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Abstract. The aim of the present review was to illustrate
how dysregulation of hormonal signaling regulates expres-
sional changes of spatially associated genes in endometriosis.
From a multi-platform endometriosis dataset, an integrated
analysis was performed of epigenomic changes of several
biologically relevant genes that have been validated in the
literature. Estrogen receptor (ER) may act as a direct epigen-
etic driver for endometriosis establishment, maintenance and
progression. A majority of endometriosis susceptibility genes
may be present in functional downstream targets of ER and
located near the known imprinting genes. Previous studies
have shed light on the overlapping genetic signatures between
endometriosis development and the defective decidualiza-
tion process. The steroid hormone-mediated decidualization
signaling pathway was shown to be frequently dysregulated
in endometriosis. DNA methylation is associated with various
intragenic or intergenic epigenetic modifications of chromatin.
Chromatin architecture may be established in temporal and
spatial orchestration of the recruitment of genes specifically
downregulated in endometriosis. In conclusion, defective
chromatin architecture at the ER target locus may have a key
role in endometriosis. Endometriosis represents an interesting
model to explore the variation of expression of spatially asso-
ciated genes.
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1. Introduction

Endometriosis affects ~10% of women of reproductive age
and is associated with dysmenorrhea, pelvic pain, infertility
and in rare cases with malignant transformation. It is an
estrogen-dependent, progesterone-resistant disorder, which
contributes to endometriotic cell proliferation and survival (1).
Estrogen has been shown to have an important role in the
growth of endometriotic lesions (1). Epidemiological studies
have suggested that gene polymorphism of estrogen and
progesterone receptors is associated with a risk of endometri-
osis (2,3). Furthermore, several studies have been designed to
identify candidate genes and their pathways of endometriosis
susceptibility (4,5). In line with those of earlier studies, the
results showed that the candidate pathways, which included
genes with functions as hormonal regulators, cell cycle regu-
lators, signal transducers, transcription factors, hormones,
cytokines, chemokines and (pro)inflammatory molecules,
proteases, as well as molecules with functions in cell adhesion,
motility, stress response, detoxification, immune response and
metabolism, may be associated with susceptibility to endome-
triosis (4,5).

In addition, aberrations of components at the genetic,
epigenetic, transcriptional, post-transcriptional, translational
and post-translational level may drive candidate pathways
that may affect the susceptibility to this disorder. It is now
widely accepted that epigenetic mechanisms critically repress,
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maintain or induce encoded genetic information (6). Silencing
of endometriosis-susceptibility genes by epigenetic aberra-
tions has been reported (4). Among the candidate genes, the
differentially methylated genes are often associated with
steroidogenesis, implantation and placental development (6).
These results indicated that numerous genes which are down-
regulated in the eutopic endometrium of endometriosis are
decidualization-associated genes.

Alterations in the gene expression profile influence suscep-
tibility to endometriosis; however, the potential mechanism
that drives these alterations has remained elusive. The aim of
the present review was to understand how aberrant hormonal
signaling is integrated to generate a transcriptional output
during the process of endometriosis development.

2. Aberrant expression of candidate and susceptibility
genes

Steroid receptor-mediated tissue-specific complex functions,
including DNA methylation and transcriptional repression
signaling are the most affected pathways in the eutopic and
ectopic endometrium in women with endometriosis (7).
Certain studies proposed a molecular model stating that hypo-
methylation of the ER-f promoter results in overexpression
of ER-B and reduced expression of ER-a and progesterone
receptor (PR) in endometriotic stromal cells (8). In conjunc-
tion with estrogen-priming, PR signaling is also involved in a
variety of reproductive functions, including embryo implan-
tation, trophoblast invasion, decidualization and subsequent
formation of a functional placenta that all are crucial for
establishment and maintenance of pregnancy. Two major PR
isoforms, PR-A and PR-B, have been identified (9). PR-A acts
as a repressor of PR-B, a stronger activator of progesterone
target genes. A reduced PR-B/PR-A ratio has been demon-
strated in ectopic tissue, as the promoter region of PR-B is
specifically hypermethylated (10). Therefore, a number of
progesterone target genes that are essential for implantation
and pregnancy were dysregulated in eutopic endometrium of
women affected with endometriosis (11). Abnormalities of
the epigenome, chromatin remodeling in response to steroid
hormones and the decidualization process may contribute to
progesterone resistance commonly observed in women with
this disease.

A previous review analyzed 20 published datasets that
are specifically regulated during the process of decidualiza-
tion (12). Genetic and epigenetic studies identified a plethora
of candidate/susceptibility genes and their downstream targets
with potential functional roles in decidualization. During the
process of decidualization, estrogen and progesterone bind to
their endometrial receptors and activate downstream targets,
including HOXA10, FOXO1, C/EBP-p and IHH, which in
turn regulate cell differentiation, resulting in an endometrium
receptive to embryo implantation (Fig. 1). Abrogation of
these genes causes stromal cell defects due to deregulation of
implantation and decidualization (13).

Recent studies based on (epi)genome-wide technology have
noted specific expression of candidate genes and suscepti-
bility genes for endometriosis (12). Reduced expression of
the decidualization susceptibility genes whose expression
is regulated by transcription factors (HOXA10, FOXO1 and
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C/EBP-f), growth factors (the IGF and IGFBP families), cell
cycle regulators (the CDKN family) and cytokines/chemo-
kines (LIF, IL11 and TGF-f) can influence the expression
of specific target genes and proteins with central roles in the
development of endometriosis (12). Bioinformatics analysis
revealed a substantial degree of overlapping candidate gene
transcriptomes between decidualization process and endome-
triosis from an (epi)genetic point of view (5). Downregulated
genes identified in endometriosis among genes overexpressed
in the decidualization process encode proteins directly
involved in hormonal regulation as well as transcription
factors. Interestingly, in endometriosis, 28% of differentially
overexpressed genes are markedly downregulated during the
decidualization process (12). This overlap is significantly
greater than expected by chance. The expression pattern of
the endometriosis susceptibility genes resembles that of the
defective decidualization process. These findings support the
hypothesis that retrograde menstruation of regurgitated endo-
metrial cells with insufficient decidualization possibly caused
by epigenetic aberrations is implicated in the pathogenesis of
endometriosis.

3. Estrogen receptor (ER) as an epigenetic driver

Epigenetic modifications control cell development, differ-
entiation and programming. Alterations encompassing
epigenetic changes have a key role in regulating gene expres-
sion through post-translational modifications of histones
(histone methyltransferases, histone acetyltransferases and
histone deacteylases), DNA methylation, microRNA silencing,
non-coding RNA, long intergenic non-coding RNA and DNA
repair mechanisms (14). Recent analyses identified several
genes that were hypoacetylated in endometriosis. These include
ER-a, homeobox A10 (HOXA10), CCAAT/enhancer-binding
protein alpha (CEBPA), pl6 (INK4a, CDKN2A), p21
(Wafl/Cipl, CDKNI1A), p27 (Kipl, CDKNIB), checkpoint
kinase 2 (CHEK?2), death receptor 6 (DR6), and E-cadherin
(CDHI1) (15). An inverse correlation between the histone
acetylation status and DNA methylation in regulating gene
silencing is well established.

Analysis of cytosine-phosphate-guanine (CpG) dinu-
cleotides identified >40,000 CpGs that were differentially
methylated in endometriosis (16). Promoter hypermethylation
may contribute to the understanding of epigenetic regulation
in this disorder. DNA hypermethylation in endometriosis
affects the expression of several key genes, including PR-B,
HOXAI10, insulin-like growth factor binding protein 1
(IGFBP1), steroidogenic factor 1 (NR5A1) and aromatase
(CYP19A1) (16). Highly focused deviations in endometriotic
cell DNA methylation may affect key genes involved in
progesterone responsiveness and the decidualization process.
As shown in Fig. 1, hypermethylation of the PR-B-specific
promoter is considered to be a cause for the development of
progesterone resistance. ER activation may be a main driving
force for the progression to endometriosis. Expression levels
of ER-a in endometriosis were shown to be lower than those
in the eutopic endometrium, while ER-3 was overexpressed in
endometriotic stromal cells as compared with that in endome-
trial cells (17). An increased ER-B/ER-a ratio in endometriosis
compared to that in endometrial tissues is associated with



) PUBLICATIONS

Hormone

Transcriptionfactors

Cyclin B2 \/

CDC25C PR-AT PR-BJ

" HSP90

Cytokines

e’
7 Cx43  VEGF
I —= anGpPT1,2,4 !

\ .
Tie2
\.‘. e ”/

Transcription factors

Miillerian embwogenesisl

CyclinD
J)"‘_; CDK4
~

BIRCS ~~% -~

~
HGF
Snail
Granzyme
Genes down-regulated in Wnt GDF10
endometriosis PG receptors EMX2

SPANDIDOS MOLECULAR MEDICINE REPORTS 12: 1611-1616, 2015

1613

’ CO)( 2 — PGS""

{

hlstamlne l

\F Cvclln 2
[ Rr— -
NCOR

PGR

/\ Ptch1

H5D11B1

\i

Whnt/catenin

ACTB ACTNT S~ 5

d -

-

Figure 1. ER and PR-dependent signaling pathways that positively regulate the decidualization process. Compared with non-decidualization endometrial
tissues, numerous genes were up-regulated in decidualization tissues, which can fully account for the phenotypic differences. Given the critical role that ER
and PR-dependent signaling pathways have in establishing and maintaining the decidualization process, it is particularly important to establish the targets
downstream of this transcriptional network. The ER/PR-target genes and the downstream pathway are depicted. A majority of genes was reported to be
downregulated in endometriosis, which is often associated with phenotypic changes. This figure was adopted from ref. 12, Fig. 1, and modified in detail.
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Figure 2. Geographical interactions between ER gene and endometriosis susceptibility genes. Specific gene transcription can be regulated by different chro-
matin remodeling and various chromatin architectures, including histone displacement, DNA looping, histone variants, histone modification and chromosome
territories (29). Long-range topological interactions between different chromosomes may occur preferentially between genomic regions containing the same

chromatin marks. This figure was adopted from ref. 4, Fig. 1, and modified in detail.
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Table I. Genes downregulated in endometriosis (n=29).

KOIKE et al: EPIGENETIC DYSREGULATION IN ENDOMETRIOSIS

Function Genes

Cytokines/chemokines LIF, IL6,IL8,IL11, TGFB1, ILIRN, CCL8, BMP2
Cell cycle CDKNI1A, CDKNI1B, CDKN2A, CDKN2B
Transcription factors FOXO0O1,HOXA10, CEBPB, TWISTI1

Hormones FKBP4, PRL, PGR

Growth factors IGFBP1, HBEGF, SRC

Signaling IHH, DKK1, PTGER3

Adhesion CDHI1,TRO

Immune system PAEP

Proteases TIMP3

suppressed PR levels, contributing to the loss of progesterone
signaling or progesterone resistance (7). Total PR and PR-B
were lower in endometriotic stromal cells compared to those
in endometrial cells. Several lines of evidence suggested that
endometriosis is a chronic disease with substantial epigenetic
dysregulation, leading to the imbalance between estrogen and
progesterone (2,3).

For the present review, nine published datasets of endome-
triosis susceptibility genes were analyzed (4,10,18-24). Table 1
summarizes 29 genes silenced by epigenetic aberration. A
majority of endometriosis-specific downregulated genes overlap
with those known to be regulated by ER or its downstream
targets. These data revealed important ER-dependent signaling
pathways, regulatory association and molecular connectivity
among the downregulated genes identified in the eutopic endo-
metrium of women affected with endometriosis (12). ER may
act as a direct epigenetic driver for endometriosis. Therefore, the
ER-dependent (epi)genomic regulation provides novel insight
into the pathogenesis of endometriosis.

4. Defective chromatin organization and remodeling

Recent studies may support defective chromatin remodeling
in endometriosis. DNA methylation and histone modification
are interrelated in regulating chromatin remodeling and gene
expression (25-28). Knowledge of the role of three-dimensional
(3D) architecture of chromatin on the transcriptional regulation
is evolving.

5. Somatic mutations of AT-rich interactive domain 1A
(SWI-like) (ARID1A)

Whole-exome sequencing identified that genes involved
in chromatin-remodeling complexes are frequently altered
in endometriosis, suggesting that genetic alterations in
chromatin-remodeling proteins may be involved in the
pathogenesis of this disorder (25). Somatic mutations of a
chromatin remodeler, such as ARIDIA, were frequently
found in the endometriotic cyst epithelium in direct conti-
nuity with the carcinoma (26). It has been reported that
defective or remodeled chromatin organization has a key role
in tumor development and growth (27). One may speculate
that chromatin architectures present in normal endometrial
cells may be lost in endometriotic cells.

6. Defective chromatin interactions of ER with its inducible
genes

ER binding to chromatin promotes correct assembly of the
transcriptional machinery of its target genes (28). As shown
in Fig. 2 (29), interactions of ER with its inducible target
genes located in the same or different chromosomes may be
regulated by 3D long-distance chromatin interactions (27,28).
Future studies will provide a catalog of aberrations pertinent
to chromatin topology that contribute to endometriosis devel-
opment. The 3D organization of the genome may achieve
proper temporal and spatial patterns of gene expression. ER
is distributed within (near the promoters of estrogen-regulated
genes) and outside (distal regions) of gene bodies (27). ER has
numerous binding sites along the genome and forms robust
long-range enhancer-promoter interactions as an intrachro-
mosomal looping. In addition, these remote binding sites
are able to communicate with their putative target genes via
long-distance interchromosomal interactions (30). We hypoth-
esize that a majority of endometriosis susceptibility genes may
be present in downstream targets of ER and associated with
not only various intragenic or intergenic chromatin epigenetic
features, but also long-range topological interactions among
different chromosomes. Modified chromatin interactions may
be created in temporal orchestration of the recruitment of tran-
scription factors specifically downregulated in endometriosis
(Table I).

7. CCCTC-binding factor (CTCF)-mediated chromatin
interactions

CTCEF, a zinc finger DNA binding protein, is one of the most
important transcription factors that participate in numerous
processes associated with global chromatin organization and
remodeling (31). CTCF is the vertebrate insulator protein
that affects gene expression by mediating intra- and inter-
chromosomal interactions (32). This transcription factor
functions mainly as a transcriptional repressor, including
hormone-responsive gene silencing, long-range chromatin
interactions, enhancer blocking and/or barrier gene insulation,
genomic imprinting, and X-chromosome inactivation (33).
CTCF can regulate a wide range of target gene functions
over long distances in the genome by promoting the forma-
tion of chromatin loops. DNA loops form between ER bound



to enhancer regions and promoter regions of target genes,
suggesting the possible importance of CTCF in the 3D chro-
matin reorganization of the ER-specific target gene loci (34).
It has been reported that ER activates its downstream target
HOXAI10 (16,35). CTCF functions as a controller of HOXA
cluster silencing (36). CTCF also acts upstream of the FOX
gene and influences differential interactions between ER and
chromatin (37). CTCF binding to the specific insulator sites
of the target gene loci with a tight loop formation contributes
to its silencing. Loss of the CTCF machinery may result in
defective chromatin architecture at the ER target locus. We
hypothesized that the CTCF-mediated chromatin conforma-
tional 3D architecture may be dysregulated in endometriosis.
It remains largely unexplored, however, whether chromatin
loops are lost during gene repression in endometriosis.

8. Mechanistic link between genomic imprinting and
endometriosis-associated methylation profiles

Several studies have identified the entirely different DNA
methylation profiles in endometriosis, which include a
large number of genes associated with transcription factors
(HOX and GATA) and steroidogenesis (NR5A1, STAR,
STRA6 and HSD17B2) (6,16). However, it remains elusive
whether tissue-specific global alterations in the methylome
profile pattern occur in endometriosis. The extent to which
histone/DNA methylation contributes to its pathogenesis also
remains elusive.

To date, two studies investigating this context have been
published (4,38). Firstly, the presence of hypermethylated
regions located at the ends of chromosomes among endome-
triosis samples suggested that the distribution pattern of the
hypermethylation was not random (38). This indicated that
altered non-random methylation of CpG sites which do not
carry the mutation has a possible role in the development of
endometriosis. Secondly, among the 29 hypermethylated
genes in endometriosis, 19 genes (65.5%) were located near
the known imprinted foci (4). Genes designated to genomic
imprinting are associated with allele-specific expression.
Imprinted genes are highly conserved and organized in clus-
ters. According to an imprinting gene database (http:/www.
geneimprint.com/site/home), >100 imprinted genes have been
identified in humans thus far (39). It was demonstrated that
a number of hypermethylated genes were located in close
proximity to the imprinted foci, which was significantly higher
than expected by chance.

9. Conclusions

Several lines of evidence have indicated that endometriosis is
an epigenetic disease. Firstly, bioinformatics analysis revealed
a substantial degree of overlapping transcriptomes between
endometriosis candidate genes and the decidualization
process (5). Interestingly, in endometriosis, 28% differentially
overexpressed genes are markedly downregulated during the
decidualization process in endometrial stromal cells (12).
Downregulated genes identified in endometriosis among
genes overexpressed in the decidualization process encode
proteins directly involved in cytokine/chemokine signaling,
cell cycle regulation, adhesion, the immune system, as well
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as transcription factors, hormones, growth factors and
proteases (12) (Table I). In addition to the genes described in
Fig. 2, several important genes, including DNA methyltrans-
ferases (40), COX-2 (41), estrogen receptor 2 (ESR2) (42) and
steroidogenic factor-1 (SF-1) (43) are aberrantly methylated.
The mechanism responsible for insufficient decidualization
may be associated with the development of endometriosis.
Consistent with this hypothesis, enhanced estrogenic activity
and reduced progesterone responsiveness are considered to
be involved in the etiology of endometriosis (11). Therefore,
endometriosis is a chronic disease with substantial epigenetic
dysregulation of decidualization susceptibility genes (4).

Secondly, a large number of endometriosis susceptibility
genes are frequently associated with downstream targets
of ER. Approximately two thirds of the downregulated
genes associated with endometriosis susceptibility are not
random, but instead are located near the known paternally or
maternally expressed imprinting genes (4). Hypermethylated
regions showed a pattern of non-random distribution, which
serves to facilitate coordinated transcriptional modulation
in groups of genes (38). There appears to be a functional
association in the genomic location between genes specifi-
cally downregulated in endometriosis and epigenetically
imprinted genes.

Finally, various chromatin architectures can reportedly
regulate ER-mediated gene expression, supporting a role for
long-range topological interactions in ER biology (28). CTCF
was shown to have arole in ER-mediated gene expression (28).
The transcription factor CTCF is involved in imprinting,
long-range chromatin interactions and transcription. Loss of
CTCF machinery or chromatin remodeling may lead to defec-
tive chromatin architecture at the ER target locus. However,
a global analysis of the role of CTCF in chromatin looping,
chromatin remodeling, various chromatin architectures and
the physical access of distal chromosomes in endometriotic
stromal cells has yet to be performed. Further studies are
required for molecular (epi)genomic approaches based on the
chromosome conformation capture method in the ER target
gene regions, and to then identify elements that can act over
a distance.

In conclusion, transcriptional repression at the ER target
locus may be an emerging key factor in endometriosis, possibly
through the non-random distribution of various DNA epigen-
etic architectures, including histone acetylation, methylation,
CTCF-dependent insulation, genomic imprinting and 3D
chromatin features. Additional studies are required to further
elucidate the association of transcriptional profiles with defec-
tive chromatin architectures in endometriosis.
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