cancer [36, 105, 106]. ɣH2A.X is reported
to be found at the site of double strand breakage, chromosomal ends and depleted telomeric region [107]. Phosphorylation of H2AX at Ser 139 (ɣH2A.X) by ATM leads
to the formation of ɣH2A.X molecule which forms foci
like structure [108]. ɣH2A.X serve as an signal that aids in
the recruitment of DNA repairing machinery to the site of
breakage [109]. Higher ɣH2A.X level has been reported
in breast cancer patient samples and in triple negative
breast cancer cells as well [110, 111]. ɣH2A.X is also been
reported to function via TRAF6-ATM-H2AX signaling
axis mediated by Hypoxia inducible factor 1α (HIF1α)
[108]. HIF1α has been implicated in breast tumorigenesis
and metastasis having a significant positive correlation
with H2AX [108]. In fact, HIF1α substrates are deregulated in H2A−/− mouse. TRAF6-a HIF1α target is selfubiquitinated and gets activated under hypoxic condition.
Activated TNF receptor associated factor 6 (TRAF6) then

mediates mono-ubiquitination of H2A molecule, which in
turn recruits ATM to H2AX and thus results in ɣH2A.X
formation. This molecular interplay within different signaling molecule, transcription factor and histone variant
leads to oncogenesis and metastasis.
H2B family

Very few literatures are available on the role of H2B histone variants in breast cancer metastasis [112]. Hypomethylation and upregulation of histone H2B variant,
HIST1H2BJ is found to be associated with brain metastasis of breast cancer [112]. Wu et al. 2015 also confirmed the enhanced expression of histone H2B in breast
cancer patient samples [113]. Interestingly, one study
has delineated the role of another histone H2B variant, HIST1H2BE in hormone resistant cell lines [114].
HIST1H2BE is found to be hypomethylated and induced
in cell-lines C4–12 (ER-α negative MCF-7) and LTED
(long-term estrogen-deprived MCF-7 cells) compared
to control MCF-7 cells [114]. Upon HIST1H2BE knockdown and overexpression in LTED and MCF-7 cell lines
respectively, opposite trends in cell proliferation was
observed. So, in effect histone H2B variants showed effect
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on metastasis but the mechanism is yet to be revealed as
per our knowledge.
H4 family

A very recent study has shown the evidence of a new H4
histone variant-H4G [115]. Structurally, H4G does not
have the C-terminal region of the normal H4 histone.
Induced H4G expression is associated with breast cancer
cell lines like MCF-7, LCC1 (MCF-7 ER−ve) and LCC2
(MCF-7 ER−ve and tamoxifen selected) when compared
to normal MCF-10A cells [115]. Breast cancer patient
samples also showed higher expression of H4G with
respect to normal tissue samples. Upon H4G knock-out
in MCF-7 cell line, cell proliferation was significantly
reduced. Histone chaperone Nucleophosmin1 is found to
be interacting with the α-helical-3 domain of H4G leading to its recruitment at the chromatin [115]. Although
H4G has been found to be associated with breast cancer
but so far no evidence has shown up regarding its metastatic potential.
H3 family

CENP‑A Has been implicated in breast cancer metastasis [116]. CENP-A is a H3 specific histone variant that is
found in the centromere region [116]. CENP-A is induced
in breast cancer tissue samples. CENP-A is also part of
commercially available kit for the detection of early stage
breast cancer [116]. Higher CENP-A is observed in ER−
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tumor with respect to E
 R+ ones [117]. CENP-A showed
positive correlation to ki-67 expression and corresponded
to poor patient outcome [117].
The newly established histone variant H1° is a linker
histone variant [118]. Breast cancer cells demonstrated
significantly higher H1° expression but no further understanding to metastasis or its associated mechanisms have
been revealed yet [118].
A list of all the histone variants has been summarized
in Table 2.
Histone modifications and their role is breast cancer
metastasis
A. Methylation

Methylation is a type of post translational modification
(PTM), which can alter the chromatin architecture of the
cell [119]. There are two types of methylation observed,
DNA methylation and histone methylation. Here in this
review, we will restrict our discussion on histone methylation only. Methylation status of a cell is identified by
the outcome of balance between methyltransferases
(“writer”) and demethylases (“eraser”) [120]. Finally these
signals are identified by “reader” molecule i.e. chromatin
remodeler [120]. Histone methylation is found among
basic amino acid lysine, arginine and histidine [121].
Numerous studies have demonstrated the significant role
of histone methylation in breast cancer progression and
metastasis [122, 123].

Table 2 Histone variants in breast cancer metastasis
S. no. Histone variants Role in breast cancer metastasis

References

1.

H2A.Z

Over-expressed in breast cancer metastasis
H2A.Z enrichment is found at p53/p21 and TFF1 gene promoters
Regulate cell cycle via c-myc
H2A.Z depletion imitates EMT

[87, 90–94]

2.

MacroH2A

Act as tumour suppressor
[40, 95, 96, 101, 102]
Recruits EZH2 which causes H3K27 tri-methylation around LOX transcription start site
HER2 interaction with MacroH2A causes activation of ERBB2
SKP-SCF complex is found to be an upstream regulator of MacroH2A and CDK8 as downstream effector
mH2A.1 is found to be associated with the upregulation of EMT specific markers- Twist1 and Snail and
downregulation of mesenchymal markers like E-cadherin

3.

H2A.X

Found at the site of double Strand breakage, telomeric erosion
Forms ɣH2A.X upon phosphorylation by ATM at SER139
Higher ɣH2A.X level is associated with Breast Cancer as well as TNBC
Reported to function via TRAF6-ATM–H2AX pathway mediated by HIF1α

[107, 108, 110, 111]

4.

H2B

Hypomethylation and upregulation of HIST1H2BJ is found in brain metastasis of breast cancer
Hypomethylated and upregulated HIST1H2BE is found to be associated with breast cancer cell lines

[112, 114]

5.

CENP-A

Over-expression in breast cancer tissue samples
Higher CENP-A expression is found in estrogen negative breast cancer condition than estrogen positive condition
Positive correlation of CENP-A has been observed with ki-67 expression

[116, 117]

6.

H4G

Over-expressed in breast cancer cell lines

[115]

7.

H1

Over-expressed in cancer cells

[118]
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Spangle et al. [124] has described how PI3K/AKT signaling plays role in breast cancer progressionvia increase
in H3K4me3 level. Enhanced H3K4me3level is found
to be associated with breast tumors [124]. H3K4me3 is
predominantly present in the gene promoters including
AURKB and E2F2, an AKT target as well as has role in
cell proliferation [124]. AKT i phosphorylate KDM5A, an
H3K4 demethylase. Phosphorylated KDM5A is retained
in the cytoplasm and does not enter in the nucleus
thereby resulting in increased H3K4me3 level in the
nucleus [124]. However, in presence of AKT inhibitor
KDM5A translocate to nucleus and demethylates H3K4.
Histone demethylase JARID1A/B are oncogenes, highly
expressed in breast cancer condition [125]. They interact
with pRB by demethylation of H3K4 [125]. This results in
repression of E2F1 target genes by pRB protein.
Various studies have associated lower H3K27me3
expression with breast cancer progression, big tumour
size, positive lymph nodes and estrogen negative tumours
[126, 127]. H3K27me3 is a repressive mark catalyzed by
EZH2 methyltransferase. EZH2 itself has been found to
be upregulated in breast cancer and promote EMT [128,
129]. Apart from these, enrichment of H3K27 tri-methylation mark within the promoter of FOXC1, RAD51,
CDH1 and RUNX3 lead to increase in cell proliferation
and metastasis [130].
Histone methylase Disruptor silencing 1 like (DOT1L)
has been implicated in breast cancer and lymph node
metastasis [131]. It donates methyl group to histone
H3K79 from SAM. DOT1L interacts with c-MYC and
p-300 for activating EMT in breast cancer [132]. In fact,
in normal MCF-10A cells, overexpression of DOT1L
could induce EMT [132]. Higher H3K79 di-methylation
is also observed in the promoter region of BCAT1 gene
[133]. BCAT1 being a c-MYC target has already been
implicated in breast cancer [125]. H3K79me2 induce
genomic instability and promote tumorigenesis [134].
Lower H4R3me3, H4R3me2 and H3K4me2 expressions
associate with poor prognosis of breast cancer tumour
[135]. IHC staining of H4R3me2 has shown lower expression in basal carcinomas and HER-2 positive tumours
[135]. While higher expression of H4R3me2 is associated
with lymph node stage [135].
Wang et al. [136] in their recent review has shown
the roles of existing PRMT signaling in breast cancer
via different histone modifications. PRMT1 as such is
implicated for inducing tumorigenesis. Recruitment of
PRMT1 within the ZEB1 promoter incorporates H4R3
dimethylation mark that could drive EMT. PRMT5 on the
other hand is found to induce breast cancer metastasis
in TGF-β dependent manner [136]. PRMT5 is recruited
to the FOXP1 promoter where it causes H3R2 dimethylation and H3K4 tri-methylation and as a consequence
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leading to an accelerated cell proliferation [136]. Noncanonical histone variant H2A.Z undergoes methylation
by SMYD3 to form H2A.Z.1.K101me2 in the promoter
region of CYCLIN A1. As a result CYCLIN A1 binds to
CDK1 and CDK2 gets activated and the cell enters cell
cycle (G2/M phase and S-phase) [90].
B. Acetylation

Histone acetylation is also a PTM that is found to have
wide role in transcriptional regulation of gene [137, 138].
Acetylation is the outcome of balance between writer histone acetyl transferase (HAT) and eraser histone deacetylase (HDAC) molecule [139]. HAT activity is associated
with open chromatin structure owing to its donation of
acetyl group to the histone tail while HDAC reverses the
action of HAT activity and leads to the closed conformation of the chromatin structure. Histone acetylation
has double role in the induction of carcinogenesis [140].
Acetylation can mediate both repression of tumour suppressor and activation of proto-oncogene [137, 141].
The non-metastatic MCF-7 cell lines acquire EMT like
phenomenon due to enrichment of histone H3 acetylation within the SNAI2 promoter upon Phorbol Ester
treatment [142]. Histone acetylation promotes angiogenesis [143]. So far, VEGF signaling has been associated with angiogenesis. Transcription factor like FOXM1
binds in the forkhead response element (FHRE) region in
the VEGF promoter which promotes H3 and H4 acetylation leading to VEGF induction [143]. FOXM1 has
already been implicated in breast cancer. However, upon
displacement of FOXM1 with FOXO3A in the promoter
FHRE region, rapid deacetylation occurs due to the
recruitment of HDAC2 [143]. As a result, VEGF expression is repressed.
Estrogen receptor plays an important role in breast carcinogenesis. Metastatic breast cancer cell line MDAMB231 does not possess ER-α receptor and is a TNBC cell
line while invasive MCF-7 is ER +ve [144]. Differential
H3 and H4 acetylation within the ER-α promoter regulate ER-α expression in MDAMB-231 and MCF-7 cell
lines [144]. pRB2/p130 molecular complex is recruited in
ER-α promoter of MDAMB-231cells along with DNMT1.
DNMT1 obstructs p300 (a HAT) from binding to the
complex thereby maintaining a repression [144]. But in
case of MCF-7, p300 binds with the complex in absence
of DNMT1 and finally leads to expression of ER-α [145].
In case of HER-2 receptor, enrichment of acetylated H3
and H4 in the promoter leads to HER-2 over-expression
[146]. HER-2 over-expression is found to have direct role
in breast cancer metastasis [146].
In a study among 880 breast cancer patients, four different histone acetylation marks corresponded to distinct stage/fate of metastasis [135]. Lower expression
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of H3K9ac and H4K16ac were observed in lymph node
stage samples [135]. H4K16ac is found to be positively
associated with angiogenesis and is present at an early
stage of cancer [147]. H3K18ac has been found to promote breast carcinogenesis [148]. H3K18ac causes transcriptional activation of gene promoters. Low H3K18ac
level associated with high tumour grade [148]. Increased
H3K4ac histone mark correlated to metastatic behavior
of breast cancer [147]. H3K4 acetylation is also enriched
within the promoters of EMT specific gene VIMENTIN
in MDAMB-231 in comparison to MCF-7 and MCF10A cells [149]. However acetylation in the promoters
of epithelial markers like GATA3 and FOXA1in MCF-7
is more with respect to MDAMB-231 [149]. Apart from
these, acetylated form of non-canonical variant H2A.Z
is required for activation of p21 promoter in breast cancer cell line [150]. Another histone mark, H3K27ac has
important role in breast cancer progression and is found
to promote EMT [147, 150]. H3K27Ac is enriched at the
tissue differentiation-inducing non-protein coding RNA
(TINCR) non-coding RNA promoter that supports EMT
in breast cancer [151].
C. Phosphorylation

Phosphate moiety is added to histone by kinases (writer)
and removed by phosphatases (eraser) [152]. Phosphorylation is one of the widely studied mechanisms that has
been implicated in cancer [153]. Phospho-histone variant
ɣH2A.X has been already discussed under the histone
variant section. ɣH2A.X is now routinely used as part of
diagnosis in breast cancer [153]. Studies have shown that
JMJD6earlier known for its demethylase and hydroxylase
function has also intrinsic kinase activity. JMJD6 is found
to cause phosphorylation of H2A.X histone variant at
Tyr39 location [154]. Positive correlation between JMJD6
and H2A.X-phospho-Y39 has been observed in breast
cancer cells [155]. Phospho-Y39-H2A.X causes upregulation of autophagy related genes like ATG1B, ATG5,
ATG7 in triple negative breast cancer cell lines [155].
Significantly positive correlation between Oncotype
DX recurrence and PhosphoH3 variants were observed
among breast cancer patients [156]. In fact, the patients
with higher phosphoH3 expression failed to survive due
to metastasis during the trial period [156]. In biopsy sample of breast cancer patients, positive correlation was
observed between phospho-histone H3 level and ki-67
proliferation index (n = 98) [157]. However, contradictory data showed that elevated phospho-histone has positive outcome amongst Asian TNBC patients [158].
Histone variant H3.3 has already been implicated in
breast cancer. P21 (RAC1) activated kinase 1 (PAK1) is a
kinase, which enters the nucleus upon mitotic induction
where it causes phosphorylation of histone H3.3 at Ser10
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residue [159]. H3.3 phosphorylation leads to condensation of chromosome and induction of mitosis leading to
cell proliferation [159]. Another study has shown that how
H3 phosphorylation is a part of signaling cascade that
leads to breast cancer metastasis. Interestingly, IL-6 overexpression due to the genotoxic NF-κB activation, could
also induce breast cancer metastasis [160]. Apart from
these, phosphorylated H4 variant-H4S1ph and Phosphohistone H1 (pt146) have been implicated in breast cancer
but their role in metastasis is yet to be confirmed [161,
162].
D. Ubiquitination

Protein ubiquitination is a dynamic process where there
are two categories of players-ubiquitin enzyme (writer)
and deubiquitin enzymes (eraser) [163]. Ubiquitination is
possible on all the histone molecules and they have also
been implicated in cancer [164]. So far most reported
ubiquitin histone molecules are of H2A and H2B. Lower
H2AK127ub1 and H2BK120ub1level associated with
breast cancer [165–167]. USP22 (Ubiquitin specific protease 22) is an ubiquitin enzyme, which removes ubiquitin molecule from histone H2A, and H2B variants
[168]. USP22 expression is induced in breast cancer and
significantly associates with lymph node metastasis and
ki-67 level [168]. However contrasting role of H2Bub is
also reported [167]. In breast cancer of basal type, lower
level of H2Bub is observed while in luminal breast cancer
higher level of H2Bub is observed [167]. Thus, it is very
important to diagnose properly theH2Bub level before
application of ubiquitin mediated therapy.
E. PARylation

Unlike other histone post translational modifications,
role of histone PARylation in breast cancer metastasis is
scarcely reported. Like its other counterparts, PARylation also has writer (Poly ADP Ribose = PARP) and eraser
(PolyADP Ribose glycohydrase = PARG) molecule [169].
PARP9 over-expression is significantly associated with
breast cancer metastasis [170]. Upon knock-down of
PARP9 by si-RNA, cell migrations were inhibited. PARP9
has been reported to enhance doxorubicin resistance via
H4 ubiquitination and protecting the cell from further
DNA damage [170]. EZH2 (Enhancer of Zeste 2), component of polycomb repressive complex (PRC2) is known
for mediating breast cancer progression and metastasis
via H3K27 tri-methylation [171]. PARylation of histone
H3 decreases the affinity of EZH2 for histone H3 and as a
result global reduction in H3K27 methylation is observed
[171]. Further PARylation of EZH2 molecule itself also
decreases the interaction of EZH2 with chromatin, leading to heterochromatin formation thereby reducing the
chances of chromatin mediated interaction of different
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factors [171]. A summary of different histone modifications implicated in breast cancer metastasis has been
represented in Table 3.
The sole relevance of writing this review is to consolidate the different observations that has been generated
in the context of histone epigenetics in breast cancer and
thereby put forward the concept whether an amalgamation of these histone modifiers could be used to design
any strategy that would help in the diagnosis of this disease. A substantial amount of information is already
present wherein the histone modifiers along with other
molecules or therapies have been successfully used for
treating breast cancer. Basically, a significant understanding of histone epigenetics paved the way to exploit
different histone modifiers as therapeutic targets in the
treatment of breast cancer. In the next section, we will
discuss on the different strategies undertaken so far.
Exploiting histone epigenetics in designing strategies
for breast cancer treatment

Being the most common cancer among women worldwide, the intensive research done on breast cancer made
it possible for the patients to have a proper screening,
early diagnosis and eventually receive treatment. Due to
the heterogeneous nature of the cancer, the treatment
modalities differ among individuals. Small molecule
inhibitors of different signaling pathways, monoclonal
antibodies, peptides and targeting histone modifiers or
their functions have been studied in detail and have been
successfully tested in clinical trials. The testing of these
drugs and inhibitors first undergoes preclinical testing
followed by clinical trials in different phases.
Preclinical models

Among the different factors studied in histone epigenetics, the role of HDACs has been significantly exploited
to target breast cancer therapy. Preclinical studies in
breast cancer cells have demonstrated the efficacy of
different HDAC inhibitors (HDACi) including suberoylanilide hydroxamic acid (SAHA), trichostatin A
(TSA), suberic bishydroxamate (SBHA), valproic acid
(VPA). Use of SAHA (Vorinostat) in breast cancer cell
lines MCF-7, MDAMB-231, MDAMB-435 and SKBR-3
induced growth inhibition and apoptosis [172]. TSA
inhibit tumor growth of breast cancer cells by degradation of Cyclin D1 and inhibition of ER-α transcription in
ER-α positive breast cancer cells [173]. SBHA led to the
inhibition in proliferation and induction in apoptosis of
MCF7 breast cancer cell line [174]. VPA demonstrated
antiproliferative capacity in both HER-2 overexpressing
and negative breast cancer cells and could induce apoptosis in TNBC cells as well [175, 176]. A long list of other
HDACi like panobinostat, entinostat, sodium butyrate
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has also been tested in different types of breast cancer.
A nice review focusing on recent use of HDAC inhibitors in preclinical studies have been well documented
by Damaskos et al. [177]. In addition to HDACi, a significant number of small molecules targeting different
signaling pathways have been tested in preclinical studies. Doxorubicin (DOX), a chemotherapeutic agent, has
been effectively used in breast cancer malignancies but
is associated with severe side-effects. A recent study
showed that use of cholesterol depleting agent methylβ-cyclodextrin (MCD) could reduce the effective dose of
DOX but retaining its effect on loss in cell viability and
inducing apoptosis in breast cancer cells [178]. Talazoparib, a Poly (ADP-ribose) polymerase (PARP) inhibitor, showed maximum efficacy in breast cancer cells due
to its strong binding to DNA by trapping PARP–DNA
complexes [179]. Presently, it is in phase III clinical trial.
Patritumab, a monocloncal antibody, showed significant
antitumor activity by inhibiting the formation of HER2/
HER3 heterodimer [180]. Lapatinib, a dual reversible
tyrosine kinase inhibitor for HER2 and EGFR receptors
block the downstream ERK1/2 and PI3K/AKT signaling pathways thereby inducing the cell-mediated cytoxicity against breast cancer cells [181]. Preclinical studies
in inflammatory breast cancer (IBC) cells showed that
these cells survive the reactive oxygen species (ROS)
associated death due to the presence of a signature oxidative stress response mechanism. But upon administration of Disulfiram, an FDA approved small molecule,
supplemented with Cu, oxidative stress-mediated apoptosis was induced in multiple IBC cellular models [182].
Epoxyazadiradione, one kind of limonoids isolated from
plant Azadirachta indica, could inhibit breast tumor
growth by inhibiting PI3/AKT-dependent mitochondrial
depolarization, restricting cell migration, angiogenesis
while inducing apoptosis of TNBC and E
 R+ breast cancer
cells [183]. In short, a considerable number of preclinical studies have been performed and equally a significant number is ongoing in different parts of the world.
Concise reviews on the use of these models have been
mentioned by Tong et al. and Wang and Xu [184, 185].
Although these models serve as the best option for studying and analyzing the role of different molecules in progression and treatment of breast cancer, however, neither
of them could actually represent the humanized model
of the disease. The pros and cons of using these models
have been discussed in detail in the review by Holen et al.
[186].
Clinical trials

Epigenetic modifiers including targeted therapies against
histones and DNA methylation have undergone a
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Table 3 Histone modifications in breast cancer metastasis
S. no. Histone modification Role in breast cancer metastasis

References

Methylation
1.

H3K4

Oncogene JARID1A/1B interacts with pRb by demethylation of H3K4
Lower expression in basal carcinomas and Her-2 positive tumors
Higher H3K4me3 is associated with breast tumor
H3K4me3 is also regulated via PI3/AKT pathway in breast cancer
H3K4me3 enrichment is found in the promoter of AURKB and E2F2 (AKT target)
PRMT-5 causes H3K4 tri-methylation in the promoter of FOXP1

[124, 125, 135, 136]

2.

H3K27

Lower H3K27me3 is associated with breast cancer, tumor size, lymph node stage
H3K27me3 is catalyzed by EZH2 which itself is an important player of EMT
H3K27me3 is found in the promoter region of FOXC1, RAD51, CDH1, RUNX3, FOX-A1

[126–130]

3.

H3K79

DOT1L promotes H3K79 methylation
Higher H3K79 methylation is observed in the BCAT1 promoter
Causes genomic instability
Promotes tumorigenesis

[131–134]

4.

H3R2

PRMT-5 causes H3R2 di-methylation in the promoter of FOXP1

[136]

5.

H4R3

Lower expression in basal carcinomas and Her-2 positive tumors
Associated with lymph node stage
H4R3me2 by PRMT1 causes tumorigenesis
PRMT1 is recruited in the ZEB1 promoter for H4R3 di-methylation

[135, 136]

6.

H2A.Z.1.K101

H2A.Z.1.K101 undergoes di-methylation by SYMD3 in Cyclin A1 promoter region

[90]

Acetylation
1.

H3

H3 acetylation in slug promoter causes EMT in phorbol ester treated MCF-7
PRMT7 causes lowering of H3 acetylation in cdh-1 promoter
FOXM1 is recruited in the VEGF promoter where it causes H3 acetylation thereby promoting
angiogenesis
But when FOXO3a is enriched in VEGF promoter it recruits HDAC2 and causes deacetylation
therefore repressing VEGF signal
P300 (HAT) causes acetylation of H3 and H4 in ER-α promoter in MCF-7 and therefore active
expression. While presence of DNMT in the promoter region of sER-α in MDAMB occludes p300
association thereby repressing it
Association with HER-2 positive breast cancer. H3 and H4 acetylation is mainly found in the promoter region of Her-2 positive cells

[141–145]

2.

H3K4

Increased H3K4 acetylation mark is associated with metastatic behavior of sample
H3K4 is enriched in the promoter region of VIM gene in MDAMB
H3K4 mark is observed in the promoter region of GATA3 and FOXA1 in MCF-7 and MCF-10A

[147, 148]

3.

H3K9

Low H3K9 mark is associated with lymph stage sample

[136]

4.

H3K18

Associated with high grade tumour
Enriched in the promoter of EMT specific genes

[147]

5.

H3K27

Promotes EMT

[147, 150]

6.

H4

PRMT7 causes lowering of H4 acetylation in cdh-1 promoter
FOXM1 is recruited in the VEGF promoter where it causes H4 acetylation thereby promoting
angiogenesis

[142, 143]

7.

H4K16

Low H4K16 mark is associated with lymph stage sample
Positive association with angiogenesis and carcinogenesis

[135, 146]

8.

H2A.Z

Acetylated H2A.Z is required for p21 promoter activation in breast cancer cells

[149]

Phosphorylation
1.

H2A.X

Phosphorylated H2A.X at ser139 i.e. ɣH2A.X is associated with breast cancer metastasis
ɣH2A.X is recruited at DNA repair site upon DSBs
H2A.X tyr39 also has positive correlation with breast cancer
JMJD6 causes phosphorylation of H2A.X at tyr39 to activate autophagy related genes (ATG1B,
ATG5 and ATG7) in TNBC

[57, 107]

2.

PhosphoH3

Positive correlation between oncotype genotyping test and PhosphoH3 is observed amongst
breast cancer patients
Possitive PhosphoH3 level is observed in breast cancer biopsy samples
PhosphoH3 is found to be associated with positive outcome among Asian breast cancer patients
PAK1 causes H3.3 phosphorylation which is implicated in breast cancer

[155–159]

3.

Phospho H1

Differential level of phospho histone H1 (pt146) is observed in different breast cancer cell lines

[162]

4.

Phospho H4

Phospho histone H4 (ser1) is found to be recruited at DSBs

[161]
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Table 3 (continued)
S. no. Histone modification Role in breast cancer metastasis

References

Ubiquitination
1.

H2Bub

Basal breast cancer has lower H2Bub level while luminal breast cancer has higher H2Bub level
USP-22 causes deubiquitination of H2A and H2B histones. USP-22 has positive association with
lymph node metastasis and ki-67 level

[164, 167, 168]

2.

H2AK119ub1

Low CRL4B expression leads to cell proliferation and invasion by causing global loss of
H2AK119ub1

[166]

3.

H2AK127ub1

Lower H2AK127ub1 is observed in TNBC

[165]

4.

H2BK120ub1

Lower H2BK120ub1 is associated with breast cancer

[166]

H3 PARylation decreases EZH2 affinity for H3 resulting in global loss in H3K27 methylation
PARP9 over-expression is associated with breast cancer metastasis
PARP9 enhances doxorubicin resistance via H4 ubiquitination

[170, 171]

PARylation
1.

H3, H4

substantial number of clinical trials for the treatment of
different kinds of cancer. Presently, FDA has approved
six epigenetic drugs for clinical application including
azacitidine, 5-Aza-2′-deoxycytidine, SAHA (Vorinostat),
romidepsin, belinostat, panobinostat and chidamide
[187]. Clinical trials website (https://clinicaltrials.gov)
showed 13 trials using either of these drugs alone in the
treatment of breast cancer. These trials are in the category of completed or recruiting or active but not yet
recruited. Additionally, these drugs in combination
with other drugs are undergoing clinical trials as well. A
search in clinicaltrial.gov with breast cancer and HDAC
inhibitor showed 45 such trials including the same categories mentioned above.
1. Targeted therapies against histone methylation:
Till date, clinical trials on breast cancer using targeted histone methylation therapy has not yet been
reported as per our knowledge but quite a significant
number of trials are either ongoing or completed in
leukemia, lymphoma, endometrial cancer, prostrate
cancer, melanoma among others. A list of all these
undergoing trials has been mentioned in the recently
published review by Cheng et al. [187].
2. Targeted therapies against histone acetylation: A
considerable number of trials against histone acetylation has been reported in breast cancer as well as in
other cancers mentioned in https://clinicaltrials.gov
website. Currently 14 such trials have been undertaken for breast cancer patients. Among these trials, few have completed, some are recruiting while
few of them are active but not yet recruiting [187].
The drugs belong to anti-HDAC, sirtuins inhibitors or BRD (BET) (bromodomain) inhibitors. Sirtuins are a class of HDACs while bromodomains and
extra-terminal domain (BET) are epigenetic readers
that could bind acetylated histone at the regulatory

regions of DNA including promoter, enhancer and
thereby regulate transcription. So, inhibitors of these
molecules would disrupt the mechanisms associated
with histone acetylation at different loci.
3. Histone modification and DNA methylation: The
major components of epigenetics comprise histone
modifications, DNA methylation, microRNA and
non-coding RNAs. Although this review involve
histone epigenetics in breast cancer but the status
and regulation of DNA methylation also dictate the
initiation or inhibition of breast cancer and hence
is equally important in the proper understanding
of breast cancer and its metastasis. The concerted
role of histone modifications and DNA methylation
becomes quite obvious while considering the treatment strategies that have been undertaken by various groups whether in preclinical or clinical studies.
Mechanistic studies in breast cancer cell lines proved
the beneficial existence of these two modifications in
regulation of breast cancer metastasis. Histone lysine
demethylase KDM2A could inhibit TET2, the DNA
demthylase enzyme, and promote DNA methylation
and silencing of tumor suppressor genes in TNBC
cells [188]. Loss of an environmentally induced gene
called MDIG (mineral dust-induced gene) induced
both DNA methylation and H3K9me3 resulting in
increased metastasis of aggressive breast cancer
cells [189]. Direct physical interaction between histone H3K9 trimethylase SETDB1 and DNA methyl
transferase enzyme DNMT3A resulted in promoting silencing of cancer cell specific genes studied in
TNBC MDAMB-231 cells [190]. Similar crosstalk has
been proven in cancers of other origins as well. This
closely knit crosstalk have been further exploited to
design strategies that could enhance the efficiency
of breast cancer treatment. In case of advanced
breast cancer, a trial to introduce the combination
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of Azacitidine and entinostat drugs has been initiated (#NCT01349959) wherein Azacitidine is a cytidine analog whereas entinostat is an HDAC inhibitor
[187].
4. Combination therapy.
Present day anticancer treatment involves cytotoxic
chemotherapy, targeted therapy, radiotherapy or immunotherapy. These anticancer agents are however cytotoxic in nature and with time the cancer cells develop
resistance towards these agents. Also, these agents cannot distinguish between the normal and cancer cells.
So, a combined therapy of using anticancer drug along
with other chemotherapeutic agent would introduce
the administration of a lower dosage of anticancer agent
thereby facilitating the efficacy and the enhanced antitumor effect of the treatment. Histone epigenetic modifiers especially the HDAC inhibitors are being successfully
used as part of this combination therapy.
a. Chemotherapy: HDAC inhibitors in addition to
other chemotherapeutic drugs have been shown to offer
better respite in cancers of different origin [191]. A phase
I/II clinical trial is underway with the combination of
olaparib and vorinostat in patients with refractory lymphomas (NCT03259503). A phase II clinical trial of Vorinostat combined with tamoxifen has been used for the
treatment of patients with hormone therapy-resistant
breast cancer that demonstrated an increase in DNA
damage, growth inhibition and cell death [192]. Clinical trial on use of HDAC inhibitor along with cell cycle
checkpoint inhibitor showed effective anti-tumor activity
in metastatic ER+ breast cancer cells [193]. Another clinical phase III trial (NCT02115282) is active but not yet
recruiting for treating patients with recurrent hormone
receptor-positive breast cancer that is locally advanced or
metastatic by the combined use of the drugs entinostat,
exemestane, goserelin, goserelin acetate. A search in
clinical trials.gov showed 30 such trials either in the category of completed, recruiting or active but not recruiting status using HDAC inhibitors along with other drugs
in breast cancer patients.
b. Radiotherapy: One of the common and early form of
treatment of cancer is using radiotherapy that causes cell
death due the DNA double strand breaks. But, with time
the cells even become resistance to this with alleviated
level of DNA repair mechanism of the body. Experimental evidences showed the role of HDACi in DNA damage and repair signaling and hence this avenue is being
exploited in combination to radiotherapy. Preclinical
study in lung carcinoma cells showed that HDAC inhibitor SAHA could sensitize these cells to radiation with
minimum effects to normal cells that would enhance the
effect of radiotherapy of the cancer cells [194]. Another
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preclinical study in breast cancer cells MCF7, proved
that a proper balance between HDACs and HATs is necessary to maintain the histone acetylation thereby the
compaction of the chromatin to resist the development
of resistant of cancer cells to radiation therapy [195].
So, an early diagnosis of tumor HDAC activity would
increase the efficiency of HDAC/radiotherapy strategy
of treating cancer cell [196]. Clinical trials.gov website
showed only one such completed trials on brain metastases although not specifically arising from breast cancer
metastasis (NCT00838929). A combination therapy of
vorinostat along with radiation was used for the treatment of patients with brain metastases. Interestingly,
similar combination therapy has been approached in
more numbers in cancers of other origins. Presently, 15
such trials are in different stages of clinical trials including completed, recruiting or active but not recruiting status. Hence, it is obvious from the number of these trials
that the combination therapy of histone epigenetics and
radiation is indeed a valid option that is being seriously
considered to give a better alternative to the patients suffering from cancer.

Discussion
In this review, we have attempted to present a comprehensive study on the role of various histone-mediated
processes in the context of breast cancer metastasis.
With the current knowledge we can have an idea about
the histone landscape of a breast cancer metastatic
model. These might open newer avenue for therapeutic interventions. Metastatic breast cancer is one of the
most aggressive cancer conditions. Apart from chemotherapeutic treatment no other alternative could offer an
efficient strategy for the treatment of metastatic breast
cancer. Targeting histone-mediated pathways for drug
delivery might reduce the burden of the unbearable side
effects of the present therapies. We also got an idea about
developing a new set of epigenetic biomarkers that could
be exploited for identifying the progression of diseased
condition.
As breast cancer arises from heterogenic condition, it
might not be feasible for a single biomarker to determine
the metastasis condition for all categories or subtypes of
breast cancer. Each of the breast cancer subtypes have
their distinct mechanism of pathogenesis. Biomarker
for one subtype might not serve for another, therefore
leading to false diagnosis. However, instead of a single
biomarker, a panel of these epigenetic regulators can be
screened in order to have an idea about the probability
of developing breast cancer metastasis in patients. Here
we have included five epigenetic factors namely APLF,
HJURP, MacroH2A.1, ɣH2AX and H2Bub1, whose
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Table 4 Probable list of epigenetic biomarkers targeting
all subtypes of breast cancer
S. no.

Biomarkers

Association
with hormonal
receptors

Breast cancer subtypes

1.

APLF

TNBC

Basal

2.

HJURP

ER−ve, PR−ve

Luminal A

3.

MacroH2A.1

TNBC
HER-2

Basal (more), Luminal
(less)
HER-2-enriched

4.

ɣH2AX

TNBC
HER2−ve
HER2+ve

Basal, HER2 enriched
Luminal A/B (less)
Luminal B (less than TNBC)

5.

H2Bub1

ER+ve
TNBC

Luminal A/B (more expression)
Basal (less expression)

association has been found with different sub-types of
metastatic breast cancer (Table 4).
Rationale for choosing APLF and HJURP amongst
all other histone chaperones is that, APLF over-expression is associated with TNBC/basal type breast cancer
metastasis while HJURP over-expression is associated
with luminalA breast cancer metastasis. So by including
these, we can screen for both basal and luminalA subtype
breast cancer samples. Just like HJURP, increase H2Bub1
expression is also associated with luminal cancer, while
significantly reduced H2Bub1 expression is present in
basal type. As MacroH2A interact with HER2, it could be
an important identifier in case of HER2+ve breast cancer. ɣH2AX has been implicated as a marker in prognosis
of breast cancer of triple negative and HER2−/HER2+
subtypes [197]. Additionally, ɣH2AXis associated with
DNA repair mechanism and hence could demonstrate
the overall stability of a genome after chemotherapy. As
breast cancer could relapse even after chemotherapy sessions, so the ɣH2AX level in those patients could act as
an indicator of how stable is the genome after the therapy
and hence could be included in the biomarker panel.
This review has tried to fill the gap of creating a histone epigenetic landscape for metastatic breast cancer.
One important aspect that is still not clear is whether
epigenetic modifications are consequences of aberrations
in epigenetic modifiers or they part of the cancer etiology? The hallmarks of cancer basically indicated cancer
as a disease of the genome [198]. But, the same hallmarks
could be achieved only by change in epigenome as well
[198] and thereby inflicts a question mark on cancer
being a disease of the genome. The genetic mutations in
chromatin modifiers or remodelers can lead to deregulation of epigenome thereby contributing to cancer associated epigenetic aberrations. The gain-of-function EZH2
mutations present in several lymphomas, is responsible

for aberrant histone H3K27me3 resulting the blockage
of B-cell development [199]. While on the other hand,
change in epigenome might be completely due to nongenetic deregulation. If we consider the case of solid
tumor like breast cancer, a cohort of 70 primary TNBC
samples analyzed by TCGA displayed unique epigenetic
status in different breast cancer subtype. H3K9ac mark
associated with HER2-positive and TNBC tumors [200]
whereas H3K27me3 marks were significantly reduced in
luminal-B, HER2-positive, and TNBC tumors, but was
increased in the luminal-A subtype [201]. This sort of
data could be invariably used for the development of clinical options and also to study therapy resistance towards
drugs. Now, whether the methylation happened post the
onset of cancer or the particular methylation gave rise to
cancer is yet be deciphered. The knowledge on how epigenetic events lead to tumour progression and metastasis
is very limited at present. Our molecular tools are yet to
achieve that precision level to understand the difference
between cause and result of cancer. Hence current studies and the information availed from the existing literature is not at all conclusive. A substantial portion of the
picture is still missing. Contradictory results, significant
work on cell lines rather than in vivo also contribute to
non-specific results as the epigenetic factors function in
association with other factors and not individually.
Moreover, significant mechanistic details are yet to
be revealed to understand what causes the primary
breast tumors to become metastatic in nature. Extensive
sequencing studies proved that mutation is not the causal
effect of changing from primary to metastatic. A primary
tumor cell has to perform several functions to metastasize to a distant organ and that include detachment from
the tumor/site, invasion into the stroma and then circulatory system, migration, penetration and anchorage to the
new organ site, modulation of the surrounding microenvironment for its growth and survival and at last forming a new tumor at the new site. All these steps involve
a close association with the local environment of the
tumor cells and hence stand a high chance of undergoing epigenetic modifications within the loci of the cells.
The progression of breast tumor cells is associated with
EMT and CDH1 is one of the fundamental genes in inhibition of metastasis. During metastasis, a significant loss
in expression of CDH1 has been observed mostly due to
the hypermethylation corresponding to both DNA methylation and H3K27 trimethylation [202]. More than the
genetic mutations, it’s the epigenetic modifications that
act as drivers in change of fate of primary tumor cell to
become metastatic. DNA methylation is well conserved
between primary and corresponding metastatic tumours
in prostate cancer [203]. However, intratumoural DNA
methylation heterogeneity correlated to genomic copy
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number patterns and metastatic progression of prostrate cancer [204]. On the other hand, DNA methylation especially outside CpG rich region mark metastasis
associated methylation of genes in breast cancer, which
indicate a difference in methylation in primary tumor vs.
metastatic breast cancer [205]. The entire picture is yet
to be revealed, what we have only is the trailer right now.
So, there is a need to study the role of remaining HCs,
HVs and their modifications in metastatic breast cancer.
Metastatic breast cancer is a multifactorial and a complex disease condition, lot of heterogeneity [heterogeneity because of different molecular sub-types]. In order to
assess the predictability of a biomarker, it is better to test
on patients belonging to same subtypes. In that way we
will have a better chance of understanding altered molecular mechanism that a cell undergoes during metastasis.
Quite understandably, the same biomarker might play
different role via different pathways in different breast
cancer subtypes. Sample heterogeneity could not reveal
any conclusive mechanism and thereby cannot assure a
particular biomarker that can foresee the appearance of
metastatic breast cancer. So, to avoid this heterogeneity,
five epigenetic factors could be screened as biomarkers
that might be exploited to detect the probability of developing metastasis of breast cancer.

Conclusion
A single biomarker could not detect or predict the metastatic condition for all categories or subtypes of breast
cancer. This in-depth review on the study of different epigenetic modifiers in the context of breast cancer
metastasis led to the formulation of a panel of epigenetic
factors namely APLF, HJURP, MacroH2A.1, ɣH2AX and
H2Bub1, that could be exploited to detect the potential of
breast cancer to become metastatic in nature.
Abbreviations
4EBP1: Eukaryotic translation initiation factor 4e binding protein 1; AD: Acidic
domain; ANP32: Acidic leucine rich Nuclear Phosphoprotein 32; AKAP8:
Protein A-Kinase Anchor Protein 8; APLF: Aprataxin PNK-like factor; ARID1A:
AT-rich interaction domain 1A; ASF1: Anti-silencing factor 1; ATG1B/ULK2:
unc-51 like autophagy activating kinase 2; ATG5: Autophagy related 5; ATG7:
Autophagy related 7; ATM: Ataxia Telangiectasia Mutated; ATRX: Alpha thalassemia/mental retardation syndrome X-linked; AURKB: Aurora kinase B; BCAT1:
Branched chain amino acid transaminase 1; BET: Bromodomains and extra-terminal domain; BRD: Bromodomain; CAF1: Chromatin assembly factor 1; CDH1:
Cadherin 1 [E-cadherin]; CDK8: Cyclin dependent kinase 8; CENP: Centromere
protein A; CBD: CENP-A binding domain; ChIP: Chromatin immunoprecipitation; c-Met: MET proto-oncogene; C-Myc: MYC proto-oncogene; DAXX: Death
domain associated protein; Ddx17: DEAD-Box helicase 17; Ddx5: DEAD-Box
helicase 5; DEK: DEK proto-oncogene; DNMT: DNA methyl transfease; DOT1L:
DOT1 like histone lysine methyltransferase; DOX: Doxorubicin; DRE: DEK
response element; DSC2: Desmocollin 2; E2F1: E2F transcription factor 1; E2F2:
E2F transcription factor 2; ECM: Extra cellular matrix; EGFR: Epidermal growith
factor receptor; EMT: Epithelial-to-mesenchymal transition; ER: Estrogen receptor; ER-α: Estrogen receptor alpha; ErbB2: Erb-B2 receptor tyrosine kinase 2;
ERK1/2: Extracellular signal regulated kinase ½; EZH2: Enhancer of zeste 2 polycomb repressive complex 2 subunit; FACT: Facilitates chromatin transcription;

Page 18 of 23

FERMT1: Fermitin family member 1; FHRE: Forkhead response element; FOXA1:
Forkhead Box A1; FOXC1: Forkhead Box C1; FOXP1: Forkhead Box P1; GSC:
Goosecoid Homeobox; H2AFY: MacroH2A.1 histone; HAT: Histone acetyl transferase; HBD: Histone binding domain; HC: Histone chaperone; HDAC: Histone
deacetylase; HER: Human epidermal growth factor; HIF1α: Hypoxia inducible
factor 1 subunit alpha; HIRA: Histone cell cycle regulator A; HIST1H2BJ/E:
Histone cluster 1 H2B family member J/E; HJURP: Holiday junction recognition
protein; HM: Histone modification; HP1α: Heterochromatin protein 1α; HV:
Histone variant; IDC: Invasive ductal carcinoma; IHC: Immunohistochemistry; ITGB8: Integrin subunit beta 8; JARID1A: Lysine demethylase 5A; JMJD6:
Jumonji domain containing 6; KDM5A: Lysine demethylase 5A; LOX: Lysyl
oxidase; LTED: Long term estrogen-deprived; MCD: Methyl-β-cyclodextrin;
MMP3: Matrix metallopeptidase 3; MMP9: Matrix metallopeptidase 9; MMTV:
Mouse mammary tumor virus; MRN: MRE11-RAD50-NBN; MSH4: MutS protein
homolog 4–5; MSH5: MutS protein homolog 5; mTOR: Mammalian target of
rapamycin; NAP1: Nucleosome assembly protein 1; NFkB: Nuclear factor kappa
B subunit 1; NPM1: Nucleophosmin; Pak-1: P21 [RAC1] activated kinase 1; PARP:
Poly[ADP-Ribose] polymerase 1; PCNA: Proliferating cell nuclear antigen;
PDCD4: Programmed cell death 4; P13K: Phosphatidylinositol-3-kinase; PR:
Progesterone receptor; PRC2: Polycomb Repressor Complex 2; PRMT1: Protein
arginine methyltransferase 1; PRMT5: Protein arginine methyltransferase 5;
PRMT7: Protein arginine methyltransferase 7; PTEN: Phosphatase and tensin
homolog; PTM: Post-translational modifications; RAD51: RAD51 recombinase;
RB: Retinoblastoma; RON: Recepteur d’Origine Nantais; ROS: Reactive oxygen
species; RUNX3: Runt-related transcription factor 3; SAHA: Suberoylanilide
hydroxamic acid; SAM: S-adenosylmethionine; SBHA: Suberic bishydroxamate; SCF: Skp Cullin F-box; SETDB1: SET domain bifurcated histone lysine
methyltransferase 1; SIM: SUMO-interacting Motif; SKP2: S-phase kinase
associated protein 2; SMYD3: SET and MYND domain containing 3; SNAI1:
Snail Family Transcriptional Repressor 1; SNAI2: Snail Family Transcriptional
Repressor 2; SPT16: Suppressor of Ty 16 homolog; SSRP1: Structure specific
recognition protein 1; STAT3: Signal transducer and activator of transcription
3; TCF3: Transcription factor 3; TCGA: The Cancer Genome Atlas; TFCP2L1:
Transcription factor CP2 like 1; TGFB: Transforming growth factor beta; TFF1:
Trefoil factor 1; TINCR: Tissue differentiation-inducing non-protein coding RNA;
TNBC: Triple negative breast cancer; TRAF6: TNF receptor associated factor 6;
TSA: Trichostatin A; TWIST1: Twist basic helix-loop-helix transcription factor 1;
UGT8: UDP glycosyltransferase 8; USP22: Ubiquitin specific peptidase 22; VPA:
Valproic acid; VEGF: Vascular endothelial growth factor; VIM: Vimentin; YY1: YY1
transcription factor; ZEB1: Zinc Finger E-Box Binding Homeobox 1; ZID: H2A.Z
Interacting domain; ZNF367: Zinc finger protein 367.
Acknowledgements
Authors thank DD lab members and Dr. Ananda Mukherjee for critically
reviewing the manuscript.
Authors’ contributions
DN and DD jointly wrote the manuscript. SMR contributed on figure preparation and reviewed the manuscript. DD conceived the idea and with consent
from all the authors finalized the manuscript. All authors read and approved
the final manuscript.
Funding
This work was supported by the Department of Biotechnology [DBT] #BT/
HRD/NWBA/38/10/2018. DN is supported by a research fellowship from
DBT#BT/PR15498/MED/12/716/2015. SMR supported by INSPIRE fellowship
#IF180251.
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare no competing of interests.

Nandy et al. Cell Biosci

(2020) 10:52

Received: 16 December 2019 Accepted: 26 March 2020

References
1. Ferlay J, Colombet M, Soerjomataram I, Mathers C, Parkin DM, Piñeros
M, Znaor A, Bray F. Estimating the global cancer incidence and
mortality in 2018: GLOBOCAN sources and methods. Int J Cancer.
2019;144:1941–53.
2. Ghoncheh M, Pournamdar Z, Salehiniya H. Incidence and mortality and
epidemiology of breast cancer in the world. Asian Pac J Cancer Prev.
2016;17:43–6.
3. Torre LA, Islami F, Siegel RL, Ward EM, Jemal A. Global cancer
in women:burden and trends. Cancer Epidemiol Biomark Prev.
2017;26:444–57.
4. Scully OJ, Bay BH, Yip G, Yu Y. Breast cancer metastasis. Cancer Genom
Proteom. 2012;9:311–20.
5. Leone JP, Leone BA. Breast cancer brain metastases: the last frontier. Exp
Hematol Oncol. 2015;4:33.
6. Zarghami N, Murrell DH, Jensen MD, Dick FA, Chambers AF, Foster PJ,
Wong E. Half brain irradiation in a murine model of breast cancer brain
metastasis: magnetic resonance imaging and histological assessments
of dose-response. Radiat Oncol. 2018;13:104.
7. Kang Y, He W, Tulley S, Gupta GP, Serganova I, Chen CR, ManovaTodorova K, Blasberg R, Gerald WL, Massagué J. Breast cancer bone
metastasis mediated by the Smad tumor suppressor pathway. Proc Nat
Acad Sci USA. 2005;102:13909–14.
8. Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A, Olshen
AB, Gerald WL, Massagué J. Genes that mediate breast cancer metastasis to lung. Nature. 2005;436:518–24.
9. Al-Mahmood S, Sapiezynski J, Garbuzenko OB, Minko T. Metastatic and
triple-negative breast cancer: challenges and treatment options. Drug
Deliv Transl Res. 2018;8:1483–507.
10. Fedele M, Cerchia L, Chiappetta G. The epithelial-to-mesenchymal
transition in breast cancer: focus on basal-like carcinomas. Cancers.
2017;9:134.
11. Moreno-Bueno G, Portillo F, Cano A. Transcriptional regulation of cell
polarity in EMT and cancer. Oncogene. 2008;27:6958–69.
12. Fialka I, Schwarz H, Reichmann E, Oft M, Busslinger M, Beug H. The
estrogen-dependent c-JunER protein causes a reversible loss of mammary epithelial cell polarity involving a destabilization of adherens
junctions. J Cell Biol. 1996;132:1115–32.
13. Muhammad N, Bhattacharya S, Steele R, Phillips N, Ray RB. Involvement
of c-Fos in the promotion of cancer stem-like cell properties in head
and neck squamous cell carcinoma. Clin Cancer Res. 2017;23:3120–8.
14. Wu X, Zhang X, Yu L, Zhang C, Ye L, Ren D, Li Y, Sun X, Yu L, Ouyang
Y, Chen X. Zinc finger protein 367 promotes metastasis by inhibiting
the Hippo pathway in breast cancer. Oncogene. 2020. https://doi.
org/10.1038/s41388-020-1166-y.
15. Ebright RY, Lee S, Wittner BS, Niederhoffer KL, Nicholson BT, Bardia A,
Truesdell S, Wiley DF, Wesley B, Li S, Mai A. Deregulation of ribosomal
protein expression and translation promotes breast cancer metastasis.
Science. 2020. https://doi.org/10.1126/science.aay0939.
16. Hu X, Harvey SE, Zheng R, Lyu J, Grzeskowiak CL, Powell E, PiwnicaWorms H, Scott KL, Cheng C. The RNA-binding protein AKAP8 suppresses tumor metastasis by antagonizing EMT-associated alternative
splicing. Nat Commun. 2020;11:486.
17. Singh R, Bassett E, Chakravarti A, Parthun MR. Replication-dependent
histone isoforms: a new source of complexity in chromatin structure
and function. Nucleic Acids Res. 2018;46:8665–78.
18. Jenuwein T, Allis CD. Translating the histone code. Science.
2001;293:1074–80.
19. Audia JE, Campbell RM. Histone modifications and cancer. Cold Spring
Harb Perspect Biol. 2016;8:a019521.
20. Mei Q, Huang J, Chen W, Tang J, Xu C, Yu Q, Cheng Y, Ma L, Yu X, Li S.
Regulation of DNA replication-coupled histone gene expression. Oncotarget. 2017;8:95005–22.
21. Szerlong HJ, Hansen JC. Nucleosome distribution and linker DNA: connecting nuclear function to dynamic chromatin structure. Biochem Cell
Biol. 2011;89:24–34.

Page 19 of 23

22. McGinty RK, Tan S. Nucleosome structure and function. Chem Rev.
2015;115:2255–73.
23. Tekel SJ, Haynes KA. Molecular structures guide the engineering of
chromatin. Nucleic Acids Res. 2017;45:7555–70.
24. Jeronimo C, Watanabe S, Kaplan CD, Peterson CL, Robert F. The histone
chaperones FACT and Spt6 restrict H2A.Z from intragenic locations. Mol
Cell. 2015;58:1113–23.
25. Das C, Tyler JK, Churchill ME. The histone shuffle: histone chaperones in
an energetic dance. Trends Biochem Sci. 2010;35:476–89.
26. Burgess RJ, Zhang Z. Histone chaperones in nucleosome assembly and
human disease. Nat Struct Mol Biol. 2013;20:14.
27. Avvakumov N, Nourani A, Côté J. Histone chaperones: modulators of
chromatin marks. Mol Cell. 2011;41:502–14.
28. Valieva ME, Feofanov AV, Studitsky VM. Histone chaperones: variety and
functions. Moscow Univ Biol Sci Bull. 2016;71:165–9.
29. Hammond CM, Strømme CB, Huang H, Patel DJ, Groth A. Histone
chaperone networks shaping chromatin function. Nat Rev Mol Cell Biol.
2017;18:141–58.
30. Venkatesh S, Workman JL. Histone exchange, chromatin structure and
the regulation of transcription. Nat Rev Mol Cell Biol. 2015;16:178–89.
31. Dhall A, Wei S, Fierz B, Woodcock CL, Lee TH, Chatterjee C. Sumoylated
human histone H4 prevents chromatin compaction by inhibiting longrange internucleosomal interactions. J Biol Chem. 2014;289:33827–37.
32. Quenet D. Histone variants and disease. Int Rev Cell Mol Biol.
2018;335:1–39.
33. Li GY, McCulloch RD, Fenton AL, Cheung M, Meng L, Ikura M, Koch
CA. Structure and identification of ADP-ribose recognition motifs of
APLF and role in the DNA damage response. Proc Nat Acad Sci USA.
2010;107:9129–34.
34. Bannister AJ, Schneider R, Kouzarides T. Histone methylation: dynamic
or static? Cell. 2002;109:801–6.
35. Weberpals JI, O’Brien AM, Niknejad N, Garbuio KD, Clark-Knowles KV,
Dimitroulakos J. The effect of the histone deacetylase inhibitor M344
on BRCA1 expression in breast and ovarian cancer cells. Cancer Cell Int.
2011;11:29.
36. Wilson AJ, Holson E, Wagner F, Zhang YL, Fass DM, Haggarty SJ,
Bhaskara S, Hiebert SW, Schreiber SL, Khabele D. The DNA damage mark
pH2AX differentiates the cytotoxic effects of small molecule HDAC
inhibitors in ovarian cancer cells. Cancer Biol Ther. 2011;12:484–93.
37. Corbeski I, Dolinar K, Wienk H, Boelens R, van Ingen H. DNA repair factor
APLF acts as a H2A–H2B histone chaperone through binding its DNA
interaction surface. Nucleic Acids Res. 2018;46:7138–52.
38. Cherry AL, Nott TJ, Kelly G, Rulten SL, Caldecott KW, Smerdon SJ. Versatility in phospho-dependent molecular recognition of the XRCC1 and
XRCC4 DNA-damage scaffolds by aprataxin-family FHA domains. DNA
Repair. 2015;35:116–25.
39. Mehrotra PV, Ahel D, Ryan DP, Weston R, Wiechens N, Kraehenbuehl R,
Owen-Hughes T, Ahel I. DNA repair factor APLF is a histone chaperone.
Mol Cell. 2011;41:46–55.
40. Majumder A, Syed KM, Mukherjee A, Lankadasari MB, Azeez JM, Sreeja
S, Harikumar KB, Pillai MR, Dutta D. Enhanced expression of histone
chaperone APLF associate with breast cancer. Mol Cancer. 2018;17:76.
41. Kato T, Sato N, Hayama S, Yamabuki T, Ito T, Miyamoto M, Kondo S,
Nakamura Y, Daigo Y. Activation of holliday junction-recognizing protein involved in the chromosomal stability and immortality of cancer
cells. Cancer Res. 2007;67:8544–53.
42. Hu H, Liu Y, Wang M, Fang J, Huang H, Yang N, Li Y, Wang J, Yao X, Shi Y,
Li G, Xu RM. Structure of a CENP-A–histone H4 heterodimer in complex
with chaperone HJURP. Genes Dev. 2011;25:901–6.
43. Montes de Oca R, Gurard-Levin ZA, Berger F, Rehman H, Martel E, Corpet A, de Koning L, Vassias I, Wilson LO, Meseure D, Reyal F, Savignoni A,
Asselain B, Sastre-Garau X, Almouzni G. The histone chaperone HJURP is
a new independent prognostic marker for luminal A breast carcinoma.
Mol Oncol. 2015;9:657–74.
44. Hu Z, Huang G, Sadanandam A, Gu S, Lenburg ME, Pai M, Bayani N,
Blakely EA, Gray JW, Mao JH. The expression level of HJURP has an independent prognostic impact and predicts the sensitivity to radiotherapy
in breast cancer. Breast Cancer Res. 2010;12:R18.
45. Coates P, Dewar J, Thompson AM. At last, a predictive and prognostic
marker for radiotherapy? Breast Cancer Res. 2010;12:106.

Nandy et al. Cell Biosci

(2020) 10:52

46. Bravaccini S, Tumedei MM, Scarpi E, Zoli W, Rengucci C, Serra L, Curcio
A, Buggi F, Folli S, Rocca A, Maltoni R, Puccetti M, Amadori D, Silvestrini
R. New biomarkers to predict the evolution of in situ breast cancers.
Biomed Res Int. 2014;2014:159765.
47. Snowden T, Acharya S, Butz C, Berardini M, Fishel R. hMSH4-hMSH5 recognizes Holliday Junctions and forms a meiosis-specific sliding clamp
that embraces homologous chromosomes. Mol Cell. 2004;15:437–51.
48. Yao Y, Dai W. Genomic instability and cancer. J Carcinog Mutagen.
2014;5:1000165.
49. Voon HP, Wong LH. New players in heterochromatin silencing: histone
variant H3.3 and the ATRX/DAXX chaperone. Nucleic Acids Res.
2016;44:1496–501.
50. Mahmud I, Liao D. DAXX in cancer: phenomena, processes, mechanisms and regulation. Nucleic Acids Res. 2019;47:7734–52.
51. Hoelper D, Huang H, Jain AY, Patel DJ, Lewis PW. Structural and mechanistic insights into ATRX-dependent and-independent functions of the
histone chaperone DAXX. Nat Commun. 2017;8:1193.
52. Morozov VM, Massoll NA, Vladimirova OV, Maul GG, Ishov AM. Regulation of c-met expression by transcription repressor Daxx. Oncogene.
2008;27:2177–86.
53. Shi Y, Jin J, Wang X, Ji W, Guan X. DAXX, as a tumor suppressor, impacts
dna damage repair and sensitizes BRCA-proficient TNBC cells to PARP
inhibitors. Neoplasia. 2019;21:533–44.
54. Wiegmans AP, Al-Ejeh F, Chee N, Yap PY, Gorski JJ, Da Silva L, Bolderson
E, Chenevix-Trench G, Anderson R, Simpson PT, Lakhani SR, Khanna KK.
Rad51 supports triple negative breast cancer metastasis. Oncotarget.
2014;5:3261–71.
55. Nye J, Melters DP, Dalal Y. The art of war: harnessing the epigenome
against cancer. F1000Res. 2018;7:141.
56. Brázda V, Laister RC, Jagelská EB, Arrowsmith C. Cruciform structures are
a common DNA feature important for regulating biological processes.
BMC Mol Biol. 2011;12:33.
57. Ivanauskiene K, Delbarre E, McGhie JD, Küntziger T, Wong LH, Collas P.
The PML-associated protein DEK regulates the balance of H3. 3 loading
on chromatin and is important for telomere integrity. Genome Res.
2014;1(24):1584–94.
58. Kappes F, Waldmann T, Mathew V, Yu J, Zhang L, Khodadoust MS,
Chinnaiyan AM, Luger K, Erhardt S, Schneider R, Markovitz DM. The DEK
oncoprotein is a Su (var) that is essential to heterochromatin integrity.
Genes Dev. 2011;25:673–8.
59. Hollenbach AD, McPherson CJ, Mientjes EJ, Iyengar R, Grosveld G. Daxx
and histone deacetylase II associate with chromatin through an interaction with core histones and the chromatin-associated protein Dek. J
Cell Sci. 2002;115:3319–30.
60. Vinnedge LP, McClaine R, Wagh PK, Wikenheiser-Brokamp KA, Waltz
SE, Wells SI. The human DEK oncogene stimulates β-catenin signaling,
invasion and mammosphere formation in breast cancer. Oncogene.
2011;30:2741–52.
61. Vinnedge LP, Benight NM, Wagh PK, Pease NA, Nashu MA, SerranoLopez J, Adams AK, Cancelas JA, Waltz SE, Wells SI. The DEK oncogene
promotes cellular proliferation through paracrine Wnt signaling in Ron
receptor-positive breast cancers. Oncogene. 2015;34:2325–36.
62. Yang Y, Gao M, Lin Z, Chen L, Jin Y, Zhu G, Wang Y, Jin T. DEK promoted
EMT and angiogenesis through regulating PI3K/AKT/mTOR pathway in
triple-negative breast cancer. Oncotarget. 2017;8:98708–22.
63. Zhang Y, Liu J, Wang S, Luo X, Li Y, Lv Z, Zhu J, Lin J, Ding L, Ye Q. The
DEK oncogene activates VEGF expression and promotes tumor angiogenesis and growth in HIF-1α-dependent and-independent manners.
Oncotarget. 2016;7:23740–56.
64. Liu S, Wang X, Sun F, Kong J, Li Z, Lin Z. DEK overexpression is correlated
with the clinical features of breast cancer. Pathol Int. 2012;62:176–81.
65. Abba MC, Sun H, Hawkins KA, Drake JA, Hu Y, Nunez MI, Gaddis S, Shi
T, Horvath S, Sahin A, Aldaz CM. Breast cancer molecular signatures as
determined by SAGE: correlation with lymph node status. Mol Cancer
Res. 2007;5:881–90.
66. Shi YH, Fang WG. Hypoxia-inducible factor-1 in tumour angiogenesis.
World J Gastroenterol. 2004;10:1082–7.
67. Mao Z, Pan L, Wang W, Sun J, Shan S, Dong Q, Liang X, Dai L, Ding
X, Chen S, Zhang Z, Zhu B, Zhou Z. Anp32e, a higher eukaryotic
histone chaperone directs preferential recognition for H2A.Z. Cell Res.
2014;24:389–99.

Page 20 of 23

68. Obri A, Ouararhni K, Papin C, Diebold ML, Padmanabhan K, Marek
M, Stoll I, Roy L, Reilly PT, Mak TW, Dimitrov S, Romier C, Hamiche A.
ANP32E is a histone chaperone that removes H2A.Z from chromatin.
Nature. 2014;505:648–53.
69. Xiong Z, Ye L, Zhenyu H, Li F, Xiong Y, Lin C, Wu X, Deng G, Shi W, Song
L, Yuan Z, Wang X. ANP32E induces tumorigenesis of triple-negative
breast cancer cells by upregulating E2F1. Mol Oncol. 2018;12:896–912.
70. Culhane AC, Quackenbush J. Confounding effects in “A six-gene
signature predicting breast cancer lung metastasis”. Cancer Res.
2009;69:7480–5.
71. Landemaine T, Jackson A, Bellahcene A, Rucci N, Sin S, Abad BM, Sierra
A, Boudinet A, Guinebretiere JM, Ricevuto E, Nogues C, Briffod M,
Bièche I, Cherel P, Garcia T, Castronovo V, Teti A, Lidereau R, Driouch K.
A six-gene signature predicting breast cancer lung metastasis. Cancer
Res. 2008;68:6092–9.
72. Mathe A, Wong-Brown M, Morten B, Forbes JF, Braye SG, Avery-Kiejda
KA, Scott RJ. Novel genes associated with lymph node metastasis in
triple negative breast cancer. Sci Rep. 2015;5:15832.
73. Li P, Xu T, Zhou X, Liao L, Pang G, Luo W, Han L, Zhang J, Luo X, Xie X,
Zhu K. Downregulation of miRNA-141 in breast cancer cells is associated with cell migration and invasion: involvement of ANP32E targeting. Cancer Med. 2017;6:662–72.
74. Agez M, Chen J, Guerois R, Van Heijenoort C, Thuret JY, Mann C, Ochsenbein F. Structure of the histone chaperone ASF1 bound to the histone
H3 C-terminal helix and functional insights. Structure. 2007;15:191–9.
75. Corpet A, De Koning L, Toedling J, Savignoni A, Berger F, Lemaître C,
O’sullivan RJ, Karlseder J, Barillot E, Asselain B, Sastre-Garau X, Almouzni
G. Asf1b, the necessary Asf1 isoform for proliferation, is predictive of
outcome in breast cancer. EMBO J. 2011;30:480–93.
76. Hansen JC, Nyborg JK, Luger K, Stargell LA. Histone chaperones, histone
acetylation, and the fluidity of the chromogenome. J Cell Physiol.
2010;224:289–99.
77. Wang T, Liu Y, Edwards G, Krzizike D, Scherman H, Luger K. The histone
chaperone FACT modulates nucleosome structure by tethering its
components. Life Sci Alliance. 2018;1:e201800107.
78. Winkler DD, Luger K. The histone chaperone FACT: structural insights
and mechanisms for nucleosome reorganization. J Biol Chem.
2011;286:18369–74.
79. Attwood K, Fleyshman D, Prendergast L, Paszkiewicz G, Omilian AR,
Bshara W, Gurova K. Prognostic value of histone chaperone FACT subunits expression in breast cancer. Breast Cancer. 2017;9:301–11.
80. Brankin B, Skaar TC, Brotzman M, Trock B, Clarke R. Autoantibodies to
the nuclear phosphoprotein nucleophosmin in breast cancer patients.
Cancer Epidemiol Biomark Prev. 1998;7:1109–15.
81. Swaminathan V, Kishore AH, Febitha KK, Kundu TK. Human histone
chaperone nucleophosmin enhances acetylation-dependent chromatin transcription. Mol Cell Biol. 2005;25:7534–45.
82. Zeng D, Xiao Y, Zhu J, Peng C, Liang W, Lin H. Knockdown of nucleophosmin 1 suppresses proliferation of triple-negative breast cancer
cells through activating CDH1/Skp2/p27kip1 pathway. Cancer Manag
Res. 2018;11:143–56.
83. Vydra J, Selicharová I, Smutná K, Šanda M, Matoušková E, Buršíková E,
Prchalová M, Velenská Z, Coufal D, Jiráček J. Two-dimensional electrophoretic comparison of metastatic and non-metastatic human breast
tumors using in vitro cultured epithelial cells derived from the cancer
tissues. BMC Cancer. 2008;8:107.
84. Skaar TC, Prasad SC, Sharareh S, Lippman ME, Brünner N, Clarke R.
Two-dimensional gel electrophoresis analyses identify nucleophosmin
as an estrogen regulated protein associated with acquired estrogenindependence in human breast cancer cells. J Steroid Biochem Mol
Biol. 1998;67:391–402.
85. West MH, Bonner WM. Histone 2A, a heteromorphous family of eight
protein species. Biochemistry. 1980;19:3238–45.
86. Karhemo PR, Rivinoja A, Lundin J, Hyvönen M, Chernenko A, Lammi
J, Sihto H, Lundin M, Heikkilä P, Joensuu H, Bono P, Laakkonen P. An
extensive tumor array analysis supports tumor suppressive role for
nucleophosmin in breast cancer. Am J Pathol. 2011;179:1004–14.
87. Domaschenz R, Kurscheid S, Nekrasov M, Han S, Tremethick DJ. The histone variant H2A.Z is a master regulator of the epithelial–mesenchymal
transition. Cell Rep. 2017;21:943.

Nandy et al. Cell Biosci

(2020) 10:52

88. Kim HS, Vanoosthuyse V, Fillingham J, Roguev A, Watt S, Kislinger T,
Treyer A, Carpenter LR, Bennett CS, Emili A, Greenblatt JF, Hardwick KG,
Krogan NJ, Bähler J, Keogh MC. An acetylated form of histone H2A.Z
regulates chromosome architecture in Schizosaccharomyces pombe. Nat
Struct Mol Biol. 2009;16:1286–93.
89. Hardy S, Jacques PÉ, Gévry N, Forest A, Fortin MÈ, Laflamme L, Gaudreau L, Robert F. The euchromatic and heterochromatic landscapes are
shaped by antagonizing effects of transcription on H2AZ deposition.
PLOS Genet. 2009;5:e1000687.
90. Tsai CH, Chen YJ, Yu CJ, Tzeng SR, Wu IC, Kuo WH, Lin MC, Chan NL, Wu
KJ, Teng SC. SMYD3-mediated H2A.Z. 1 methylation promotes cell cycle
and cancer proliferation. Cancer Res. 2016;76:6043–53.
91. Svotelis A, Gévry N, Grondin G, Gaudreau L. H2A. Z overexpression
promotes cellular proliferation of breast cancer cells. Cell Cycle.
2010;9:364–70.
92. Rangasamy D. Histone variant H2A. Z can serve as a new target for
breast cancer therapy. Curr Med Chem. 2010;17:3155–61.
93. Farris SD, Rubio ED, Moon JJ, Gombert WM, Nelson BH, Krumm A. Transcription-induced chromatin remodeling at the c-myc gene involves
the local exchange of histone H2A.Z. J Biol Chem. 2005;280:25298–303.
94. Gévry N, Chan HM, Laflamme L, Livingston DM, Gaudreau L. p21
transcription is regulated by differential localization of histone H2A.Z.
Genes Dev. 2007;21:1869–81.
95. Cantariño N, Douet J, Buschbeck M. MacroH2A–an epigenetic regulator
of cancer. Cancer Lett. 2013;336:247–52.
96. Kim J, Shin Y, Lee S, Kim M, Punj V, Lu JF, Shin H, Kim K, Ulmer TS, Koh J,
Jeong D, An W. Regulation of breast cancer-induced osteoclastogenesis by MacroH2A1.2 involving EZH2-mediated H3K27me3. Cell Rep.
2018;24:224–37.
97. Rasmussen TP, Huang T, Mastrangelo MA, Loring J, Panning B, Jaenisch
R. Messenger RNAs encoding mouse histone macroH2A1 isoforms
are expressed at similar levels in male and female cells and result from
alternative splicing. Nucleic Acids Res. 1999;27:3685–9.
98. Chadwick BP, Willard HF. Histone H2A variants and the inactive X chromosome: identification of a second macroH2A variant. Hum Mol Genet.
2001;10:1101–13.
99. Fried VA. MacroH2A, a core histone containing a large nonhistone
region. Science. 1992;257:1398–400.
100. Douet J, Corujo D, Malinverni R, Renauld J, Sansoni V, Marjanović MP,
Cantariño N, Valero V, Mongelard F, Bouvet P, Imhof A, Thiry M, Buschbeck M. MacroH2A histone variants maintain nuclear organization and
heterochromatin architecture. J Cell Sci. 2017;130:1570–82.
101. Li X, Kuang J, Shen Y, Majer MM, Nelson CC, Parsawar K, Heichman KA,
Kuwada SK. The atypical histone macroH2A1.2 interacts with HER-2
protein in cancer cells. J Biol Chem. 2012;287:23171–83.
102. Xu D, Li CF, Zhang X, Gong Z, Chan CH, Lee SW, Jin G, Rezaeian AH, Han
F, Wang J, Yang WL, Feng ZZ, Chen W, Wu CY, Wang YJ, Chow LP, Zhu XF,
Zeng YX, Lin HK. Skp2–MacroH2A1–CDK8 axis orchestrates G2/M transition and tumorigenesis. Nat Commun. 2015;6:6641.
103. Dardenne E, Pierredon S, Driouch K, Gratadou L, Lacroix-Triki M,
Espinoza MP, Zonta E, Germann S, Mortada H, Villemin JP, Dutertre
M, Lidereau R, Vagner S, Auboeuf D. Splicing switch of an epigenetic
regulator by RNA helicases promotes tumor-cell invasiveness. Nat Struc
Mol Biol. 2012;19:1139–46.
104. Lavigne AC, Castells M, Mermet J, Kocanova S, Dalvai M, Bystricky K.
Increased macroH2A1.1 expression correlates with poor survival of
triple-negative breast cancer patients. PLoS ONE. 2014;9:e98930.
105. Lee YC, Yin TC, Chen YT, Chai CY, Wang JY, Liu MC, Lin YC, Kan JY. High
expression of phospho-H2AX predicts a poor prognosis in colorectal
cancer. Anticancer Res. 2015;35:2447–53.
106. Shaheen FS, Znojek P, Fisher A, Webster M, Plummer R, Gaughan
L, Smith GC, Leung HY, Curtin NJ, Robson CN. Targeting the DNA
double strand break repair machinery in prostate cancer. PLoS ONE.
2011;6:e20311.
107. Martin OA, Bonner WM. γ-H2AX in cancer cells: a potential biomarker for cancer diagnostics, prediction and recurrence. Cell Cycle.
2006;5:2909–13.
108. Rezaeian AH, Li CF, Wu CY, Zhang X, Delacerda J, You MJ, Han F, Cai
Z, Jeong YS, Jin G, Phan L, Chou PC, Lee MH, Hung MC, Sarbassov
D, Lin HK. A hypoxia-responsive TRAF6–ATM–H2AX signalling axis

Page 21 of 23

109.
110.
111.

112.

113.
114.

115.

116.

117.

118.
119.
120.
121.
122.

123.

124.
125.

126.

127.

128.

promotes HIF1α activation, tumorigenesis and metastasis. Nat Cell Biol.
2017;19:38–51.
Garcia-Villa A, Balsubramanian P, Miller B, Lustberg M, Ramaswamy B,
Chalmers JJ. Assessment of γ-H2AX levels in circulating tumor cells
from patients receiving chemotherapy. Front Oncol. 2012;2:128.
Wang B, Zhang Z, Xia SA, Jiang M, Wang Y. Expression of γ-H2AX
and patient prognosis in breast cancer cohort. J Cell Biochem.
2019;120:12958–65.
Nagelkerke A, van Kuijk SJ, Sweep FC, Nagtegaal ID, Hoogerbrugge N,
Martens JW, Timmermans MA, van Laarhoven HW, Bussink J, Span PN.
Constitutive expression of γ-H2AX has prognostic relevance in triple
negative breast cancer. Radiother Oncol. 2011;101:39–45.
Salhia B, Kiefer J, Ross JT, Metapally R, Martinez RA, Johnson KN, DiPerna
DM, Paquette KM, Jung S, Nasser S, Wallstrom G. Integrated genomic
and epigenomic analysis of breast cancer brain metastasis. PLoS ONE.
2014;9:e85448.
Wu Y, Gu Y, Guo S, Dai Q, Zhang W. Expressing status and correlation of ARID1A and histone H2B on breast cancer. Biomed Res Int.
2016;2016:7593787.
Nayak SR, Harrington E, Boone D, Hartmaier R, Chen J, Pathiraja TN,
Cooper KL, Fine JL, Sanfilippo J, Davidson NE, Lee AV, Dabbs D, Oesterreich S. A role for histone H2B variants in endocrine-resistant breast
cancer. Horm Cancer. 2015;6:214–24.
Long M, Sun X, Shi W, Yanru A, Leung ST, Ding D, Cheema MS, MacPherson N, Nelson CJ, Ausio J, Yan Y, Ishibashi T. A novel histone H4 variant
H4G regulates rDNA transcription in breast cancer. Nucleic Acids Res.
2019;47:8399–409.
Rajput AB, Hu N, Varma S, Chen CH, Ding K, Park PC, Chapman JA,
SenGupta SK, Madarnas Y, Elliott BE, Feilotter HE. Immunohistochemical
Assessment of Expression of Centromere Protein—A (CENPA) in Human
Invasive Breast Cancer. Cancers. 2011;3:4212–27.
McGovern SL, Qi Y, Pusztai L, Symmans WF, Buchholz TA. Centromere
protein-A, an essential centromere protein, is a prognostic marker for
relapse in estrogen receptor-positive breast cancer. Breast Cancer Res.
2012;14:R72.
Kostova NN, Srebreva LN, Milev AD, Bogdanova OG, Rundquist I, Lindner HH, Markov DV. Immunohistochemical demonstration of histone
H1 0 in human breast carcinoma. Histochem Cell Biol. 2005;124:435–43.
Fabrizio P, Garvis S, Palladino F. Histone methylation and memory of
environmental stress. Cells. 2019;8:339.
Hyun K, Jeon J, Park K, Kim J. Writing, erasing and reading histone lysine
methylations. Exp Mol Med. 2017;49:e324.
Greer EL, Shi Y. Histone methylation: a dynamic mark in health, disease
and inheritance. Nat Rev Genet. 2012;13:343–57.
Su Y, Hopfinger NR, Nguyen TD, Pogash TJ, Santucci-Pereira J, Russo
J. Epigenetic reprogramming of epithelial mesenchymal transition in
triple negative breast cancer cells with DNA methyltransferase and
histone deacetylase inhibitors. J Exp Clin Cancer Res. 2018;37:314–32.
Cao L, Wu G, Zhu J, Tan Z, Shi D, Wu X, Tang M, Li Z, Hu Y, Zhang S, Yu
R, Mo S, Wu J, Song E, Li M, Song L, Li J. Genotoxic stress-triggered
β-catenin/JDP2/PRMT5 complex facilitates reestablishing glutathione
homeostasis. Nat Commun. 2019;10:3761.
Spangle JM, Dreijerink KM, Groner AC, Cheng H, Ohlson CE, Reyes J, Lin
CY, Bradner J, Zhao JJ, Roberts TM, Brown M. PI3K/AKT signaling regulates H3K4 methylation in breast cancer. Cell Rep. 2016;15:2692–704.
Chang S, Yim S, Park H. The cancer driver genes IDH1/2, JARID1C/
KDM5C, and UTX/KDM6A: crosstalk between histone demethylation
and hypoxic reprogramming in cancer metabolism. Exp Mol Med.
2019;51:1–17.
Mese G, Yalcin-Ozuysal O. Epigenetics of Breast cancer: DNA methylome and global histone modifications. In: Mishra M, Bishnupuri K,
editors. Epigenetic advancements in cancer. Springer: Cham; 2016. p.
207–28.
Wei Y, Xia W, Zhang Z, Liu J, Wang H, Adsay NV, Albarracin C, Yu D,
Abbruzzese JL, Mills GB, Bast RC Jr, Hortobagyi GN, Hung MC. Loss
of trimethylation at lysine 27 of histone H3 is a predictor of poor
outcome in breast, ovarian, and pancreatic cancers. Mol Carcinog.
2008;47:701–6.
Gan L, Yang Y, Li Q, Feng Y, Liu T, Guo W. Epigenetic regulation of
cancer progression by EZH2: from biological insights to therapeutic
potential. Biomark Res. 2018;6:2–10.

Nandy et al. Cell Biosci

(2020) 10:52

129. Holm K, Grabau D, Lövgren K, Aradottir S, Gruvberger-Saal S, Howlin J,
Saal LH, Ethier SP, Bendahl PO, Stål O, Malmström P, Fernö M, Rydén L,
Hegardt C, Borg Å, Ringnér M. Global H3K27 trimethylation and EZH2
abundance in breast tumor subtypes. Mol Oncol. 2012;6:494–506.
130. Yoo KH, Hennighausen L. EZH2 methyltransferase and H3K27 methylation in breast cancer. Int J Biol Sci. 2012;8(1):59–65.
131. Nassa G, Salvati A, Tarallo R, Gigantino V, Alexandrova E, Memoli D,
Sellitto A, Rizzo F, Malanga D, Mirante T, Morelli E, Nees M, Åkerfelt M,
Kangaspeska S, Nyman TA, Milanesi L, Giurato G, Weisz A. Inhibition
of histone methyltransferase DOT1L silences ERα gene and blocks
proliferation of antiestrogen-resistant breast cancer cells. Sci Adv.
2019;5:eaav5590.
132. Cho MH, Park JH, Choi HJ, Park MK, Won HY, Park YJ, Lee CH, Oh SH,
Song YS, Kim HS, Oh YH, Lee JY, Kong G. DOT1L cooperates with the
c-Myc-p300 complex to epigenetically derepress CDH1 transcription
factors in breast cancer progression. Nat Commun. 2015;6:7821–35.
133. Oktyabri D, Ishimura A, Tange S, Terashima M, Suzuki T. DOT1L histone
methyltransferase regulates the expression of BCAT1 and is involved
in sphere formation and cell migration of breast cancer cell lines.
Biochimie. 2016;123:20–31.
134. Ananieva EA, Wilkinson AC. Branched-chain amino acid metabolism
in cancer. Curr Opin Clin Nutr Metab Care. 2018;21:64–70.
135. Elsheikh SE, Green AR, Rakha EA, Powe DG, Ahmed RA, Collins HM,
Soria D, Garibaldi JM, Paish CE, Ammar AA, Grainge MJ. Global
histone modifications in breast cancer correlate with tumor
phenotypes, prognostic factors, and patient outcome. Cancer Res.
2009;69:3802–9.
136. Wang SC, Dowhan DH, Muscat G. Epigenetic arginine methylation
in breast cancer: emerging therapeutic strategies. J Mol Endocrinol.
2019;62:R223–37.
137. Verdone L, Agricola E, Caserta M, Di Mauro E. Histone acetylation in
gene regulation. Brief Funct Genom. 2006;5:209–21.
138. Barnes PJ, Adcock IM, Ito K. Histone acetylation and deacetylation:
importance in inflammatory lung diseases. Eur Respir J. 2005;25:552–63.
139. Zucchetti B, Shimada AK, Katz A, Curigliano G. The role of histone deacetylase inhibitors in metastatic breast cancer. Breast. 2019;43:130–4.
140. Liu N, Li S, Wu N, Cho KS. Acetylation and deacetylation in cancer stemlike cells. Oncotarget. 2017;8:89315.
141. Kamiya T, Goto A, Kurokawa E, Hara H, Adachi T. Cross talk mechanism among EMT, ROS, and histone acetylation in phorbol estertreated human breast cancer MCF-7 cells. Oxid Med Cell Longev.
2016;2016:1–11.
142. Karadedou CT, Gomes AR, Chen J, Petkovic M, Ho KK, Zwolinska AK, Feltes A, Wong SY, Chan KY, Cheung YN, Tsang JW. FOXO3a represses VEGF
expression through FOXM1-dependent and-independent mechanisms
in breast cancer. Oncogene. 2012;31:1845–58.
143. Yao R, Jiang H, Ma Y, Wang L, Wang L, Du J, Hou P, Gao Y, Zhao L, Wang
G, Zhang Y. PRMT7 induces epithelial-to-mesenchymal transition and
promotes metastasis in breast cancer. Cancer Res. 2014;74:5656–67.
144. Macaluso M, Cinti C, Russo G, Russo A, Giordano A. pRb2/p130-E2F4/5HDAC1-SUV39H1-p300 and pRb2/p130-E2F4/5-HDAC1-SUV39H1DNMT1 multimolecular complexes mediate the transcription of
estrogen receptor-α in breast cancer. Oncogene. 2003;22:3511–7.
145. Mishra SK, Mandal M, Mazumdar A, Kumar R. Dynamic chromatin
remodeling on the HER2 promoter in human breast cancer cells. FEBS
Lett. 2001;507:88–94.
146. Guo P, Chen W, Li H, Li M, Li L. The histone acetylation modifications
of breast cancer and their therapeutic implications. Pathol Oncol Res.
2018;24:807–13.
147. Hałasa M, Wawruszak A, Przybyszewska A, Jaruga A, Guz M, Kałafut J,
Stepulak A, Cybulski M. H3K18Ac as a marker of cancer progression and
potential target of anti-cancer therapy. Cells. 2019;8:485–513.
148. Messier TL, Gordon JA, Boyd JR, Tye CE, Browne G, Stein JL, Lian JB, Stein
GS. Histone H3 lysine 4 acetylation and methylation dynamics define
breast cancer subtypes. Oncotarget. 2016;7:91723–33.
149. Bellucci L, Dalvai M, Kocanova S, Moutahir F, Bystricky K. Activation
of p21 by HDAC inhibitors requires acetylation of H2A.Z. PLoS ONE.
2013;8:e54102.
150. Dong H, Hu J, Zou K, Ye M, Chen Y, Wu C, Chen X, Han M. Activation of
LncRNA TINCR by H3K27 acetylation promotes Trastuzumab resistance

Page 22 of 23

151.

152.
153.
154.

155.
156.
157.

158.
159.
160.
161.
162.
163.
164.

165.
166.
167.

168.
169.
170.
171.

and epithelial-mesenchymal transition by targeting MicroRNA-125b in
breast cancer. Mol Cancer. 2019;18:3–21.
Treviño LS, Wang Q, Walker CL. Phosphorylation of epigenetic “readers,
writers and erasers”: implications for developmental reprogramming
and the epigenetic basis for health and disease. Prog Biophys Mol Biol.
2015;118:8–13.
Shanmugam MK, Arfuso F, Arumugam S, Chinnathambi A, Jinsong B,
Warrier S, Wang LZ, Kumar AP, Ahn KS, Sethi G, Lakshmanan M. Role of
novel histone modifications in cancer. Oncotarget. 2018;9:11414–26.
Yang SX, Polley EC, Nguyen D. Association of γH2AX at diagnosis with
chemotherapy outcome in patients with breast cancer. Theranostics.
2017;7:945.
Liu Y, Long YH, Wang SQ, Zhang YY, Li YF, Mi JS, Yu CH, Li DY, Zhang
JH, Zhang XJ. JMJD6 regulates histone H2A.X phosphorylation and
promotes autophagy in triple-negative breast cancer cells via a novel
tyrosine kinase activity. Oncogene. 2019;38:980–97.
Lee LH, Swanson PE, Tang PA, Bigras G, Yang H. Association between
phosphorylated histone H3 and oncotype DX recurrence scores in
breast cancer. Appl Immunohistochem Mol Morphol. 2017;25:25–31.
Cui X, Harada S, Shen D, Siegal GP, Wei S. The utility of phosphohistone
H3 in breast cancer grading. Appl Immunohistochem Mol Morphol.
2015;23:689–95.
Lai CP, Yeong JP, Tan AS, Ong CH, Lee B, Lim JC, Thike AA, Iqbal J, Dent
RA, Lim EH, Tan PH. Evaluation of phospho-histone H3 in Asian triplenegative breast cancer using multiplex immunofluorescence. Breast
Cancer Res Treat. 2019;178(2):295–305.
Li F, Adam L, Vadlamudi RK, Zhou H, Sen S, Chernoff J, Mandal M, Kumar
R. p21-activated kinase 1 interacts with and phosphorylates histone H3
in breast cancer cells. EMBO Rep. 2002;3:767–73.
Niu J, Shi Y, Tan G, Yang CH, Fan M, Pfeffer LM, Wu ZH. DNA damage
induces NF-κB-dependent microRNA-21 up-regulation and promotes
breast cancer cell invasion. J Biol Chem. 2012;287:21783–95.
Castellana B, Aasen T, Moreno-Bueno G, Dunn SE, Ramón y Cajal S.
Interplay between YB-1 and IL-6 promotes the metastatic phenotype in
breast cancer cells. Oncotarget. 2015;6:38239.
Rossetto D, Avvakumov N, Côté J. Histone phosphorylation: a chromatin modification involved in diverse nuclear events. Epigenetics.
2012;7:1098–108.
Harshman SW, Hoover ME, Huang C, Branson OE, Chaney SB, Cheney
CM, Rosol TJ, Shapiro CL, Wysocki VH, Huebner K, Freitas MA. Histone H1
phosphorylation in breast cancer. J Proteome Res. 2014;13:2453–67.
Smeenk G, Mailand N. Writers, readers, and erasers of histone ubiquitylation in DNA double-strand break repair. Front Genet. 2016;7:122–36.
Tarcic O, Granit RZ, Pateras IS, Masury H, Maly B, Zwang Y, Yarden Y,
Gorgoulis VG, Pikarsky E, Ben-Porath I, Oren M. RNF20 and histone H2B
ubiquitylation exert opposing effects in Basal-Like versus luminal breast
cancer. Cell Death Differ. 2017;24:694–704.
Jeusset LM, McManus KJ. Developing targeted therapies that exploit
aberrant histone ubiquitination in cancer. Cells. 2019;8:165–85.
Hu H, Yang Y, Ji Q, Zhao W, Jiang B, Liu R, Yuan J, Liu Q, Li X, Zou Y, Shao
C. CRL4B catalyzes H2AK119 monoubiquitination and coordinates with
PRC2 to promote tumorigenesis. Cancer Cell. 2012;22:781–95.
Prenzel T, Begus-Nahrmann Y, Kramer F, Hennion M, Hsu C, Gorsler T,
Hintermair C, Eick D, Kremmer E, Simons M, Beissbarth T. Estrogendependent gene transcription in human breast cancer cells relies upon
proteasome-dependent monoubiquitination of histone H2B. Cancer
Res. 2011;71:5739–53.
Zhang Y, Yao L, Zhang X, Ji H, Wang L, Sun S, Pang D. Elevated expression of USP22 in correlation with poor prognosis in patients with
invasive breast cancer. J Cancer Res Clin Oncol. 2011;137:1245–53.
Marques M, Jangal M, Wang LC, Kazanets A, da Silva SD, Zhao T, Lovato
A, Yu H, Jie S, del Rincon S, Mackey J. Oncogenic activity of poly (ADPribose) glycohydrolase. Oncogene. 2019;38:2177–91.
Tang X, Zhang H, Long Y, Hua H, Jiang Y, Jing J. PARP9 is overexpressed
in human breast cancer and promotes cancer cell migration. Oncol
Lett. 2018;16:4073–7.
Caruso LB, Martin KA, Lauretti E, Hulse M, Siciliano M, Lupey-Green LN,
Abraham A, Skorski T, Tempera I. Poly (ADP-ribose) polymerase 1, PARP1,
modifies EZH2 and inhibits EZH2 histone methyltransferase activity
after DNA damage. Oncotarget. 2018;9:10585–605.

Nandy et al. Cell Biosci

(2020) 10:52

172. Finnin MS, Donigian JR, Cohen A, Richon VM, Rifkind RA, Marks PA,
Breslow R, Pavletich NP. Structures of a histone deacetylase homologue
bound to the TSA and SAHA inhibitors. Nature. 1999;401:188–93.
173. Alao JP, Lam EW, Ali S, Buluwela L, Bordogna W, Lockey P, Varshochi
R, Stavropoulou AV, Coombes RC, Vigushin DM. Histone deacetylase
inhibitor trichostatin A represses estrogen receptor alpha-dependent
transcription and promotes proteasomal degradation of cyclin D1 in
human breast carcinoma cell lines. Clin Cancer Res. 2004;10:8094–104.
174. Zhuang ZG, Fei F, Chen Y, Jin W. Suberoyl bis-hydroxamic acid induces
p53-dependent apoptosis of MCF-7 breast cancer cells. Acta Pharmacol
Sin. 2008;29:1459–66.
175. Fortunati N, Bertino S, Costantino L, Bosco O, Vercellinatto I, Catalano
MG, Boccuzzi G. Valproic acid is a selective antiproliferative agent in
estrogen-sensitive breast cancer cells. Cancer Lett. 2008;259:156–64.
176. Mawatari T, Ninomiya I, Inokuchi M, Harada S, Hayashi H, Oyama K,
Makino I, Nakagawara H, Miyashita T, Tajima H, Takamura H, Fushida S,
Ohta T. Valproic acid inhibits proliferation of HER2-expressing breast
cancer cells by inducing cell cycle arrest and apoptosis through Hsp70
acetylation. Int J Oncol. 2015;47:2073–81.
177. Damaskos C, Garmpis N, Valsami S, Kontos M, Spartalis E, Kalampokas
T, Kalampokas E, Athanasiou A, Moris D, Daskalopoulou A, Davakis S,
Tsourouflis G, Kontzoglou K, Perrea D, Nikiteas N, Dimitroulis D. Histone
deacetylase inhibitors: an attractive therapeutic strategy against breast
cancer. Anticancer Res. 2017;37:35–46.
178. Mohammad N, Singh SV, Malvi P, Chaube B, Athavale D, Vanuopadath
M, Nair SS, Nair B, Bhat MK. Strategy to enhance efficacy of doxorubicin
in solid tumor cells by methyl-β-cyclodextrin: involvement of p53 and
Fas receptor ligand complex. Sci Rep. 2015;5:11853.
179. Brown JS, Kaye SB, Yap TA. PARP inhibitors: the race is on. Br J Cancer.
2016;114:713–5.
180. Chan A, Delaloge S, Holmes FA, Moy B, Iwata H, Harvey VJ, Robert NJ,
Silovski T, Gokmen E, von Minckwitz G, Ejlertsen B, Chia SKL, Mansi J,
Barrios CH, Gnant M, Buyse M, Gore I, Smith J 2nd, Harker G, Masuda
N, Petrakova K, Zotano AG, Iannotti N, Rodriguez G, Tassone P, Wong
A, Bryce R, Ye Y, Yao B, Martin M, ExteNET Study Group. Neratinib after
trastuzumab-based adjuvant therapy in patients with HER2-positive
breast cancer (ExteNET): a multicentre, randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet Oncol. 2016;17:367–77.
181. Xia W, Husain I, Liu L, Bacus S, Saini S, Spohn J, Pry K, Westlund R, Stein
SH, Spector NL. Lapatinib antitumor activity is not dependent upon
phosphatase and tensin homologue deleted on chromosome 10 in
ErbB2-overexpressing breast cancers. Cancer Res. 2007;67:1170–5.
182. Allensworth JL, Evans MK, Bertucci F, Aldrich AJ, Festa RA, Finetti P, Ueno
NT, Safi R, McDonnell DP, Thiele DJ, Van Laere S, Devi GR. Disulfiram
(DSF) acts as a copper ionophore to induce copper-dependent oxidative stress and mediate anti-tumor efficacy in inflammatory breast
cancer. Mol Oncol. 2015;9:1155–68.
183. Kumar D, Haldar S, Gorain M, Kumar S, Mulani FA, Yadav AS, Miele L,
Thulasiram HV, Kundu GC. Epoxyazadiradione suppresses breast tumor
growth through mitochondrial depolarization and caspase-dependent
apoptosis by targeting PI3K/Akt pathway. BMC Cancer. 2018;18:52.
184. Tong CWS, Wu M, Cho WCS, To KKW. Recent advances in the treatment
of breast cancer. Front Oncol. 2018;8:227.
185. Wang J, Xu B. Targeted therapeutic options and future perspectives for
HER2-positive breast cancer. Signal Transduct Target Ther. 2019;4:34.
186. Holen I, Speirs V, Morrissey B, Blyth K. In vivo models in breast cancer
research: progress, challenges and future directions. Dis Model Mech.
2017;10:359–71.
187. Cheng Y, He C, Wang M, Ma X, Mo F, Yang S, Han J, Wei X. Targeting
epigenetic regulators for cancer therapy: mechanisms and advances in
clinical trials. Signal Transduct Target Ther. 2019;4:62.
188. Chen JY, Luo CW, Lai YS, Wu CC, Hung WC. Lysine demethylase KDM2A
inhibits TET2 to promote DNA methylation and silencing of tumor suppressor genes in breast cancer. Oncogenesis. 2017;6:e369.
189. Thakur C, Chen B, Li L, Zhang Q, Yang ZQ, Chen F. Loss of mdig expression enhances DNA and histone methylation and metastasis of aggressive breast cancer. Signal Transduct Target Ther. 2018;3:25.

Page 23 of 23

190. Li H, Rauch T, Chen ZX, Szabó PE, Riggs AD, Pfeifer GP. The histone
methyltransferase SETDB1 and the DNA methyltransferase DNMT3A
interact directly and localize to promoters silenced in cancer cells. J Biol
Chem. 2006;281:19489–500.
191. Suraweera A, O’Byrne KJ, Richard DJ. Combination therapy with histone
deacetylase inhibitors (HDACi) for the treatment of cancer: achieving
the full therapeutic potential of HDACi. Front Oncol. 2018;8:92.
192. Munster PN, Thurn KT, Thomas S, Raha P, Lacevic M, Miller A, Melisko
M, Ismail-Khan R, Rugo H, Moasser M, Minton SE. A phase II study of
the histone deacetylase inhibitor vorinostat combined with tamoxifen
for the treatment of patients with hormone therapy-resistant breast
cancer. Br J Cancer. 2011;104:1828–35.
193. Tomita Y, Lee MJ, Lee S, Tomita S, Chumsri S, Cruickshank S, Ordentlich
P, Trepel JB. The interplay of epigenetic therapy and immunity in locally
recurrent or metastatic estrogen receptor-positive breast cancer:
correlative analysis of ENCORE 301, a randomized, placebo-controlled
phase II trial of exemestane with or without entinostat. Oncoimmunology. 2016;5:e1219008.
194. Groselj B, Sharma NL, Hamdy FC, Kerr M, Kiltie AE. Histone deacetylase
inhibitors as radiosensitisers: effects on DNA damage signalling and
repair. Br J Cancer. 2013;108:748–54.
195. Sharda A, Rashid M, Shah SG, Sharma AK, Singh SR, Gera P, Chilkapati
MK, Gupta S. Elevated HDAC activity and altered histone phosphoacetylation confer acquired radio-resistant phenotype to breast cancer
cells. Clin Epigenet. 2020;12:4.
196. Gerelchuluun A, Maeda J, Manabe E, Brents CA, Sakae T, Fujimori A,
Chen DJ, Tsuboi K, Kato TA. Histone deacetylase inhibitor induced
radiation sensitization effects on human cancer cells after photon and
hadron radiation exposure. Int J Mol Sci. 2018;19:E496.
197. Varvara PV, Karaolanis G, Valavanis G, Stanc G, Tzaida O, Trihia H, Patapis
P, Dimitroulis D, Perrea D. gamma-H2AX: a potential biomarker in breast
cancer. Tumor Biol. 2019;41:1010428319878536.
198. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the
hallmarks of cancer. Science. 2017;357:eaal2380.
199. McCabe MT, Ott HM, Ganji G, Korenchuk S, Thompson C, Van Aller
GS, Liu Y, Graves AP, Della Pietra A, Diaz E, LaFrance LV, Mellinger M,
Duquenne C, Tian X, Kruger RG, McHugh CF, Brandt M, Miller WH,
Dhanak D, Verma SK, Tummino PJ, Creasy CL. EZH2 inhibition as a therapeutic strategy for lymphoma with EZH2-activating mutations. Nature.
2012;492:108–12.
200. Healey MA, Hu R, Beck AH, Collins LC, Schnitt SJ, Tamimi RM, Hazra A.
Association of H3K9me3 and H3K27me3 repressive histone marks with
breast cancer subtypes in the Nurses’ Health Study. Breast Cancer Res
Treat. 2014;147:639–51.
201. Judes G, Dagdemir A, Karsli-Ceppioglu S, Lebert A, Echegut M, Ngollo
M, Bignon YJ, Penault-Llorca F, Bernard-Gallon D. H3K4 acetylation,
H3K9 acetylation and H3K27 methylation in breast tumor molecular
subtypes. Epigenomics. 2016;8:909–24.
202. Chatterjee A, Rodger EJ, Eccles MR. Epigenetic drivers of tumourigenesis and cancer metastasis. Semin Cancer Biol. 2018;51:149–59.
203. Aryee MJ, Liu W, Engelmann JC, Nuhn P, Gurel M, Haffner MC, Esopi D,
Irizarry RA, Getzenberg RH, Nelson WG, Luo J. DNA methylation alterations exhibit intraindividual stability and interindividual heterogeneity
in prostate cancer metastases. Sci Transl Med. 2013;5:169ra10.
204. Brocks D, Assenov Y, Minner S, Bogatyrova O, Simon R, Koop C, Oakes
C, Zucknick M, Lipka DB, Weischenfeldt J, Feuerbach L. Intratumor
DNA methylation heterogeneity reflects clonal evolution in aggressive
prostate cancer. Cell Rep. 2014;8:798–806.
205. Reyngold M, Turcan S, Giri D, Kannan K, Walsh LA, Viale A, Drobnjak M,
Vahdat LT, Lee W, Chan TA. Remodeling of the methylation landscape in
breast cancer metastasis. PLoS ONE. 2014;9:e103896.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

