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1. ABSTRACT

Accumulating evidence suggests that epigenetic
aberrations play definite roles in the pathogenesis of
endometriosis. These include aberrations in genomic DNA
methylation, microRNA  expression, and histone
modification. The aberrant histone modification status and
the aberrant expression of histone deacetylases, which
regulate histone acetylation, in endometriosis are the focus
of this review. Herein, we summarize the recent studies in
the following areas: (i) hyperacetylation of histones located
in the promoter lesions of G-protein-coupled estrogen
receptor 1, steroidogenic factor-1, and hypoxia-inducible
factor-1 alpha genes and (ii) hypoacetylation of histones
located in the promoter lesions of estrogen receptor alpha,
homeobox A10, CCAAT/enhancer-binding protein alpha,
ple™Kaa p21waf1/Cip1, p27Kip1, checkpoint kinase 2, death
receptor 6, and E-cadherin genes. Further research from the
viewpoint of epigenetics may lead to the identification of
the candidate molecules that are aberrantly expressed in
endometriosis and may help elucidate the pathogenesis of
this disease. In addition, epigenetic drugs (including
histone deacetylase inhibitors) show promise for the
treatment of endometriosis by amending the expression of
these epigenetically dysregulated genes.
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2. INTRODUCTION

Histological evaluations have revealed that
endometriotic tissues share many characteristics with
normal proliferative endometrial tissues (1), but they also
show several molecular differences. These include
differences in gene expression and protein production,
production of and responsiveness to steroids and cytokines,
proteolytic enzymes and their inhibitors, adhesion
molecules, immune components, and tissue structure and
cell proliferation rate (2). Together, aberrations in these
molecular processes may account for the occurrence and
development of endometriosis. Such aberrant expressions
are seemingly quite stable and consistent in endometriosis,
suggesting the involvement of some sort of cellular
memory.

Several groups have observed constitutive
aberrations in endometriosis, such as genomic alterations
and the loss of heterozygosity (3—6). However, no genes
linked to these events have been identified. Other possible
contributors to endometriosis are alterations in the
abundance of transcripts and post-transcriptional regulatory
mechanisms. Inheritance of the phenotypes of cells and
entire organisms without any alterations in their DNA
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content or DNA sequence is the basis of epigenetics (7, 8).
The epigenetic information of any organism, animal, or
human being is transferred to the next generation in one of
two ways: at the cellular level or at the whole-organism
level. The epigenetic information is not encoded into a
DNA sequence. Rather, the phenotypes are established by
nuclear processes (e.g., chromatin modifications such as the
methylation, acetylation, ubiquitination, phosphorylation,
biotinylation, sumoylation, ribosylation, and isomerization
of histones; and DNA methylation) and by microRNA and
double-stranded noncoding RNA, which are interconnected
and may work together to establish and maintain specific
gene activity states in normal cells (7, 9-11).

Among the many epigenetic modification
mechanisms that exist, histone acetylation is one of the
best-understood. Histone acetylation levels are controlled
by a balance between the actions of histone deacetylases
(HDAC:S) and histone acetyltransferases. The latter of these
two enzymes transfers acetyl groups from acetyl-coenzyme
A to lysine residues on the N-terminal region of the
histones to activate genetic transcription. HDACs, on the
other hand, are large multiprotein complexes that target
promoter sites through their interaction with the sequence-
specific transcription process (12). They remove the acetyl
groups, restoring the positive charge on lysine residues and
thus preventing transcription. HDAC inhibitors (HDACIs)
show antiproliferative activity, induce cell-cycle arrest, and
stimulate apoptosis (13).

It is becoming apparent that several histone
modification mechanisms have roles in the pathogenesis of
endometriosis (14-17), and it was demonstrated that
HDACIs may be effective for the treatment of this disease
(14, 18-20). This review summarizes the recent findings on
the aberrant histone modification status and the aberrant
expression of histone deacetylases that regulate histone
acetylation in endometriosis. Most of the epigenetically
dysregulated genes are suggested to be responsible for the
proliferative, anti-apoptotic, and other disease-specific
characteristics of endometriosis, thereby contributing to the
pathogenesis of the disease. We also discuss the therapeutic
potentials of epigenetic drugs, including histone
deacetylase inhibitors, for the treatment and prevention of
endometriosis.

3. GLOBAL HISTONE ACETYLATION AND
METHYLATION STATUS IN ENDOMETRIOSIS

Although aberrant histone modifications are
known to play a role in the pathogenesis of endometriosis,
the histone modification profile of endometriotic tissues
has not been established. In our comparison of eutopic
endometrial stromal cells from unaffected women and
ovarian endometriotic stromal cells, we found the
acetylated levels of histones H3 and H4 to be significantly
lower in the latter type of cells (14). It is of note that H3,
but not H4, is globally hypoacetylated in endometriosis, as
reported by Monteiro et al. (21). Their study also revealed
significantly lower levels of H3K9ac and H4K16ac in this
disease. Xiaomeng et al. (22) evaluated the global H3/H4
acetylation in endometriotic lesions and in the eutopic
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endometrium of patients with endometriosis and found H4
to be hypoacetylated in both tissue types compared with the
eutopic endometrium of unaffected women.

In the same study, and using the same tissue
types for comparison, Xiaomeng ef al. (22) evaluated the
global H3K4/H3K9 methylation status. They observed
global hypomethylation of H3K4 and of H3K9 in both
endometriotic lesions and the eutopic endometrium of
patients with endometriosis. Similarly, Monteiro et al. (21)
demonstrated that H3K4, H3K9, and H3K27 were
hypermethylated in endometriotic lesions. These recent
data suggest that aberrant genome-wide histone
modifications occur in endometriosis, which would result
in the dysregulated expression of endometriosis-associated
genes.

4. HDAC EXPRESSION IN ENDOMETRIOSIS

HDACSs covalently deacetylate key residues in
histones, thereby altering the conformation of chromatin,
which results in transcriptional repression (23, 24). Histone
deacetylation generally results in gene silencing, and thus
HDAC: act as transcriptional repressors. Munro et al. (25)
found that the global histone acetylation in the eutopic
endometrium of unaffected women increases when
transcription activity is likely to be higher, suggesting that
histone acetylation/deacetylation is hormonally regulated
and that abnormal epigenetic modifications may be
associated with endometriosis. Thus, the HDAC isoforms
that are involved should be identified, and the mechanisms
that are activated in the endometriotic lesions via HDAC
expression and function must be explored. However, the
complete HDAC expression profile of endometriotic
lesions has not yet been determined.

Of the 18 HDAC:Ss identified to date, HDACI1 and
HDAC?2 are conserved enzymes that are part of the Sin3a
repressor complex (26). Sin3a transcriptionally regulates
the genes encoding the Snail-mediated E-cadherin
repression, glucocorticoid receptor-mediated transcription,
and steroidogenic acute regulatory proteins (27, 28).
HDAC1 and HDAC2 show overlapping functions in the
regulation of the cell cycle, and their expressions were
observed to correlate with the levels of Ki-67, a nuclear
protein associated with cellular proliferation (29, 30). The
silencing of HDAC1 and HDAC?2 is followed by cell-cycle
arrest and the upregulation of the cyclin-dependent kinase
inhibitor p21™2/CPT (31),

Throughout the menstrual cycle, the eutopic,
cycling endometrium constitutively expresses Class [
HDACs. The HDAC2 protein was found to be slightly
elevated during the secretory phase (32). The basal and
hormone-regulated gene expression levels of HDACI and
HDAC?2 in endometriotic cells were evaluated by Colon-
Diaz et al. (33), as were the protein expression levels in
tissues. The basal HDAC1 and HDAC2 gene expression
levels were significantly higher in the endometriotic
stromal cells than in the eutopic endometrial stromal cells
of patients with endometriosis. In addition, in eutopic
endometrial epithelial cells of affected patients, the
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Table 1. Histone modification associated aberrant gene expression in endometriosis

Gene Histone modification Effect of HDACI on gene Aberrant gene Tissues and cells References
name status expression espression
ERa Hypoacetylated N.D. Downregulated Endometriotic tissues and 32
endometriotic stromal cells
GPERI1 N.D. Downregulation Upregulated Endometriotic tissue 54
SF-1 Hyperacetylated N.D. Upregulated Endometriotic stromal cells 32
HOXA10 Hypoacetylated N.D. Downregulated Endometriotic tissue and eutopic 32
endometrium of patients with
endometriosis
C/EBPa Hypoacetylated Upregulation Downregulated Endometriotic tissue, eutopic 28
endometrium of patients with
endometriosis, and endometriotic
stromal cells
HIF-1a. N.D. Downregulation Upregulated Endometriotic tissue 68
DR6 Hypoacetylated Upregulation Downregulated Endometriotic tissue, eutopic 113
endometrium of patients with
endometriosis, and endometriotic
stromal cells
E- Hypoacetylated Upregulation Downregulated Endometriotic cells 32,117,118
cadherin

C/EBPa, CCAAT/enhancer-binding protein a; Chek2, Checkpoint kinase 2; DR6, death receptor 6; ERa, estrogen receptor o
GPER1, G-protein-coupled estrogen receptor 1; HIF-1a, hypoxia-inducible factor-1a; HOXA10, homeobox A10; N.D., not

described; SF-1, steroidogenic factor-1.

HDACI1 expression was significantly downregulated by
estradiol and progesterone. Moreover, in eutopic
endometrial stromal cells of unaffected women, the
levels of HDAC2 were upregulated by estradiol and
downregulated by a combination of estradiol and
progesterone. In the endometriotic cells, the hormone
modulation of HDAC1 and HDAC2 gene expression
was lost.

When Samartzis ef al. (34) used a tissue array
to assess the expressions of the Class I histone
deacetylases (HDAC1, HDAC2, and HDAC3) in
endometriotic lesions and in the eutopic endometrium
from women with and without endometriosis, they
observed the expression of HDACI1 to be significantly
higher in the endometriotic tissues, whereas the
expressions of HDAC2 and HDAC3 were similar in the
two types of eutopic endometrial tissues. Significant
correlations between HDACI1 and estrogen receptor
(ER) o/ERP and progesterone receptor expression were
also observed. However, Xiaomeng et al. (22)
demonstrated the mRNA levels of HDAC1 to be
significantly downregulated in endometriotic lesions,
and the HDAC2 mRNA level to be significantly
increased in the eutopic endometrium of patients with
endometriosis. They also showed the level of SIRTI1
mRNA to be significantly decreased in the eutopic
endometrium of affected patients. The discrepancies of
these findings may be due to the differences of
experimental methods used in each study.

5. HISTONE MODIFICATIONS IN
ENDOMETRIOSIS-ASSOCIATED GENES
As shown in Table 1, aberrant histone

acetylations of endometriosis-associated genes have been
reported in the literature.
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5.1. ERa

The estrogen receptors ERa and ERf, which act
as transcription factors, are thought to have key roles in
regulating the growth of the endometrium and
endometriosis (35, 36). Markedly higher levels of ERP and
lower levels of ERa have been observed in endometriotic
tissues and in endometriotic stromal cells (35-37). The
differences in the ERo/ERP ratio between these two cell
types could have important functional implications, since
these ERs have different ligand-binding characteristics (38,
39). Using chromatin immunoprecipitation (ChIP) analysis,
Monteiro et al. (21) recently showed the hypoacetylation of
H3/H4 within the promoter regions of the ERa gene in
endometriotic lesions.

5.2. G-protein-coupled estrogen receptor 1

G-protein-coupled estrogen receptor 1 (GPER1)
is a novel estrogen receptor that mediates both rapid events
and transcriptional events in response to estrogen. The
GPER1-mediated biological responses to estrogen involve
multiple physiological intracellular processes, including the
activation of signaling pathways (40, 41).

Samartzis et al. (42) recently showed the GPER1
expression level in endometriotic lesions to be higher than
that in the eutopic endometrium of patients with
endometriosis. GPER1 was also found to be upregulated in
ovarian endometriotic lesions compared with normal
human ovarian tissue (43). Imesch et al. (44) demonstrated
that GPER1 plays an important role in mediating
endometriosis-derived 11z epithelial cell proliferation and
signal transduction. It was proposed that GPER1 could be a
potential therapeutic target of endometriosis through the
reduction of its estrogen dependence (42). The functional
inhibition of GPERI1 by its antagonist decreases the
proliferation of endometriotic cells (44). The HDACIs
romidepsin and SAHA both reduce GPER1 expression,
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which is correlated with the accumulation of acetylated
histones (44).

5.3. Nuclear receptor subfamily 5, group A, member 1
(steroidogenic factor-1)

The transcriptional factor nuclear receptor
subfamily 5, group A, member 1, also known as
steroidogenic factor-1 (SF-1), is essential for the activation
of multiple steroidogenic genes for estrogen biosynthesis.
These genes include the ones coding for the steroidogenic
acute regulatory protein (STAR) and the cytochrome P450,
family 19, subfamily A, polypeptide 1 (CYP19A1) protein
(45-47). SF-1 is usually undetectable in eutopic
endometrial stromal cells of unaffected women (48). The
SF-1 mRNA and protein levels in endometriotic stromal
cells were shown to be significantly higher than those in
eutopic endometrial stromal cells of women without
endometriosis (47, 48). Xue et al. (48) identified a classical
CpG island at the promoter region of the SF-1 gene and
showed the methylation of the SF-1 promoter to be
increased in eutopic endometrial cells of unaffected
women. Monteiro et al. (21) demonstrated the SF-1
promoter region to be also enriched for acetylated H3 and
H4 in endometriotic lesions, correlating with its reported
high expression in those lesions. The epigenetically
induced SF-1 expression in endometriosis may enhance the
CYPI19A1 expression and local estrogen production.

5.4. Homeobox A10

Homeobox A10 (HOXA10) is a member of the
homeobox gene family, all members of which contain a
common conserved region of 183 basepairs called a
homeobox (49). The homeobox gene family serves as
transcription factors during development and has been
shown to be important for uterine function (50). HOXA10
was shown to be expressed in the eutopic endometrium,
and to be regulated by estrogen and progesterone (50-52).
Its peak expression occurs during the window of
implantation, suggesting possible roles in endometrial
development during the menstrual cycle and in establishing
uterine receptivity (50, 51).

Taylor et al. (51) demonstrated the expression of
HOXA10 to be significantly reduced in the eutopic
endometrium of patients with endometriosis during the
secretory phase, indicating the presence of some functional
defects in uterine receptivity. Those authors also observed a
decreased expression of HOXA10 in endometriotic lesions.
Wu et al. (53) reported that the promoter region of the
HOXA10 gene was hypermethylated in the eutopic
endometrium of women with endometriosis compared with
unaffected women. As promoter hypermethylation is
generally associated with gene silencing, the observed
HOXA10 promoter hypermethylation provides a plausible
explanation for the reduced expression of HOXA10 in the
eutopic endometrium of women with endometriosis (51). In
endometriosis, the altered expression of the progesterone
receptor or its diminished activity may lead to an attenuated
response to progesterone and the decreased expression of
progesterone-responsive genes, including the HOXA10
gene, in the ecutopic endometrium. The long-term
suppression of HOXA10 expression in endometriosis may
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further  induce  the  epigenetic  alteration

hypermethylation at the promoter region.

by

Recently, using ChIP analysis, Monteiro et al.
(21) showed the hypoacetylation of H3/H4 within the
promoter regions of the HOXA10 gene in endometriotic
lesions.

5.5. CCAAT/enhancer-binding protein o

Using the mRNA microarray technique, we
found five HDACI-target mRNAs that were upregulated in
endometriotic stromal cells after treatment with valproic
acid (VPA) (17). Of these candidate mRNAs, we focused
on CCAAT/enhancer-binding protein (C/EBP) o and
designed detailed observational and functional experiments
to study this transcription factor.

C/EBPa is a member of the C/EBP family of
transcription factors that play a role in a variety of
physiological processes, including cell-cycle control, cell
proliferation, differentiation, metabolism, and inflammation
(54). C/EBPa consists of an N-terminal transcriptional
activation domain and a C-terminal basic leucine zipper
(bZIP), and it forms a homo- or heterodimer with C/EBP
family proteins or other transcription factors to bind a set of
related DNA recognition sequences. Yang et al. (55)
demonstrated by immunohistochemistry that C/EBPa
protein expression in the eutopic endometrium of patients
with endometriosis tended to be higher than that in
endometriotic lesions.

We found the expressions of C/EBPa mRNA
and protein to be attenuated in the endometriotic stromal
cells, and upregulated by VPA stimulation (17). VPA
treatment significantly inhibited the HDAC activity and
resulted in the accumulation of acetylated H3 and H4 in the
promoter region of the C/EBPa gene in endometriotic
stromal cells. The compulsory expression of C/EBPa in
these cells directed the inhibition of their proliferation and
the induction of their apoptosis, whereas C/EBPa
knockdown by siRNA in eutopic endometrial stromal cells
of unaffected women directed the stimulation of cell
proliferation and their resistance to apoptosis. The
following target genes of C/EBPa are thought to be
involved in these phenomena: apoptosis-inducing factor,
mitochondrion-associated, 1 (AIFM1); BCL2-associated X
protein (Bax); caspase-10; caspase-8; cyclin-dependent
kinase (CDK) 2 and CDK4; CDK inhibitor 2A (p16™*%%);
CDK inhibitor 1A (p21V*'“P!); tumor protein p53; period
circadian clock 2 (PER2); and peroxisome proliferator-
activated receptor (PPAR)-y.

5.6. Hypoxia-inducible factor-1a

The transcription hypoxia-inducible factor-la
(HIF-1a) is induced by hypoxic conditions, which promote
angiogenesis. Compared with eutopic endometrial tissue,
endometriotic tissue showed higher levels of HIF-la
mRNA and protein (56), a finding that highlights the roles
of HIF-1a and hypoxia in endometriosis. HIF-1a is also
subject to post-translational modifications; for example,
although under normal conditions HIF-1a is hydroxylated,
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acetylated, and subject to rapid polyubiquitin-dependent
proteosomal degradation, under hypoxic conditions, it is
stabilized via dehydroxylation and deacetylation. When
stabilized, HIF-1a heterodimerizes with HIF-1p, and the
heterodimer binds to the vascular endothelial growth factor
(VEGF) promoter to activate its transcription (57, 58). HIF-
la stabilization is thought to involve histone deacetylases,
in particular HDAC1 and HDAC3.

The HDACI romidepsin downregulates the
expressions of VEGF mRNA and protein in endometriotic
cells, through the suppression of HIF-1a (59). Imesch et al.
(60) recently demonstrated that romidepsin inhibits the
proliferation of and activates apoptosis in endometriotic
epithelial cells.

5.7. CDK inhibitor 2A (p16™**), CDK inhibitor 1A
(p21V21/Ciely "and CDK inhibitor 1B (p27%"")

The cell cycle is the series of events that leads to
cell division and duplication, producing two daughter cells.
CDKs are a family of protein kinases that regulate the cell
cycle by binding the regulatory protein cyclin.

pl6™*4 s a CDK inhibitor that controls cell-
cycle progression during the G1 phase by inhibiting the
ability of cyclin D-CDK4 and cyclin D-CDK6 complexes
to phosphorylate retinoblastoma 1 (RB1) (61, 62). RB1
remains associated with E2F transcription factor 1 (E2F1),
localizing it to the cytoplasm and thus preventing the
transcription of E2F1 target genes that are crucial for the
G1/S transition. We demonstrated that HDACIs induce
p16™%* expression by accumulating acetylated H3 and
H4 in its promoter region, resulting in the suppression
of cell proliferation, induction of cell-cycle arrest, and
apoptosis of endometriotic stromal cells (14).

p21Vafl/Cirl s 4 CDK inhibitor that binds to
cyclin-CDK complexes and decreases the kinase
activity, and it may block cell-cycle progression at the
GO0/G1 phase as part of the tumor protein P53 pathway
(63-65). p21V*CPl_mediated growth inhibition has
been attributed to two main activities that depend on
two non-overlapping structural domains: the C-terminal
proliferating cell nuclear antigen (PCNA)-binding
domain and the N-terminal CDK-cyclin inhibitory
domain (66, 67). By binding to PCNA, p21Waf/cir!
prevents DNA polymerase-y and several other proteins
involved in DNA synthesis from binding with PCNA,
thus directly inhibiting DNA synthesis (68). p21"l/cir!
also inhibits CDK activity indirectly by interfering with
the activating phosphorylation of CDK1 and CDK2 in
the activation segment (69-71).

HDACIs induce the expression of p21%*7/CP! py
accumulating acetylated H3/H4 in its promoter region,
likewise resulting in the suppression of cell proliferation,
the induction of cell-cycle arrest, and the apoptosis of
endometriotic stromal cells (14). Consistently, using ChIP
analysis, Monteiro et al. (21) also showed the
hypoacetylation of H3/H4 within promoter regions of the
CDKNIA4 gene in endometriotic lesions.
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p27%%"! is a member of the Cip/Kip family of
CDK inhibitors that bind to cyclin-CDK complexes and
decrease the kinase activity, and it may block cell-cycle
progression from the GO/G1 phase to the S phase (65, 72—
75). Various functions have been attributed to p27<P',
including the promotion of apoptosis (72, 76), the
regulation of cell migration (75, 77), and the regulation of
drug resistance (78). We demonstrated that HDACISs induce
the expression of p27%P! by accumulating acetylated
H3/H4 in its promoter region, resulting in the same cellular
events as noted above for endometriotic stromal cells (14).

5.8. Checkpoint kinase 2

Checkpoint kinase 2 (chek2) encodes a nuclear
serine/threonine kinase that plays an integral role in the
DNA damage response. It helps maintain genome integrity
of by regulating the G2/M cell-cycle checkpoints, DNA
repair, and apoptosis (79—-81). chek?2 is a stable, long-lived,
constitutively expressed, and predominantly nuclear protein
that is activated upon DNA damage in all phases of the
mammalian cell cycle as part of the tumor protein P53
pathway (80, 82). It is activated mainly by serine-protein
kinase ATM (A-T mutated) in response to double-stranded
DNA breaks, and its activation involves dimerization and
autophosphorylation (83, 84).

We demonstrated in endometriotic stromal cells
that HDACIs induce the expression of chek2 by
accumulating acetylated H3/H4 in its promoter region,
producing the same cellular consequences that result from
the accumulation of these acetylated histones (14).

5.9. Tumor necrosis factor receptor superfamily,
member 21 (death receptor 6)

Cells undergo apoptosis via two major pathways:
the extrinsic type I pathway (death receptor pathway) and
the intrinsic type Il pathway (the mitochondrial pathway).
The type I pathway is mediated by the tumor necrosis
factor receptor superfamily (TNFRSF), which includes
TNFRSF1A (death receptor (DR) 1) (85), Fas cell surface
DR (DR2, CD95, APO-1) (86), TNFRSF25 (DR3, Apo3,
WSL-1, LARD, TRAMP) (87), TBFRSF10A (DR4,
CD261, TNF-related apoptosis-inducing ligand receptor
(TRAILR) 1) (88), TBFRSF10B (DR5, CD262, TRAILR2,
TRICK2, KILLER) (89), TNFRSF21 (DR6) (90),
ectodysplasin A (EDA) receptor, and the nerve growth
factor receptor (NGFR). Upon ligation by their cognate
ligands, these receptors engage a number of signal
transduction pathways, including those involved in
apoptosis, cellular survival, and stress response (91-95).

DR6 is distinguished by the presence of an
alpha-helical structural motif called the death domain in the
intracellular part (90, 96-98). It has been reported to be
involved mostly in inflammatory responses, immune
regulation (99-101), and neural cell death and maturation
(102, 103). The cleaved-off N-terminal extracellular
fragment of amyloid precursor protein and that of its close
relative amyloid beta (A4) precursor-like protein 2 were
found to function as DR6 ligands and to trigger DR6-
dependent cell death (102).
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Our microarray analysis comparing the gene

expressions  between  VPA-treated and untreated
endometriotic stromal cells revealed DR6 to be
epigenetically suppressed in endometriosis through

enhanced histone deacetylation (17). The expressions of DR6
mRNA and protein were significantly upregulated in
endometriotic stromal cells after VPA treatment (104),
whereas the expressions of other TNFRSFs (including those of
DRI, DR2, DR3, DR4, DR5, DR6, EDAR, and NGFR) were
not affected by the treatment. VPA treatment resulted in an
accumulation of acetylated H4 in the promoter region of the
DR6 gene. DR6 knockdown in eutopic endometrial stromal
cells of unaffected women directed the stimulation of cell
proliferation and the resistance to apoptosis.

The expressions of DR6 mRNA and protein in
endometriotic stromal cells were significantly lower than
those in eutopic endometrial stromal cells of unaffected
women. DR6 expression in ovarian endometriotic lesions
was also lower than that in the eutopic endometrium of
affected and unaffected women (104).

5.10. Cadherin 1, type 1 (E-cadherin)

E-cadherin, transmembrane glycoprotein, is a
member of the multigene superfamily of cadherins (105). It
is a key molecule in the formation of adherence junctions
and thus in the polarization and differentiation of intact
epithelial tissue, such as endometrial glands (105). E-
cadherin connects two neighboring cells via homophilic
binding through their extracellular domains (105).
Inhibition of E-cadherin expression and function is known
to lead to the disruption of intercellular junctions, with a
subsequent loss of cellular polarization, thus creating a
honeycomb epithelial morphology that results in the
induction of invasion and metastasis (106).

Endometriotic cells are found to lack E-cadherin
expression, which is associated with the invasiveness of
these cells (107). A ChIP analysis showed the
hypoacetylation of H3/H4 within the promoter regions of
the E-cadherin gene in endometriotic lesions (21). HDACIs
were recently shown to reactivate E-cadherin expression,
and attenuate the invasion and decrease the proliferation of
endometriotic cells (108, 109).

6. EPIGENETIC DRUGS
MODIFICATIONS

TARGETING HISTONE

Endometriosis is treated in a number of ways,
including by surgical interventions. The growth of
endometriotic implants can be slowed by suppressing
ovarian steroids and inducing a hypoestrogenic state, and
the currently used treatments have been shown to be useful
for relieving endometriosis-associated pain (110, 111).
However, owing to their adverse effects, the endometriosis
treatments that lower a patient’s circulating estradiol
concentrations cannot be administered indefinitely (112,
113). In addition, high recurrence rates of up to 45% after
the completion of medical treatments remain a significant
problem (114). New therapeutic strategies are necessary to
improve the clinical management of patients with
endometriosis.
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As described above, epigenetic mechanisms
represent a heritable, dynamic, and reversible means of
modulating gene expression. Reversibility is an important
characteristic of epigenetic aberrations, since it allows us to
search for appropriate pharmacological treatments or
“epigenetic therapies.” A number of epigenetic therapies
are currently under development, with the aim of
potentially reversing the aberrant epigenetic events in
affected cells. These approaches are directed toward
modification of the DNA methylation profiles and histone
modification states in target cells. They are based on the
ability of specific properties of various chemical agents to
affect the activity of enzymes involved in the establishment
and maintenance of epigenetic marking. The target
enzymes of epigenetic drugs include HDACs, histone
acetyltransferases, DNA  methyltransferases, histone
methyltransferases, and histone demethylases (115).
Among these, HDACIs are the most promising and most
extensively studied as epigenetic agents. It is also
noteworthy that SAHA, romidepsin, and VPA are already
approved by the US Food and Drug Administration (FDA)
for treating other diseases (116-118).

HDACIs inhibit cell proliferation and induce
cell-cycle arrest and apoptosis by targeting the above-
mentioned molecules in endometriotic cells in vitro (14, 18,
20, 44, 59, 60, 119). We showed that HDACIs, including
VPA, SAHA, and apicidin, can inhibit the proliferation,
induce cell differentiation and cell-cycle arrest, and
stimulate apoptosis of endometriotic cells (14). Guo and his
colleagues have demonstrated that HDACIs such as VPA
and Trichostatin A can suppress the proliferation of
endometriotic cells, as well as induce cell-cycle arrest,
inhibit IL-1-beta-induced cyclooxygenase-2 expression and
NF-B activation, upregulate PPAR-y, p21V*'CP! "and PR-
B expression, attenuate invasiveness, and reactivate the
silenced E-cadherin gene expression in these cells (18, 20,
108, 119-121). Romidepsin was also shown to specifically
reduce HDAC enzymatic activity in endometriotic cells,
resulting in inhibition of cell proliferation, cell-cycle arrest,
increased apoptosis, and reduced expression of VEGF
mRNA and protein in these cells (59, 60). Trichostatin and
VPA were capable of reducing the lesion size and
improving the response to hyperalgesia in murine and rat
models of endometriosis (19, 122).

VPA was used in a pilot study of three patients
with endometriosis and adenomyosis, who had moderate to
severe dysmenorrhea (123). The patients were treated with
a dose of 1,000 mg/day for 3 months. Complete relief from
pain was reported in all cases, together with an average
one-third reduction of the wuterine size and the
disappearance or reduction of palpable tender nodules in
the cul-de-sac. Indeed, any beneficial effect of VPA must
be confirmed by larger controlled studies.

Histone deacetylation is a potent regulator of
gene expression in endometriosis, suggesting that HDACIs
might be effective for the treatment of this disorder (14,
18). It should be noted that HDACIs lack specificity and
therefore can lead to genome-wide inhibition of the
deacetylation of histones, possibly increasing random gene
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Figure 1. Possible roles of the aberrant histone modifications in the pathogenesis of endometriosis. HDAC1 and HDAC2
expressions have been reported to be upregulated in endometriosis. It has also been demonstrated that GPER, SF-1, and HIF-1a
genes are activated by histone acetylation in endometriosis. Whereas, ERa, HOXA10, C/EBPa, DR6, p16INK4a, p21waf” Cipl,
p275P! Chk2, and E-cadherin genes are inactivated by histone deacetylation in endometriosis. These aberrant histone
modifications cause dysregulated gene expressions, resulting in the acquisition of endometriosis-specific characteristics and
further development of endometriosis. HDACIs can reactivate the silenced gene transcription. C/EBPa, CCAAT/enhancer-
binding protein a; chk2, cell cycle checkpoint kinase 2; DR6, death receptor 6; ERa, estrogen receptor o; GPER, G protein-
coupled estrogen receptor; , HAT, histone acetyltransferase; HIF-1a, hypoxia-inducible factor-1a; HDAC, histone deacetylase;
HDACTs, HDAC inhibitors; HOXA10, homeobox A10; SF-1, steroidogenic factor-1.

expression. Since complex cellular responses to different
HDACTs have been reported, their widely varying potency
should be investigated. At present, the long-term safety and
side-effects of epigenetic drugs for treating endometriosis
are largely unknown; these should be carefully evaluated.

7. CONCLUSIONS
Possible roles of aberrant histone modifications

in the pathogenesis of endometriosis are summarized in
Figure 1. The aberrations discussed in this review give

1208



Aberrant histone modifications in endometriosis

rise to an important question: Are they the cause or
merely the consequence of endometriosis? Since most of
the previous studies reporting epigenetic aberrations in
endometriosis were carried out cross-sectionally, the
question of how the epigenetic changes occur in
endometriosis is currently unknown. Further research is
necessary to fully answer this question. Whatever the
mechanisms may be, epigenetics appears to be a
common denominator for the hormonal and
immunological aberrations observed in endometriosis,
and many aspects of this disorder can be explained from
an epigenetics perspective.

Global gene expression studies in both human
and animal models have shown that endometriotic lesions
have aberrant gene expression profiles compared with the
normal endometrium (124-128). The mechanisms at play
have not been sufficiently studied, but the epigenetic regulation
of gene expression is emerging as a key player in
endometriosis (129). Thus, the current knowledge of the
pathophysiology of endometriosis supports the involvement of
both genetic and epigenetic phenomena in inducing changes in
gene expression that lead to disease. Further research with
other candidate genes that are epigenetically modified in
endometriosis may elucidate the disease pathogenesis.

In conclusion, recent findings on aberrant histone
modifications in endometriosis support the hypothesis that
endometriosis should be recognized, at least in part, as an
epigenetic disease. Among the epigenetic agents for the
treatment of this disease, HDACISs are the most promising and
most extensively studied. Some of the HDACIs are already
FDA-approved and used in clinical practice for other diseases
(116-118). A pilot clinical study has also reported the
effectiveness of VPA on endometriosis (123). Larger
controlled clinical trials are required to confirm the clinical
benefits of HDACISs for the treatment of endometriosis and for
the development of less-toxic and more effective HDACIs.
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