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Abstract 

Background: The human endometrium is a highly dynamic tissue whose function is mainly regulated by the ovarian 
steroid hormones estradiol and progesterone. The serum levels of these and other hormones are associated with 
three specific phases that compose the endometrial cycle: menstrual, proliferative, and secretory. Throughout this 
cycle, the endometrium exhibits different transcriptional networks according to the genes expressed in each phase. 
Epigenetic mechanisms are crucial in the fine‑tuning of gene expression to generate such transcriptional networks. 
The present review aims to provide an overview of current research focused on the epigenetic mechanisms that 
regulate gene expression in the cyclical endometrium and discuss the technical and clinical perspectives regarding 
this topic.

Main body: The main epigenetic mechanisms reported are DNA methylation, histone post‑translational modifica‑
tions, and non‑coding RNAs. These epigenetic mechanisms induce the expression of genes associated with tran‑
scriptional regulation, endometrial epithelial growth, angiogenesis, and stromal cell proliferation during the prolifera‑
tive phase. During the secretory phase, epigenetic mechanisms promote the expression of genes associated with 
hormone response, insulin signaling, decidualization, and embryo implantation. Furthermore, the global content of 
specific epigenetic modifications and the gene expression of non‑coding RNAs and epigenetic modifiers vary accord‑
ing to the menstrual cycle phase. In vitro and cell type‑specific studies have demonstrated that epithelial and stromal 
cells undergo particular epigenetic changes that modulate their transcriptional networks to accomplish their function 
during decidualization and implantation.

Conclusion and perspectives: Epigenetic mechanisms are emerging as key players in regulating transcriptional net‑
works associated with key processes and functions of the cyclical endometrium. Further studies using next‑genera‑
tion sequencing and single‑cell technology are warranted to explore the role of other epigenetic mechanisms in each 
cell type that composes the endometrium throughout the menstrual cycle. The application of this knowledge will 
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Background
The endometrium is one of the most dynamic tissues 
in the human body as it undergoes periodic changes of 
regeneration, cell proliferation, differentiation, and apop-
tosis every 28 days [1]. This tissue is composed of luminal 
and glandular epithelial cells, stromal cells, immune cells 
such as lymphocytes and macrophages, endothelial cells, 
smooth muscle cells, and a recently uncharacterized type 
of ciliated epithelial cells [2]. The endometrium is one of 
the most responsive tissues to ovarian steroid hormones. 
In consequence, the phases of the endometrial cycle 
coordinate with phases of the ovulation cycle. The terms 
endometrial cycle and ovulation cycle refer to the men-
strual cycle depending on the tissue/organ being studied. 
The endometrial cycle can be divided into the menstrual 
phase, the proliferative phase that corresponds to the 
follicular phase in the ovulation cycle, and the secretory 
phase that corresponds to the ovarian luteal phase. In 
turn, the phases of the endometrial cycle are subdivided 
into early, mid and late proliferative phases and early, 
mid, and late secretory phases according to histological 
evaluation [3]. In each menstrual cycle, the endometri-
um’s functional layer is shed if embryo implantation does 
not occur and is restored within two weeks [4]. Unless 
otherwise indicated, from now on we will refer to the 
menstrual cycle as the endometrial cycle as we will focus 
on the changes that occur in the endometrium through-
out the menstrual cycle.

The average duration of the menstrual cycle is 28 days; 
nevertheless, it is important to bear in mind that most 
women experience cycles within a range between 21 and 
35 days. The proliferative phase occurs from day 4 to day 
14 of the cycle, in which plasma levels of estradiol will 
increase, reaching their highest levels before ovulation 
[4]. The increasing amount of estradiol secreted by the 
ovarian follicles promotes the growth (proliferation) of 
endometrial glands and stroma; also, there is an increase 
in the depth of the spiral arteries that supply the endo-
metrium [5]. During this phase, the events that occur 
include repair of the endometrium surface, proliferation, 
angiogenesis, vasculogenesis, and extracellular matrix 
remodeling [4–6].

The secretory phase occurs after ovulation, from day 
14 to 28. This phase is characterized by a slight decrease 
in plasma estradiol levels and a dramatic increase in pro-
gesterone levels, leading to a high progesterone to estra-
diol ratio. During the secretory phase, the endometrium 

increases its vascular supply, stimulates more mucous 
secretion, and stops proliferation [7, 8]. At this phase, the 
endometrium also undergoes a series of transformations 
to achieve a receptive state for implantation in a process 
called decidualization [9]. Decidualization is the proges-
terone-induced transformation of endometrial stromal 
cells (ESC) into decidual stromal cells (DSC). During 
this process, the development of the endometrial glands, 
energy storage in glycogen, and spiral arteries remodeling 
are observed [6, 10]. Another important characteristic of 
this phase is the creation of an appropriate environment 
for blastocyst implantation [6, 10, 11]. If implantation 
does not occur, estradiol and progesterone levels decline 
rapidly at the end of the secretory phase, leading to con-
striction of the spiral arteries, ischemia, and cell death of 
the functional layer, which in turn causes the shedding of 
the endometrium [6–11]

The cellular processes that occur during the endome-
trial cycle are regulated in part by estrogens and proges-
terone and are associated with specific transcriptional 
profiles necessary for the proper function of the endo-
metrium [3]. Importantly, these transcriptional profiles 
are regulated in part by epigenetic mechanisms [12]. Epi-
genetics has been classically defined as heritable mitotic 
and meiotic changes in gene function that cannot be 
explained by modifications in the DNA sequence [13]. 
Epigenetic mechanisms regulate gene expression tempo-
rally and spatially [14] and are involved in fundamental 
processes like cellular identity, development, homeosta-
sis, and diseases [15]. Epigenetic processes include DNA 
methylation, histone post-translational modifications 
(PTMs), chromatin structure, and non-coding RNAs. 
Chromatin remodeling is necessary to induce specific 
transcriptional networks by sex hormones throughout 
the endometrial cycle [16, 17]. The present review aims 
to provide an overview of current research focused on 
the epigenetic mechanisms that regulate the function of 
the cyclical endometrium and discuss the perspectives 
regarding this topic. We performed a comprehensive 
review of the literature available in PubMed written in 
English up to 2020. We used keywords related to DNA 
methylation, histone post-translational modifications, 
long ncRNAs, and micro-RNAs, and their combination 
with the terms “endometrium” and “menstrual cycle”. The 
information included in the present study refers to the 
data obtained from healthy subjects (non-pathological 
endometrium) unless otherwise indicated.

definitively provide essential information to understand the pathological mechanisms of endometrial diseases, such 
as endometriosis and endometrial cancer, and to identify potential therapeutic targets and improve women’s health.
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Transcriptional changes of coding genes 
in the endometrium during the endometrial cycle
Over the past 20  years, it has been demonstrated that 
thousands of coding genes change their expression levels 
in the endometrium throughout the endometrial cycle 
[2, 18–26]. Although it has been challenging to obtain 
reproducible results between different studies due to 
technical and sample limitations, knowledge about the 
transcriptional networks that mediate functional changes 
in the endometrium has considerably increased. For 
example, a recent study has provided fundamental infor-
mation about the transcription profile of each cell type 
that composes the endometrium by single-cell transcrip-
tomic analysis throughout the endometrial cycle [2]. This 
section summarizes the main findings of selected studies 
that have reported changes in the expression of coding 
genes related to endometrial function in different phases 
of the endometrial cycle. For a comprehensive review 
of transcriptional changes during the endometrial cycle 
refer to the reviews of [25, 27]. Note that changes in the 
expression profile of a particular phase are referred to the 
other phases unless otherwise indicated.

Expression of essential genes for endometrial function
Cellular processes carried out during the proliferative 
phase are mediated in part by the functional products 
of IGF-1 and ESR1 genes, whose expression reaches 
the highest levels during the late proliferative phase of 
the endometrial cycle [28, 29]. Insulin-like growth fac-
tor 1 (IGF-1) is secreted by stromal cells and binds to its 
receptor (IGF1R) in the epithelium to activate the phos-
phoinositide 3-kinase (PI3K)/AKT pathway and pro-
mote proliferation [30–32]. In the  breast cancer MCF7 
cell line, estrogen receptor alpha (ERα) has been shown 
to induce proliferation through the ERK/MAPK pathway 
[33]. Moreover, estrogens induce the expression of pro-
gesterone receptor (PGR) through ERα, which binds to 
the regulatory regions of the progesterone receptor gene 
(PGR) to induce its expression in a mouse embryonic 
hypothalamic cell line [34]. Cellular proliferation and 
induction of PGR expression are also key processes in the 
endometrium regulated by ERα [29].

During the secretory phase, endometrial epithelial cells 
enter a hypersecretory state to provide the necessary 
nutrition for embryo survival [35]. The major changes 
in gene expression observed during the secretory phase 
occur around implantation. The implantation is a com-
plex progesterone-dependent event that involves several 
biological processes that occur in a coordinated fashion 
in the endometrium, such as cell adhesion, cell growth, 
differentiation, and signal transduction [23, 35]. In a 
recent study, progesterone has been shown to regulate 

pathways related to the inflammatory response, xeno-
biotic metabolism, cell death, epithelial-mesenchymal 
transition and estrogen response during the window of 
implantation [36]. The implantation-associated gene 
clusters include several genes encoding growth factors, 
such as TGFα and PlGF. Transforming growth factor alfa 
(TGFα) mediates various cellular processes, including 
proliferation, migration, adhesion, and differentiation. 
Placental growth factor (PlGF) is necessary for the adhe-
sive capacity of the endometrium epithelium and blas-
tocyst growth [23, 37–39]. Lai et  al. have revealed that 
endomucin, an L-selectin ligand, is downregulated in the 
early secretory endometrium, which may influence endo-
metrial receptivity [40, 41].

In the menstrual phase, the expression of genes encod-
ing inflammatory cytokines, enzymes involved in eicosa-
noid biosynthesis, and immunomodulators (and their 
receptors) is increased compared to the proliferative and 
secretory phases. Genes encoding angiogenic modula-
tors, hypoxia-induced proteins (such haem oxygenase-1, 
adrenomedullin, vascular endothelial growth factor 
(VEGF), cysteine-rich angiogenic inducer 61 (CYR61), 
and hypoxia-induced protein-1, and matrix metallopro-
teases are also highly expressed in the menstrual phase 
[25, 29, 42, 43].

Endometrial functions revealed by transcriptome analysis
Microarray analysis has shown that some genes, includ-
ing TGFB2, MT2A, F2RL2, PLIN2, and CCL18, are 
upregulated during the early proliferative phase. These 
genes are required for the regeneration of the func-
tionalis layer of the endometrium after menstrua-
tion [44]. During the mid-proliferative phase, genes 
involved in cell renewal processes such as cell prolif-
eration, cell survival, and regulation of differentiation 
(such as IHH, SERP4, PGR, SNRD14E, and GSTM1) are 
upregulated [44]. During the late proliferative phase, the 
upregulation of  AGTR2, HMGIC,  C9orf131, SNORA23, 
and  CRIM1  genes is associated with cell growth inhibi-
tion, extracellular matrix remodeling, and cellular differ-
entiation [45]. Interestingly, Petracco et al. identified low 
expression levels of genes that are related to natural killer 
(NK) cells function, such as KIR2DL3 and KLRC3, at the 
late proliferative phase, suggesting a decreased immune 
response mediated by NK cells at this phase of the endo-
metrial cycle, which is consistent with the modulation 
of the immune response to favor embryo implantation 
[44, 46]. Besides, genes involved in tissue remodeling, 
such as MMP26 and TFF3, cell differentiation, such as 
HOXA10  and  HOXA11, vasculogenesis, such as GJB6, 
HOXB7,  and  sFRP, and angiogenesis, such as CXCR4, 
CDH5, ENG, and  PECAM1, are upregulated during the 
proliferative phase [22, 47, 48].
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The expression profiles of coding genes have also been 
studied by next-generation sequencing in the prolifera-
tive endometrium [25]. We have performed a functional 
enrichment analysis of the data from Sigurgeirsson, 
et  al. by the g:Profiler software [49] and the top ontol-
ogy terms of the overexpressed genes during the prolif-
erative phase (top differentially expressed genes with a 
fold change > − 2.00 from the original data) are related to 
extracellular matrix and cell cycle processes. This infor-
mation is consistent with the above-mentioned studies 
and the single-cell transcriptomic study in which cell 
cycling was elevated in unciliated epithelia and stromal 
fibroblasts [2]. Furthermore, by using single-cell tran-
scriptomic analysis, it has been confirmed that the prolif-
erative phase is divided into two transitional phases and 
that luminal epithelia and glandular epithelia differ by the 
enrichment of overexpressed genes during this stage, the 
former by expressing genes related to the development 
of anatomic structures and the latter expressing genes 
related to cell cycle [2].

On the other hand, the coding gene expression profiles 
of endometrial tissue during the secretory phase have 
also been studied by next-generation sequencing [19, 25]. 
By using this approach, genes encoding for solute car-
rier proteins and genes related to endometrial receptiv-
ity, metabolism, negative regulation of cell cycle, among 
others, were identified as highly expressed genes during 
the secretory phase. Regarding to the specific changes 
in the transcriptional profiles of each cell type that con-
forms the endometrium, it has been demonstrated that 
there is an abrupt change in the transcriptomic profile 
in the unciliated epithelia at the window of implantation 
(overexpressing genes like PAEP, GPX3, and CXCL14). In 
contrast, stromal cells display a more continuous phase 
transition (overexpressing genes like DKK1 and CRYAB). 
Wang. et al. point out that the decidualization process in 
stromal cells is transcriptionally different when compar-
ing the processes that occur after implantation and with-
out implantation [2].

A comparison between the transcriptional profiles 
of epithelial and stromal areas microdissected from 
the human endometrium during the secretory phase 
has been made by microarray analysis [50, 51]. This 
analysis demonstrated that 28 genes displayed a differ-
ential expression profile between the stromal and epi-
thelial compartments. WFDC2, MMP7, MSX2, HOXB5, 
HOXB7, and  PRKCQ [51] genes were highly expressed 
in the epithelial area; these genes are involved in sperm 
maturation, immune system regulation, cell–cell adhe-
sion, among other functions that are necessary for 
the secretory endometrium [51–53]. On the other 
hand, DCN, DDR2, TIMP1, RPS3A, and TIE1 [51] genes 
were strongly expressed in the stromal areas; these genes 

are involved in mediating cellular responses to the extra-
cellular matrix and regulation of the immune system [51, 
54–56].

Accurate determination of the endometrial phase is a 
crucial factor in the study of gene expression changes in 
the endometrium. Over time, researchers have developed 
different methodologies to identify the endometrial cycle 
phase, including self-reported endometrial cycle [57], 
determination of serum hormone levels [58], and histo-
logical evaluation of endometrial biopsy [3]. However, 
the inaccurate determination of the specific endometrial 
phase and other factors (such as genetic heterogeneity 
and environmental factors) has caused a great variability 
in the results obtained between different studies. Recent 
advances in molecular biology have allowed the use of 
high-throughput microarray technology to classify endo-
metrial samples according to the global transcriptional 
profile, which is consistent with the histological evalua-
tion [23, 59].

Sample size is another crucial factor that impacts the 
variability of the results obtained from transcriptional 
studies. Overall, most published studies have included 
small sample sizes mainly due to the invasive endometrial 
biopsy procedure [23, 59]. Larger sample size numbers 
(along with painless sampling methods) are needed to 
avoid bias in the results due to individual variability.

Microarray technology has been used for many years 
to determine the transcriptome at a specific condition. 
Although this technology allows the analysis of thou-
sands of genes by using specific probes, it is limited in the 
detection of new transcripts [59]. The use of next-gener-
ation sequencing technologies has overcome this limita-
tion as RNA sequencing can detect novel transcripts and 
provides other relevant information, such as genomic 
rearrangements and mutations, with higher specificity 
and sensitivity [23]. However, both microarray and RNA 
sequencing technologies assume that every cell present in 
a particular tissue or condition is homogeneous, regard-
less of the molecular changes of individual cells. To over-
come this limitation, transcriptome analysis by single-cell 
technology coupled with RNA sequencing enables the 
detection of RNA molecules in individual cells with the 
advantages of next-generation sequencing [2].

Further studies using single-cell technologies are nec-
essary to compare the transcriptomic data of the differ-
ent cell types that integrate normal and pathological 
endometrium, since only data from whole tissue has been 
analyzed so far [60, 61]. Taking into account the data 
obtained from differential expression studies, gene silenc-
ing in a particular type of endometrial cells (stromal or 
epithelial) using CRISPR-Cas9 technology could help to 
elucidate the relevance of specific genes in the pathogen-
esis of endometrial diseases, such as endometriosis (the 



Page 5 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116  

presence of endometrium in an abnormal or ectopic loca-
tion) and endometrial cancer. CRISPR-Cas9 could also 
be helpful in clarifying the importance of specific pro-
teins necessary for embryo implantation that are down-
regulated in the endometrium of women with recurrent 
miscarriages [62, 63]. This approach will provide new 
information about the pathological mechanisms of these 
diseases and new potential therapeutic targets.

DNA methylation
DNA methylation is the chemical modification of DNA, 
where a methyl group is transferred to the fifth carbon of 
the cytosine to generate 5-methylcytosine (5-mC). DNA 
methylation is catalyzed by a family of DNA methyl-
transferases (DNMT) [64]. DNMT3a and DNMT3b cata-
lyze de novo DNA methylation, while DNMT1 binds to 
hemimethylated DNA to maintain the DNA methylation 
pattern after replication [64, 65]. DNA demethylation is 
achieved by active enzymatic demethylation or by pas-
sive replication-dependent dilution of methylation [65, 
66]. In the active enzymatic demethylation, 5-methylcy-
tosine (5mC) undergoes a series of oxidation reactions 
catalyzed by the methylcytosine dioxygenases Ten Eleven 
Translocation (TET) enzymes. The oxidative products 
are excised by thymidine DNA glycosylase and replaced 
by unmodified cytosines through the base excision repair 
mechanism [66]. The 5-hydroxymethylcytosine (5hmC) 
is the best-studied and first intermediate of active DNA 
demethylation [67].

High levels of DNA methylation in the promoter 
region of genes are frequently associated with transcrip-
tional silencing [68]. DNA methylation in these regions 
could directly hinder transcription factor binding [69] or 
recruit reader proteins that contain a specialized domain 
that identifies and interpret DNA methylation, known as 
methyl-binding proteins (MBPs) [70]. MBPs then recruit 
different members of the chromatin remodeling complex 
to cause transcriptional repression [69, 70].

The effect of this epigenetic mark depends on the 
genomic context and the specific cytosines that are 
modified. For example, most CpG sites are not meth-
ylated when located at promoters of expressed genes, 
whereas CpG sites located in gene bodies are frequently 
methylated in a tissue-specific manner [14, 68]. DNA 
methylation in enhancer regions is associated with 
tissue-specific gene expression regulation [71, 72]. 
Interestingly, cell type-specific super-enhancers are 
hypomethylated to induce the expression of genes asso-
ciated with cell identity [73, 74]. Abnormal enhancer 
methylation is associated with alterations in gene 
expression in multiple diseases, including many types 
of cancer [75]. Besides being an intermediate in active 

DNA demethylation, enrichment of 5hmc in promoter 
regions is often associated with activation of gene 
expression [68].

DNA methylation and the cyclical endometrium
One of the epigenetic mechanisms that control the 
endometrium’s cyclical changes is DNA methylation 
[68, 76, 77]. DNA methylation profile has been corre-
lated with its biological age, and changes in this profile 
have been associated with abnormal function of the 
endometrium [78]. The variation in DNA methylation 
content across the menstrual cycle is tissue-specific 
as the methylation state of endometrial tissue changes 
according to the endometrial phase; in contrast, this is 
not observed in blood samples [79]. This suggests that 
DNA methylation regulates gene expression in a tissue-
specific manner during the endometrial cycle.

The content of DNA methylation in the human endo-
metrium varies across the endometrial cycle [76, 80, 
81]. Differential methylation states between the prolif-
erative and secretory phases are found in genes associ-
ated with transcriptional regulation, cell proliferation, 
and regulation of RNA metabolic processes, regardless 
of whether they contain CpG islands (CGI) [76]. For 
example, genes that do not have CGI, like ADORA1, 
C21orf128, and TRPV3, are more methylated in the 
proliferative phase than in the secretory phase [76]. 
Genes related to the hormone response like HOXA9, 
HOXD12, IRX2, NKX6-2, CYP7B1, ALG13, MYO3A, 
and FZD2 are less methylated in the secretory phase 
than in the proliferative phase; meanwhile, genes asso-
ciated with transcription regulation, e.g., ID2, NFAM1, 
RUNX3, and ZNF57 are more methylated in the secre-
tory phase [82] (Fig.  1). In addition, genes associated 
with embryo implantation like MAPK14, ZMIZ1, and 
PLXNA4 are less methylated during the receptive phase 
than the pre-receptive phase of the endometrial cycle 
[83]. Interestingly, the DNA methylation status of sev-
eral differentially methylated genes correlated with 
their expression levels as reported in other tissues [76, 
84, 85]. This suggests that the dynamics of DNA meth-
ylation in the endometrium are regulated in part by 
the hormone milieu, which can influence the function 
of this tissue by modulating its transcriptome. Recent 
studies have identified several endometrial phase-
dependent changes in the DNA methylation content of 
genes regulated by estrogens or progesterone through-
out the endometrial cycle [79, 86]. Moreover, estradiol, 
progesterone, or the combination of both modifies the 
DNA methylome of primary cultures of stromal cells in 
a hormone-specific manner, with estradiol inducing the 
most extensive changes [86].
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DNA methylation machinery in the cyclical endometrium
The expression of DNMTs in the human endometrium is 
differentially regulated across the endometrial cycle and 
by in  vitro hormonal treatments. DNMT3a expression 

is downregulated during the secretory phase and under 
estrogens and progesterone treatments in endome-
trial explant cultures (Fig.  1), whereas DNMT1 and 
DNMT3b expression is downregulated only by one of 

Fig. 1 Epigenetics changes in the endometrium throughout the menstrual cycle. The endometrium cycle is divided into the menstrual phase, 
the proliferative phase, and the secretory phase. The proliferative phase occurs from day 4 to day 14 of the cycle, according to the length of the 
28‑days menstrual cycle. This phase promotes the growth (proliferation) of endometrial glands and stromal cells (ESC); also, there is an increase in 
the depth of the spiral arteries that supply the endometrium. The secretory phase occurs after ovulation from day 14 to 28. During this phase, the 
endometrium’s proliferation is stopped as this tissue undergoes a series of transformations to achieve a receptive state for implantation in a process 
called decidualization. Decidualization is the transformation of ESC into decidual stromal cells (DSC) induced by progesterone. If no implantation 
occurs, constriction of the spiral arteries producing ischemia and cell death of the functional layer causes the endometrium to shed, and this phase 
is denominated menstrual phase. During the proliferative phase, there is an increase in the DNA methylation levels of hormone‑responsive genes 
and the expression of DNMT3a, GCN5, and EZH2 genes. On the other hand, during the secretory phase, an increase in the DNA methylation levels 
of genes associated with transcription regulation, the protein content of HDAC‑2, and the expression of H19 is observed. The global content of 
H3K9ac, H2AK5ac, H3K14ac and, H4K8ac is downregulated during the ovulation and menstrual phase. No changes have been reported for the 
global levels of H3K4me, H3K9me, and H3K27me. Endometrial epithelial cells (EEC)
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the hormones, progesterone and estrogens, respectively 
[87] (Fig.  2). Besides estradiol and progesterone, cAMP 
induces the decidualization process. In an immortalized 
endometrial stromal cell line, the expression of DNTM3b 
is downregulated by the action of estradiol, medroxy-
progesterone (MPA), and cAMP, whereas DNMT1 and 
DNMT3a are transiently downregulated [88] (Fig.  2). 
It has been recently reported that estradiol induces the 
expression of DNMT1 and DNMT3b in cell cultures of 
immortalized stromal and epithelial endometrial cells, 
respectively, while estradiol and progesterone decrease 
the expression of DNMT1 in the stromal cells [89].

The relationship between steroid hormones and 
DNA methylation in the endometrium remains unclear, 
whether the hormone stimuli is sufficient to activate 
DNMTs and induce specific methylation patterns in the 
genome that, in consequence, would lead to a particu-
lar gene expression profile, or DNA methylation is the 
mechanism that controls the action of these hormones. 
In other models such as the brain [90], breast cancer [91], 
and CD4 + cells [92], steroid hormones have been shown 
to regulate DNTMs activity, DNA methylation, and gene 
expression [92]. Regarding the female reproductive sys-
tem of other mammals, estrogens and progesterone 

inhibit dnmt3a and dnmt3b expression in Siberian ham-
sters’ uterus [93]. The relation between sex hormones and 
DNMTs can be speculated; nevertheless, further inves-
tigation is warranted to elucidate the crosstalk among 
steroid hormones, progesterone and estradiol, and DNA 
methylation in the cyclical human endometrium.

Another important component of the DNA methyla-
tion machinery are the MBD protein family (readers) and 
TET enzymes (erasers). The MBD protein family includes 
several members, namely MeCP2, MBD1, MBD2, MBD3, 
and MBD4 [94]. The expression of MBD2 is higher in the 
secretory phase compared to the proliferative and men-
strual phases and under estradiol and progesterone treat-
ments in endometrial explant cultures, whereas MBD1 
and MeCP2 expression is not modified throughout the 
endometrial cycle nor by hormonal treatments [95]. 
On the other hand, the expression of TET1 and TET3 
is higher in the mid-secretory phase than in the other 
phases of the endometrial cycle. In vitro treatments with 
progesterone induce TET1, TET2, and TET3 expression 
in endometrial epithelial cells and estradiol plus proges-
terone treatments increase the expression of TET3 in 
the same cell type, while estradiol induces the expres-
sion of TET1 in stromal cells. Interestingly, all three TET 

ESC dESC

↓ Expression of DNMT1 (progesterone) and DNMT3b 
(estradiol)

ESTRADIOL AND 
PROGESTERONE

ESTRADIOL, 
PROGESTERONE 
AND cAMP

↓ Expression of DNMT1 and DNMT3a (transient)

PROGESTERONE 
AND cAMP ↑ H3K27me3 

enrichment in the 
promoter region 

of WNT4,
ZBTB16,

PROK1, and
GREB1

↑ H3K27ac and H3K4me3 enrichment in the promoter
regions of genes associated with insulin signaling
↑ Global levels of H3K27ac and H3K4me1 
↓ Global levels of H3K4me3 

Hormonal treatment 
to induce 

decidualization 

↓ Expression of DNMT3b

Fig. 2 In vitro decidualization and the regulation of epigenetic processes. On the left side of the figure are shown the different methodologies 
used to induce in vitro decidualization. On the right side of the figure are shown the effects of in vitro decidualization on the content of epigenetic 
processes and components. Estradiol and progesterone downregulate the expression of DNMT1 (mainly by progesterone) and DNMT3b (mainly by 
estradiol), increase the enrichment H3K27ac and H3K4me3 in the promoter regions of genes associated with insulin signaling, increase the global 
content of H3K27ac and H3K4me1, and decrease the global content of H3K4me3. Progesterone and cAMP increase the enrichment of H3K27me3 
in the promoter region of WNT4, ZBTB16, PROK1, and GREB1 genes. Estradiol, progesterone, and cAMP downregulate the expression of DNMT3b and 
transiently decrease the expression of DNMT1 and DNMT3a
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proteins were detected in both epithelium and stroma 
throughout the endometrial cycle [89]. These studies sug-
gest that sex hormones regulate the expression of MBD2 
and TET genes in a dynamic and cell-specific manner in 
the human endometrium.  The role of the DNA meth-
ylation readers and erasers in the endometrium has 
not been elucidated, and further studies are required 
to establish their participation in the regulation of gene 
expression throughout the endometrial cycle.

DNA methylation in the window of implantation
In the secretory phase, the endometrium undergoes mul-
tiple changes that makes it more receptive to the blasto-
cyst in case of implantation [10]. Several changes in DNA 
methylation content are observed during the implanta-
tion window as precise regulation of gene expression 
is required for the implantation and establishment of 
the blastocyst. It has been proposed that any alteration 
in the DNA methylation profile of the receptive endo-
metrium would lead to aberrations in gene expression, 
which in turn would impede the decidualization process 
and embryo implantation [96, 97]. In fact, alterations in 
the DNA methylation content have been associated with 
defective receptivity. Particularly, 448 differentially meth-
ylated CpGs have been found between women who have 
recurrent pregnancy failure and healthy women, which 
was associated with a possibly altered immune response 
and G protein activity due to their involvement in endo-
metrial receptivity [98].

HOXA genes are essential for embryo implantation. 
Increased DNA methylation levels have been found in 
the promoter region of HOXA10 and HOXA11 genes in 
the endometrium of women with repeated implantation 
failure compared to control women [99]. Interestingly, 
hypermethylation of HOXA genes is reversed by the dem-
ethylating agent 5-aza-2’-deoxycytidine (5-AZA) in Ishi-
kawa endometrial cancer cells, which in turn increased 
the expression of HOXA10 and its target genes, ITGB3 
and IGFBP1, which play an important role in endometrial 
receptivity [100].

High progesterone levels at the time of ovulation have 
been proposed to modulate the methylation status of 
genes necessary for implantation [1]. Particularly, high 
progesterone levels induced by human chorionic gonado-
tropin (hCG) administration increase the global content 
of DNA methylation and DNMT3B expression in endo-
metrial epithelial cells [101, 102]. This increase in DNA 
methylation was associated with hypermethylation of 
the promoter regions of CDH1 and CNTNNB1 genes 
and the consequent decrease in gene expression [102]. 
These genes encode the adhesion molecules required in 
the implantation process, suggesting a possible explana-
tion of IVF treatment’s failure, at least in part, by DNA 

methylation. Superovulation induced by gonadotro-
pins administration is another condition that creates 
an altered hormonal milieu, in which changes in DNA 
methylation has been associated with an increase in the 
expression of genes related to endometrial remodeling 
such as PLAT, MMP2, and TIMP1 and the downregula-
tion of HSPE2 that could alter trophoblast migration 
and impair endovascular invasion [103]. These studies 
set a precedent about the effects of exogenous hormone 
administration on the content of DNA methylation in 
the endometrium, especially at the time of ovulation, in 
women who undergo an IVF procedure as these mol-
ecules could modify certain epigenetic marks needed for 
implantation in different endometrial cell types. Moreo-
ver, it is imperative to consider the impact of exogenous 
hormone treatments in the studies assessing the role of 
epigenetic modifications in endometrial function as these 
treatments may induce several molecular and cellular 
effects, including the regulation of DNA methylation.

The studies described above indicate that DNA meth-
ylation is influenced by the hormone milieu at the win-
dow of implantation, especially by progesterone, and 
alterations in the hormone levels could lead to a different 
DNA methylation pattern that could disturb the implan-
tation process. These findings highlight the importance 
of studying differentially methylated genes and the spe-
cific  methylation site in all the cell types present in the 
endometrium and different hormonal contexts, probably 
by single-cell DNA methylation profiling.

Most studies have focused on identifying changes 
DNA methylation levels in the promoter region of genes; 
however, as mentioned previously, DNA methylation 
in enhancer regions has an important role in regulating 
gene expression associated with cell identity [71, 72]. 
Therefore, future research is required to focus on study-
ing DNA methylation in these regulatory regions as well.

The lack of evidence of the direct effect of DNA meth-
ylation on gene expression is an important limitation 
of these studies as the methylation status of a particu-
lar CpG site could affect the expression and function of 
several other DNA elements in addition to the promoter 
of the closest gene [14]. The next step in this research 
field would be a gene-specific modification of the DNA 
methylation status with a CRISPR/Cas9 related system to 
validate its effect on gene expression [104, 105]. Further-
more, modulation of DNA methylation at specific CpG 
sites or a single-base mutation within a CpG (associated 
with a methylation quantitative trait loci) could be per-
formed using this technology to assess the effects on gene 
expression.
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DNA methylation in endometrial pathologies
DNA methylation changes in the female reproduc-
tive system are linked to disease [84]. Particularly, DNA 
methylation is altered in specific genomic regions in 
endometrial pathologies, and differences in the content 
of this epigenetic modification are influenced by the par-
ticular phase of the endometrial cycle [82, 85]. Single 
nucleotide polymorphisms (SNPs) are changes in DNA 
sequence that occur in a single nucleotide and are pre-
sent in at least 1% of the population. SNPs located within 
a CpG may impact DNA methylation, challenging the 
classical definition of epigenetics [106–109].

In a study conducted by Mortlock et  al. [79], a meth-
ylation quantitative trait loci (mQTL) analysis was 
performed to identify the relationship between SNPs 
associated with pathologies of the endometrium (e.g., 
endometriosis) and DNA methylation. In this study, an 
association between specific SNPs and DNA methyla-
tion was found in blood samples and endometrium, sug-
gesting mQTLs as potential biomarkers for endometrial 
pathologies. This study established a paradigm where 
although blood and endometrium have a different cellu-
lar composition, an association between SNPs and DNA 
methylation was found in both samples. This finding sug-
gests that blood samples are a less invasive alternative to 
studying the DNA methylation changes in healthy and 
pathological endometrium. However, more studies are 
needed to confirm this association as differences in the 
content of DNA methylation between proliferative and 
secretory phases were found in the endometrium but 
not in blood. This study also highlights the difficulty to 
determine whether the differences in DNA methylation 
observed in blood and endometrial tissue are associated 
with the diverse cellular population of both samples, the 
local concentration of hormones, or both. These limita-
tions should be addressed by single-cell technologies to 
obtain the DNA methylation profile of specific cell types 
in a particular phase of the endometrial cycle.

Differences in the methylation status of specific genes 
have been found between the early and late development 
stages of endometrial cancer, especially in genes encod-
ing transcription factors [110]. TETs and MBD proteins, 
such as MECP2, have been implicated in endometrial 
cancer and endometriosis [95, 111–113]. More research 
is warranted to assess the relationship between DNA 
methylation, DNA methylation machinery, hormonal sta-
tus, and endometrial diseases such as endometriosis and 
endometrial cancer, which would allow the discovery of 
more precise biomarkers and new potential therapeutic 
targets.

Histone post‑translational modifications
The eukaryotic gene expression would be senseless with-
out considering the landscape in which it occurs, the 
chromatin. The chromatin is formed by the nucleosome 
consisting of 146-147 bp of DNA wrapped around a his-
tone octamer, which is made by two copies of each inner 
histone, namely H2A, H2B, H3, and H4 [114]. The amino 
acids in histone N-terminal tails interact with the DNA 
and are also a target of PTMs. These PTMs are acety-
lation, methylation, phosphorylation, ubiquitination, 
SUMOylation, citrullination, and ribosylation, among 
others [115]. These modifications constitute the histone 
code. The histone code is a hypothesis that assumes that 
different PTMs act together in a coordinated manner to 
influence chromatin conformation [116]. Such modi-
fications are reversible and catalyzed by enzymes that 
deposit them (writers) and remove them (erasers).

These modifications regulate gene expression through 
two mechanisms. The first mechanism is based on elec-
trostatic interactions, since DNA is negatively charged 
and histone N-terminal tails are positively charged. For 
example, acetylation of a lysine residue will change the 
positive charge to a negative one. The negative charge 
will generate a more relaxed chromatin state; if this 
occurs in the promoter region, transcription factors and 
RNA polymerase II (Pol II) have more room to bind DNA 
and activate  transcription [108]. Histone acetylation 
is catalyzed by histone acetyltransferases (HATs) and is 
removed by histone deacetylases (HDACs) [117–119]. 
The second mechanism by which PTMs regulate gene 
expression requires specific proteins, called readers, 
that interpret the modification. This type of PTM cre-
ates a binding site for transcription factors, chromatin 
remodeler complexes such as chromatin remodelers of 
the switch/sucrose-non-fermenting (SWI/SNF), imita-
tion switch (ISWI), chromodomain-helicase-DNA bind-
ing (CHD), and inositol requiring 80 (INO80) families, 
and adaptor proteins that, in turn, regulate transcription 
[120, 121].

Chromatin immunoprecipitation assays followed  by 
microarrays (ChIP-chip) and next-generation sequenc-
ing (ChIP-seq) have provided fundamental information 
about the role of a variety of histone modifications and 
their localization in the genome [121, 122]. Promot-
ers of transcriptionally active genes are enriched with 
histone H3 lysine 4 trimethylation (H3K4me3) and his-
tone H3 and H4 lysine acetylation, while in gene bod-
ies, they tend to have higher levels of trimethylation of 
histone H3 lysine 36 (H3K36me3) and trimethylation of 
histone H3 lysine 79 (H3K79me3) [123]. After transcrip-
tion initiation, histone H3 lysine 9 acetylation (H3K9ac) 
is necessary to induce the release of Pol II pausing by 
directly recruiting the super elongation complex (SEC) 



Page 10 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116 

to chromatin [124]. The enrichment of H3K9ac in the 
genome is highly correlated with that of histone H3 
lysine 14 acetylation (H3K14ac), and the enrichment lev-
els of both are also correlated with other histone marks 
(such as H3K4me3), suggesting a coordinated enrich-
ment of active histone marks. Acetylation of histone H4 
at lysine 8 (H4K8ac) is among the most dynamic histone 
PTMs preferentially occupying the 5′ intergenic regions 
(5′IGRs) and 5′ termini of the open reading frames 
(ORFs) of several genes [125]. Enrichment of histone H3 
lysine 16 acetylation (H3K16ac) and Pol II occupancy 
are observed in actively expressed regions in the genome 
[126].

On the other hand, histone H3 lysine 27 trimethyla-
tion (H3K27me3) and histone H3 lysine 9 trimethylation 
(H3K9me3) are known for their relationship with tran-
scriptionally repressed chromatin in metazoan genomes. 
Several protein complexes catalyze these  modifications, 
including the Enhancer of Zeste Homolog 2 (EZH2), wh
ich  is the catalytic subunit of the Polycomb Repressive 
Complex 2 (PRC2) and several H3K9 methyltransferases 
[127].

Histone post‑translational modifications and the cyclical 
endometrium
Another of the epigenetic mechanisms that control the 
transcriptional changes throughout the endometrial 
cycle is the histone PTMs (Fig.  1). Global acetylation 
of H3 and H4K8  is modulated by ovarian steroid hor-
mones, estradiol and progesterone, in ESC [128]. Ligand-
activated hormone receptors, such as PR and ERα, act 
by binding to the proximal promoters and distal regula-
tory elements of target genes to recruit components of 
the basal transcription machinery and cofactors, such as 
HATs and HMTs, that induce the histone PTMs and alter 
the chromatin structure [17, 129, 130].

The global levels of histone acetylation in the endo-
metrium vary during the endometrial cycle. Particu-
larly, global levels of H3K9ac, H2A lysine 5 acetylation 
(H2AK5ac), H3K14ac, and H4K8ac are increased in 
the early proliferative phase, subsequently declin-
ing in the late proliferative phase [12]. This increase 
in the global acetylation of histones could be associ-
ated with the activation of many genes and pathways 
necessary for the regeneration of the endometrium’s 
functional layer, such as endometrial epithelial growth, 
angiogenesis, and proliferation pathways [131–133]. 
However, more studies are required to prove this state-
ment. An increase in the global acetylation levels is 
also observed after ovulation, which could be involved 
in the progesterone-dependent transcriptional activa-
tion of secretory associated pathways required to dif-
ferentiate endometrial glands and stroma [12]. The 

tight regulation of gene expression during the secre-
tory phase is critical to induce a specific network 
for ESC decidualization, which is a prerequisite for suc-
cessful implantation [134]. During the late secretory 
phase, the global levels of these histone PTMs decline, 
suggesting that the decrease in hormone levels (estra-
diol and progesterone) resulting from the regression 
of the corpus luteum could be involved in the loss of 
global acetylation [12]. In contrast to these findings, 
Monteiro  et al.  did not observe significant differences 
among the H3K9ac and H3K16ac throughout the endo-
metrial cycle, probably because Munro  et al. evalu-
ated the levels of PTMs in the subphases of the cycle, 
while Monteiro  et al. only study the changes in PTMs 
at proliferative versus secretory endometrium [12, 135] 
(Fig. 1).

Class I HDACs and HATs are differentially expressed in 
the human endometrium during the endometrial cycle, 
which may explain the differences in the content of acety-
lated histones [136]. Particularly, the content of HDAC-2 
protein increases in the secretory phase in parallel with 
reduced levels of GCN5, which is a HAT (Fig. 1). These 
findings suggests a shift in the balance between histone 
deacetylation and acetylation towards deacetylation, 
which may explain the changes in the global level of this 
PTM during the late secretory phase [136]. Interestingly, 
Uchida et  al. reported that histone deacetylase inhibi-
tors (HDACI) could induce changes in morphology, gene 
expression, differentiation, and function in endometrial 
epithelial and stromal cells [137]. Further studies are war-
ranted to establish the role of several HATs and HDACs 
in each subphase of the endometrial cycle and their asso-
ciated transcriptional programs.

On the other hand, it has been reported that global lev-
els of histone methylation of H3K4, H3K9, and H3K27 
do not change across the endometrial cycle [135] (Fig. 1), 
perhaps because these study only looked at proliferative 
versus secretory endometrium and did not consider the 
same subphases of the cycle as analyzed by Munro et al. 
[12, 135]. However, specific changes in the content of 
these histone PTMs have been found in particular genes. 
For example, it has been reported that the enrichment 
of H3K27me3 on the HOXA10 promoter is higher in 
the proliferative phase in comparison with the secretory 
phase [138] (Fig. 3a). HOXA10 is a homeodomain tran-
scription factor essential for normal uterine embryogen-
esis and endometrial cycle regulation. The enrichment 
of H3K27me3 in HOXA10 promoter is consistent with 
previous studies showing that HOXA10 is dynamically 
expressed in the endometrium, which is downregulated 
during the proliferative phase and highly expressed in the 
secretory phase [138, 139] (Fig. 3b).
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Impact of in vitro decidualization in the enrichment 
of histone post‑translational modifications
The expression of EZH2, which catalyzes H3K27 trimeth-
ylation, is decreased during in vitro decidualization and 
the transition of proliferative to secretory phase. The 
downregulation of EZH2 activity in the endometrium 
during decidualization is correlated with the loss of 
H3K27me3 enrichment in PRL and IGFBP-1 genes (key 
decidual marker genes induced by progesterone), sug-
gesting that H3K27me3 is an integral part of the chroma-
tin remodeling process that enables the transition from 
a proliferative to a decidual phenotype in response to 
different signals such as progesterone and cAMP [140] 
(Fig. 3). Furthermore, the subsets of up- and downregu-
lated genes upon decidualization are associated with 
reciprocal changes in the enrichment of histone H3 lysine 
27 acetylation (H3K27ac) and H3K27me3 modifications, 
respectively, at their promoter region. Essential genes 
for the decidualization of ESC such as WNT4, ZBTB16, 
PROK1,  and  GREB1  contain high levels of H3K27ac in 
their promoter after the treatment with 8-Bromo-cAMP 
and progesterone, confirming the dynamic properties 
of chromatin in response to decidualization [16, 140] 
(Fig.  2). Interestingly, cAMP alone cannot induce an 
increase in the enrichment of H3K27ac in the regulatory 
regions of PRL and IGFBP-1 genes in ESC, suggesting 
that these epigenetic changes are stimulus and gene-spe-
cific [141].

Tamura et al. found several genomic regions enriched 
with H3K27ac after ESC decidualization. Interestingly, 
80% of these regions were located in distal gene regions, 
which may function as enhancer elements to induce the 
expression of decidualization associated genes. Path-
way analysis revealed that upregulated genes enriched 
with H3K27ac or H3K4me3 modifications were associ-
ated with the insulin signaling pathway, which may be 
involved in glucose uptake necessary for decidualization 
[142] (Fig.  2). It has been demonstrated that deciduali-
zation induces the enrichment of H3K27ac in the distal 
upstream region (-4701 to -7501 bp) of the IGFBP-1 pro-
moter [143]. Furthermore, the transcriptional regulators 
CCAAT enhancer-binding protein β (C/EBPβ), FOXO1, 

and p300 binds to this potential enhancer to induce 
IGFBP-1 expression [143]

Recently, the transcriptional and chromatin landscapes 
of cultured ESC collected from human placental mem-
branes, and the corresponding DSC (induced by MPA 
and cAMP treatments) have been characterized. A total 
of 1,135 differentially expressed genes were identified 
after decidualization, of which upregulated genes were 
associated with insulin-related terms and glucose metab-
olism, while downregulated genes were associated with 
cell cycle [142, 144, 145]. Interestingly, the enrichment of 
H3K27ac and H3K4 monomethylation (H3K4me1) was 
higher in DSC than ESC in several genomic regions, and 
the opposite pattern was observed for H3K4me3, which 
was more enriched in ESC than DSC (Fig. 2). These find-
ings indicate that the epigenetic changes underlying gene 
expression alterations during decidualization predomi-
nantly occur in potential enhancers [145]. Additionally, 
the evaluation of the accessible chromatin regions by 
ATAC-seq revealed tens of thousands of differentially 
accessible regions between ESC and DSC. Genomic reg-
ulatory regions with more accessible chromatin overlap 
with the enrichment of H3K27ac and H3K4me1 enhancer 
marks in upregulated genes. Conversely, the potential 
enhancer regions of downregulated genes became less 
accessible after decidualization [145].

Taken together, all these findings indicate that histone 
PTMs are important players in gene expression regula-
tion in the endometrium during the endometrial cycle. 
However, the specific role of ovarian steroid hormones 
on the regulation of histone modifiers activity through-
out the endometrial cycle remains to be elucidated. More 
studies using next-generation sequencing are necessary 
to establish the distribution of several histone PTMs in 
the endometrium during the different subphases of the 
endometrial cycle and in specific endometrial cell types 
by single-cell approaches [146]. Applying these tech-
nologies in in  vitro models of decidualization will help 
to identify the role of chromatin structure generated in 
response to steroid hormones. In addition, global and 
locus-specific changes in the content of particular his-
tone PTMs have been reported in endometriosis and 
endometrial cancer [135, 138, 140, 147–151]. However, 

(See figure on next page.)
Fig. 3 Epigenetics changes during the proliferative and secretory phases in endometrial cells. a. During the proliferative phase, the enrichment 
of H3K27me3 on the HOXA10, PRL, and IGFBP-1 promoters in endometrial stromal cells (ESC) is reported, which is consistent with the lack of 
expression of these genes. Also, an increase in the expression of EZH2, which catalyzes the H3K27me3 modification, is observed. b. A decrease in 
the enrichment of H3K27me3 in the HOXA10, PRL, and IGFBP-1 promoters in decidual stromal cells (DSC) during the secretory phase is reported; 
consequently, an increase in the expression of these genes is observed. Furthermore, a decrease in the expression of EZH2 during decidualization 
is observed in DSC. During the secretory phase, some miRNAs, lncRNAs, and the proteins involved in their biogenesis increase their expression 
compared to the proliferative phase, such as miRNA‑222, miR‑543, and DICER in DSC, and miR‑29c, DROSHA, H19, and PTENP1 in endometrial 
epithelial cells (EEC)
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more studies are required to establish the biological func-
tion of each histone PTM in these diseases, which will 
help in the discovery of new potential therapeutic targets 
as in other types of cancer or diseases.

Non‑coding RNAs
Non-coding RNAs (ncRNAs) are defined as functional 
RNA molecules without protein-coding ability and 
are divided into small RNAs (containing less than 200 
nucleotides) that include small interfering RNAs (siR-
NAs), microRNAs (miRNAs), and PIWI-interacting 
RNAs (piRNAs), and long ncRNAs (lncRNAs) that con-
tain more than 200 nucleotides [152]. NcRNAs interact 
with nuclear proteins such as histone-remodeling com-
plexes or DNMTs to regulate gene expression. In addi-
tion, lncRNAs and miRNAs regulate gene expression 
by directly interacting with other RNA molecules such 
as mRNAs [153]. In this section, we are focus on lncR-
NAs and miRNAs. LncRNAs can function as a) decoys 
that titrate away DNA and RNA-binding proteins; b) 
scaffolds to bring proteins into complex or spatial prox-
imity; c) a guide to recruiting proteins to the DNA; and 
d) an enhancer (eRNA), to create loops that bring DNA 
regions together through a scaffolding complex [154, 
155]. On the other hand, miRNAs are small molecules 
of 18–22 nucleotides that post-transcriptionally regulate 
gene expression by the binding to the 3’-end of the tar-
get mRNA, and more rarely to the 5’-end, via the RNA-
induced silencing complex, leading to the inhibition of 
mRNA translation by different mechanisms [156].

Recent studies have shown that enhancers function 
as transcriptional units and are transcribed to produce 
eRNAs, which are also involved in the regulation of gene 
transcription [157, 158]. Despite the growing evidence 
supporting eRNAs as functional biomolecules [159–161], 
the mechanism by which eRNAs promote gene transcrip-
tion remains unknown. However, eRNAs can bind to 
transcription factors, influence  RNA Pol II elongation, 
and mediate enhancer-promoter interactions [162].

Circular RNAs (circRNA) are endogenous ncRNAs 
that range in size from 100 nucleotides to more than 4 
kilobases. These molecules are produced by back-splic-
ing, wherein a downstream 5′ splice site (splice donor) 
is joined to an upstream 3′ splice site (splice acceptor) 
[163]. CircRNAs act as protein sponges, interact with 
RNA-binding proteins (RBPs), enhance protein function, 
and recruit proteins to specific locations [164–168].

Non‑coding RNAs and the cyclical endometrium
It has been recently demonstrated that RNA molecules 
have an interplay with each other creating the competi-
tive endogenous RNA (ceRNA) network, in which sev-
eral RNA molecules regulate gene expression and several 

biological functions; this intricate interplay typically 
involves lncRNA-miRNA and mRNA molecules [169, 
170]. In the endometrium, ceRNA networks have been 
shown to regulate the implantation process, the dynam-
ics between trophoblast and endometrium during preg-
nancy, and have also been used as biomarkers for disease 
prognosis in endometrial cancer and to identify which 
pathways are regulated by lncRNA-miRNA competition 
[171–176]. During the implantation window, the regu-
lation of mRNA levels by lncRNA-miRNA molecules in 
the endometrium is critical. This is the case for H19/let-
7a-5p/ITGB3 where H19 acts as a sponge for let-7a-5b to 
prevent the degradation of ITGB3 transcript that is trans-
lated into a protein necessary for implantation [174, 177]. 
This association between lncRNAs with other RNAs to 
create ceRNA networks could be involved in many func-
tions needed to prepare the endometrium for embryo 
implantation, such as immune system activity, angiogen-
esis, apoptosis, and steroid biosynthesis [178].

lncRNAs
The transformation of the endometrium throughout 
the endometrial cycle is mainly driven by the steroid 
hormones, progesterone and estradiol, which can influ-
ence the expression profile of ncRNAs [179]. However, 
the expression of ncRNAs in the normal cyclical endo-
metrium has not been studied in-depth as most studies 
focus on endometrial pathologies and implantation fail-
ure, which are discussed below.

One of the most studied lncRNAs is the product of the 
H19 imprinted gene, whose expression in normal endo-
metrium fluctuates during the endometrial cycle and 
has only been detected in the endometrial stroma. H19 
reaches its highest expression during the late secretory 
phase when progesterone is the dominant hormone, 
suggesting that this gene could be regulated by sex hor-
mones [180, 181] (Fig. 1). H19 is reciprocally imprinted 
with respect to IGF2, regulating IGF2 imprinting and 
expression [182]. Interestingly, IGF2 is upregulated dur-
ing the decidualization process [183]; however, the rela-
tion between H19 and IGF2 during decidualization 
remains to be explored. H19 is also expressed in endome-
trial cancer tissues [184]. The knockdown of this lncRNA 
in endometrial cancer is associated with reduced migra-
tion, invasiveness, and tumor growth [184, 185]. In the 
endometrium of women with endometriosis, decreased 
H19 expression is associated with decreased endome-
trial stromal cell proliferation as this lncRNA reduces the 
availability of miRNA let-7, which inhibits IGF1R expres-
sion that is necessary for cell proliferation and proper 
endometrial function [174]. In addition, the expres-
sion of H19 is downregulated in the secretory endome-
trium of patients with repetitive implantation failure 
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(RIF) compared to the control group. This differential 
expression could lead to the downregulation of integrin 
β-3 necessary for trophoblast adhesion [174, 177, 186]. 
Furthermore, the differential expression of lncRNAs in 
patients with RIF has been associated with a dysregula-
tion of pathways necessary for a proper implantation 
process, such as cell adhesion, tumor necrosis factor 
signaling, Toll-like receptor signaling, and NK-κB sign-
aling [187, 188]. These studies also suggest that proges-
terone, the main regulator of the decidualization process, 
could be regulating the expression of H19 and IGF2 to 
accomplish implantation [180–182].

The expression of many lncRNAs is upregulated dur-
ing decidualization, such as NEAT1, RP11-627G23.1, and 
PSORS1C3,  but their function in this process remains 
to be elucidated [25]. These lncRNAs may regulate the 
expression of genes associated with cell proliferation, dif-
ferentiation, migration, and angiogenesis during decid-
ualization, as proposed in mice uteri [189]. PTENP1, 
a lncRNA that is highly expressed in the luminal epi-
thelium during the mid-secretory phase, regulates the 
expression of several miRNAs to promote the implanta-
tion process [173] (Fig. 3b). It has been suggested lncRNA 
H2KP1, along with its associated gene HK2, is necessary 
for endometrial decidualization as it inhibits cell prolif-
eration [190]. Interestingly, specific pathways regulate the 
expression of lncRNAs required for decidualization, such 
as the cAMP-PKA pathway that regulates LINC00473 
expression, whose specific function in the decidualiza-
tion process is still unknown [191].

Another lncRNA, ENST00000433673, is expressed in 
epithelial and stromal endometrial cells to enhance the 
synthesis of ITGAL and ICAM1, two proteins required 
for the adhesion of the trophoblast to the endometrium 
[192]. LncRNAs have also been proposed as biomark-
ers of endometrial receptivity, such as LINC01060 and 
LINC01104, whose specific functions remain to be eluci-
dated [193].

miRNAs
The expression of miRNAs during the endometrial cycle 
has been evaluated in endometrial and serum samples. 
Even though there is evidence that miRNAs levels in 
serum do not change throughout the menstrual cycle and 
an endometrial biopsy is recommended to determine the 
endometrial phase in terms of expression profiles, there 
is one study that suggests the use of miRNAs as serum 
biomarkers to determine the receptivity of the endome-
trium during the secretory phase [194, 195]. Throughout 
the endometrial cycle, progesterone and estradiol regu-
late the expression of different miRNAs in the endome-
trium, and these miRNAs regulate several genes involved 
in extracellular matrix remodeling, cell proliferation, and 

the response to steroid hormones [196, 197]. In addi-
tion, the administration of progesterone and estradiol in 
assisted reproduction cycles modulates miRNA profiles 
that may regulate endometrial receptivity [196].

The secretory phase shows more changes in the gene 
expression profiles of the endometrium compared to 
the menstrual and proliferative phases. These changes 
in gene expression are partly mediated by miRNAs that 
target cell cycle related-genes to suppress cell prolif-
eration [18]. The different cell types that compose the 
endometrium express different miRNAs related to endo-
metrial receptivity during the secretory phase. In stromal 
cells, miR-543 expression increases during the secretory 
phase and has been suggested to be involved in signaling 
pathways associated with endometrial receptivity [198] 
(Fig. 3b). During decidualization, increased expression of 
miRNA-222 is associated with a decrease in the number 
of stromal cells in the S phase of the cell cycle, while high 
levels of miR-29c expression in epithelial cells are associ-
ated with the proper attachment of the blastocyst to the 
endometrium [199, 200] (Fig. 3b). These studies highlight 
the importance of miRNAs function in the different cell 
types that are part of the endometrium.

Another aspect that should be considered in the study 
of the cyclical endometrium is the regulation of miRNA 
biogenesis. Particularly, the highest expression of DRO-
SHA (responsible for the initiation of miRNAs process-
ing) is observed in the epithelium during the early and 
mid-secretory phases, whereas DICER (responsible for 
the processing of miRNA precursors into mature miR-
NAs) is preferentially localized and highly expressed in 
the stroma during the late secretory phase (Fig. 3b). The 
content of these proteins is lower in the endometrium of 
infertile women than the endometrium of fertile women 
during the same phase of the endometrial cycle, which 
could indicate that these proteins are important for endo-
metrial function [201]. The specific role of these ribonu-
cleases in the cyclical endometrium should be explored 
in future studies.

Specific miRNA families, such as the miRNA-30 fam-
ily, or single miRNAs, modulate the expression of genes 
involved in the regulation of implantation [202, 203]. 
Particularly, several miRNAs have been associated with 
implantation failure, for example, miR-29c and miR-
661 that reduce the content of collagen type IV alpha 1 
(COL4A1) and the E3 Ubiquitin Protein Ligase (MDM2), 
respectively; both proteins are necessary for the adhesion 
of the trophoblast to the endometrial epithelial cells [200, 
204, 205]. During the first weeks of pregnancy, the decid-
ualized endometrium shows a specific miRNA expression 
profile. Particularly, miRNA-146b-5p, miRNA-181b-5p, 
miRNA-424, miRNA-532, and miRNA-199a-3p are 
downregulated, while miR-423, miR-22-3p, let-7i-5p, and 
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miR-1 are upregulated in the decidualized endometrium 
from early pregnancy compared to proliferative endome-
trium; these miRNAs are associated with genes that are 
necessary for the maintenance of pregnancy [206]. miR-
NAs have also been proposed as potential biomarkers for 
assessing endometrial receptivity because of their rela-
tionship with coding-gene expression, which may help 
to identify the appropriate time for embryo implantation 
[207–209]. For example, miR-22 downregulates Tiam1/
Rac1 protein levels required for embryo implantation in 
mice. Interestingly, the expression of these molecules is 
regulated by estradiol and progesterone, and it is pro-
posed that they are involved in RIF [210].

eRNAs
Little is known about the role of eRNAs in the cyclical 
endometrium. It has been reported that the expression of 
the eRNA long noncoding-CES1-1 (lnc-CES1-1) is upreg-
ulated in decidual tissue from patients with unexplained 
recurrent pregnancy loss (URPL) compared to controls. 
The transcription factor signal transduction and activa-
tion of transcription 4 (STAT4) induces the expression of 
lnc-CES1-1 in decidual associated cell lines. In turn, this 
associated eRNA binds to the fused in sarcoma (FUS) 
transcription factor to induce PPARγ expression, inhibit 
cell migration and increase the inflammatory response, 
which may explain its association with URPL [211].

In the Ishikawa endometrial adenocarcinoma cell 
line, estradiol induces the expression of an eRNA tran-
scribed from an enhancer that induces the expression of 
GREB1 [212]. Interestingly, GREB1 is highly expressed 
in the endometrium, and its expression levels fluctuate 
in accordance with estrogen levels throughout the endo-
metrial cycle in healthy women [213]. However, the role 
of eRNAs in the regulation of GREB1 expression in the 
cyclical endometrium remains to be elucidated.

circRNAs
To the best of our knowledge, only one study has 
explored the expression profile of circRNAs in the endo-
metrium, in which a total of 21,340 circRNAs were dif-
ferentially expressed between endometrial cancer and 
healthy endometrium [214]. Nevertheless, the expression 
and function of circRNAs in the cyclical endometrium 
are unknown.

More transcriptomic studies are needed to investigate 
the expression profiles of lncRNAs, miRNAs, eRNAs, and 
circRNAs in the endometrium during the proliferative, 
secretory and menstrual phases, as well as those regu-
lated by sex hormones, which in turn could be respon-
sible for the regulation of expression of coding genes in 
each endometrial phase. In addition, little is known about 
how these RNA molecules could interact with each other 

during the implantation process and how the hormone 
milieu could influence the expression of the ncRNA mol-
ecules to support the endometrium for implantation.

The differential expression of lncRNAs and miRNAs 
has been associated with diverse pathologies, and their 
study has helped to elucidate the molecular mechanisms 
involved in the pathogenesis of different diseases. In 
some cases, ncRNAs have also been used as prognosis 
biomarkers for disease [215–219]. In pathologies of the 
endometrium, e.g., endometrial cancer and endometrio-
sis, the study of ncRNAs has not been the exception as 
the study of these molecules has contributed to clarifying 
the molecular mechanisms that rule these diseases [217, 
220, 221]. Considering that the best method for diagnos-
ing these diseases is laparoscopy surgery, it is of great 
interest to find more informative biomarkers that can be 
identified in plasma or serum samples to avoid invasive 
procedures and improve the life quality of patients [217, 
222, 223]. Moreover, a complete understanding of the 
role of these molecules in endometrial diseases may lead 
to the discovery of potential therapeutic targets. Fur-
ther studies are required to establish the action mecha-
nisms of lncRNAs, since they can mediate long-range 
DNA interactions to regulate gene expression of several 
genes involved in endometrial cancer pathogenesis [224]. 
In addition, the participation of other ncRNAs, such as 
eRNAs and circRNAs, during the different phases of the 
endometrial cycle and endometrium disease should be 
explored.

Conclusion and perspectives
Epigenetic mechanisms are emerging as key players in 
regulating transcriptional networks associated with fun-
damental processes and functions of the cyclical endo-
metrium. Particularly, DNA methylation, histone PTMs, 
and ncRNAs regulate the expression of genes associated 
with endometrial epithelial growth, angiogenesis, and 
stromal cell proliferation during the proliferative phase. 
During the secretory phase, these epigenetic mechanisms 
promote the expression of genes associated with hor-
mone response, insulin signaling, decidualization, and 
embryo implantation. Further studies using next-genera-
tion sequencing are warranted to explore the role of other 
covalent modifications of nucleic acids and histones, 
such as DNA hydroxymethylation, RNA methylation, and 
novel histones PTMs, as well as other non-coding RNAs 
that are being recognized as fundamental factors in regu-
lating gene expression such as eRNAs or circRNAs. It is 
clear now that single-cell studies will elucidate the role 
of the epigenetic mechanisms in each cell type that com-
poses the endometrium, as recently demonstrated by the 
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single-cell transcriptomic atlas reported by Wang et al. 
[2].

The human genome has a complex and hierarchical 
structure, called the tridimensional organization of the 
genome, which plays a fundamental role in regulating 
gene expression [225, 226]. The genome folds into dif-
ferent levels of organization, including chromosomal 
territories, open (named A) and closed (named B) chro-
matin compartments, autonomously folded substruc-
tures called topologically associated domains (TADs), 
and interactions between two specific genomic regions 
that create chromatin loops [227]. In this regard, a recent 
study identified a total of 53,211 interactions between 
promoters and distal regions with accessible chroma-
tin in decidua-derived ESCs decidualized with MPA 
and cAMP during 48  h [145]. These findings suggested 
that these interactions should have a regulatory role in 
the decidualization process. However, more studies are 
required to explore the functional role of these interac-
tions and the role of the tridimensional organization of 
the genome to create functional TADs in the nucleus of 
endometrial cells throughout the endometrial cycle.

Finally, aberrant epigenetic changes may contribute to 
the pathogenesis of reproductive diseases such as endo-
metrial cancer or endometriosis. Epigenetic mechanisms 
are probably also dysregulated in women with RIF, thus 
preventing the correct transition of proliferative endome-
trium to a decidualized environment necessary in case of 
fertilization. The application of this knowledge will defin-
itively provide essential information to understand the 
pathological mechanism of endometrial diseases, such as 
endometriosis, RIF, and endometrial cancer, and to iden-
tify potential therapeutic targets.

Declarations

Abbreviations
5‑mC: 5‑Methylcytosine; 5′IGRs: 5′ Intergenic regions; 5hmc: 5‑Hydroxy‑
methylation; ATAC‑seq: Assay for Transposase‑Accessible Chromatin with 
high throughput sequencing; bp: Base pair; cAMP: 3’,5’‑Cyclic adenosine 
monophosphate; circRNA: Circular RNAs; ceRNA: Competitive endogenous 
RNA; CGI: CpG islands; ChIP‑chip: Chromatin immunoprecipitation assay 
followed by microarrays; ChIP‑seq: Chromatin immunoprecipitation assay 
followed by next‑generation sequencing; CRISPR/Cas9: Clustered regularly 
interspaced short palindromic repeats‑Cas9; CYR61: Cysteine‑rich angiogenic 
inducer 61; DNA: Deoxyribonucleic acid; DNMT: DNA methyltransferases; 
DSC: Decidual stromal cells; EEC: Endometrial epithelial cells; eQTL: Expression 
quantitative trait loci; ERα: Estrogen receptor alpha; eRNAs: Enhancer RNAs; 
ESC: Endometrial stromal cells; EZH2: Enhancer of Zeste Homolog 2; H2AK5ac: 
Acetylation on histone H2A lysine 5; H3K14ac: Acetylation on histone H3 
lysine 14; H3K16ac: Acetylation on histone H3 lysine 16; H3K27ac: Acetylation 
on histone H3 lysine 27; H3K27me3: Trimethylation on histone H3 lysine 27; 
H3K36me3: Trimethylation on histone H3 lysine 36; H3K4me1: Monomethyla‑
tion on histone H3 lysine 4; H3K4me3: Trimethylation on histone H3 lysine 
4; H3K79me3: Trimethylation on histone H3 lysine 79; H3K9ac: Acetylation 
on histone H3 lysine 9; H3K9me3: Trimethylation on histone H3 lysine 9; 

H4K8ac: Acetylation on histone H4 lysine 8; HATs: Histone acetyltransferases; 
hCG: Human chorionic gonadotropin; HDACI: Histone deacetylase inhibitors; 
HDACs: Histone deacetylases; IVF: In vitro fertilization; lncRNAs: Long ncRNAs; 
miRNAs: MicroRNAs; MPA: Medroxyprogesterone; mQTLs: Methylation quan‑
titative trait loci; mRNA: Messenger RNA; ncRNAs: Non‑coding RNAs; ORFs: 5′ 
Termini of the open reading frames; piRNAs: PIWI‑interacting RNAs; Pol II: RNA 
polymerase II; PR: Progesterone receptor; PRC2: Polycomb Repressive Complex 
2; PTMs: Post‑translational modifications; RNA: Ribonucleic acid; SEC: Super 
elongation complex; siRNAs: Small interfering RNAs; SNPs: Single nucleotide 
polymorphisms; TADs: Topologically associated domains; TNFα: Transforming 
growth factor alfa; TSSs: Transcription start sites; VEGF: Vascular endothelial 
growth factor; URPL: Unexplained recurrent pregnancy loss.

Acknowledgements
We acknowledge the support of Ashley Estefanía Castellanos‑Villegas (Unidad 
de Investigación en Reproducción Humana, Instituto Nacional de Perina‑
tología‑Facultad de Química, Universidad Nacional Autónoma de México, 
Ciudad de México, México) and Jorge Daniel Hernández‑García (Unidad de 
Investigación en Reproducción Humana, Instituto Nacional de Perinatología‑
Facultad de Química, Universidad Nacional Autónoma de México, Ciudad 
de México, México; supported by a scholarship from the CONACyT Number 
29892 and the UNAM‑PAPIIT Grant Number IA209520) for their assistance in 
the search for scientific articles.

Authors’ contributions
AMRR, INGG, and ERVM conceived the idea for the article and performed data 
analysis. AMRR, INGG, and ERVM performed the literature search and drafted 
the work. MLJ, ICA, MC and ERVM critically revised the work. All authors com‑
mented on previous versions of the manuscript, read and approved the final 
manuscript.

Funding
This work was supported by the Fondo Sectorial de Investigación para la Edu‑
cación from the Consejo Nacional de Ciencia y Tecnología (CONACyT; Grant 
Number A1‑S‑26749), the Instituto Nacional de Perinatología ‘Isidro Espinosa 
de los Reyes’ (INPer; Grant Number 571, 3000–20109‑01–571‑17) and the 
Universidad Nacional Autónoma de México‑Programa de Apoyo a Proyectos 
de Investigación e Innovación Tecnológica (UNAM‑PAPIIT; Grant Number 
IA209520). AMRR and INGG were supported by a master’s scholarship from the 
CONACyT (Scholarship Numbers 956173 and 967333, respectively). We declare 
that the funder had no role in the design of the study and collection, analysis, 
and interpretation of data and in writing the manuscript.

Availability of data and material
All the information is included in this manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Unidad de Investigación en Reproducción Humana, Instituto Nacional de 
Perinatología‑Facultad de Química, Universidad Nacional Autónoma de 
México, Montes Urales 800, Lomas Virreyes, Miguel Hidalgo, 11000 Ciudad de 
México, Mexico. 2 Departamento de Inmunobioquímica, Instituto Nacional de 
Perinatología, Ciudad de México, Mexico. 

Received: 7 March 2021   Accepted: 13 May 2021



Page 17 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116  

References
 1. Caplakova V, Babusikova E, Blahovcova E, Balharek T, Zelieskova M, 

Hatok J. DNA methylation machinery in the endometrium and endo‑
metrial cancer. Anticancer Res. 2016;36(9):4407–20. https:// doi. org/ 10. 
21873/ antic anres. 10984.

 2. Wang W, Vilella F, Alama P, Moreno I, Mignardi M, Isakova A, Pan W, 
Simon C, Quake SR. Single‑cell transcriptomic atlas of the human endo‑
metrium during the menstrual cycle. Nat Med. 2020;26(10):1644–53. 
https:// doi. org/ 10. 1038/ s41591‑ 020‑ 1040‑z.

 3. Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. Am J 
Obstet Gynecol. 1975;122(2):262–3. https:// doi. org/ 10. 1016/ s0002‑ 
9378(16) 33500‑1.

 4. Hawkins SM, Matzuk MM. The menstrual cycle: basic biology. Ann N Y 
Acad Sci. 2008;1135:10–8. https:// doi. org/ 10. 1196/ annals. 1429. 018.

 5. Ferenczy A, Bertrand G, Gelfand MM. Proliferation kinetics of human 
endometrium during the normal menstrual cycle. Am J Obstet 
Gynecol. 1979;133(8):859–67. https:// doi. org/ 10. 1016/ 0002‑ 9378(79) 
90302‑8.

 6. Thiyagarajan DK, Basit H, Jeanmonod R. Physiology, menstrual cycle 
(2020). In: StatPearls Treasure Island (FL): StatPearls Publishing

 7. Navot D, Anderson TL, Droesch K, Scott RT, Kreiner D, Rosenwaks Z. 
Hormonal manipulation of endometrial maturation. J Clin Endocrinol 
Metab. 1989;68(4):801–7. https:// doi. org/ 10. 1210/ jcem‑ 68‑4‑ 801.

 8. Gipson IK, Ho SB, Spurr‑Michaud SJ, Tisdale AS, Zhan Q, Torlakovic 
E, Pudney J, Anderson DJ, Toribara NW, Hill JA 3rd. Mucin genes 
expressed by human female reproductive tract epithelia. Biol Reprod. 
1997;56(4):999–1011. https:// doi. org/ 10. 1095/ biolr eprod 56.4. 999.

 9. Riesewijk A, Martín J, van Os R, Horcajadas JA, Polman J, Pellicer A, Mos‑
selman S, Simón C. Gene expression profiling of human endometrial 
receptivity on days LH+2 versus LH+7 by microarray technology. 
Mol Hum Reprod. 2003;9(5):253–64. https:// doi. org/ 10. 1093/ molehr/ 
gag037.

 10. Gellersen B, Brosens JJ. Cyclic decidualization of the human endome‑
trium in reproductive health and failure. Endocr Rev. 2014;35(6):851–
905. https:// doi. org/ 10. 1210/ er. 2014‑ 1045.

 11. Graham JD, Clarke CL. Physiological action of progesterone in target tis‑
sues. Endocr Rev. 1997;18(4):502–19. https:// doi. org/ 10. 1210/ edrv. 18.4. 
0308.

 12. Munro SK, Farquhar CM, Mitchell MD, Ponnampalam AP. Epigenetic 
regulation of endometrium during the menstrual cycle. Mol Hum 
Reprod. 2010;16(5):297–310. https:// doi. org/ 10. 1093/ molehr/ gaq010.

 13. Holliday R. Epigenetics: an overview. Dev Genet. 1994;15(6):453–7. 
https:// doi. org/ 10. 1002/ dvg. 10201 50602.

 14. Blakey CA, Litt MD. Epigenetic gene expression‑an introduction. In: 
Huang S, Blakey CA, Litt MD, editors. Epigenetic gene expression and 
regulation. New York: Elsevier; 2015. p. 1–19.

 15. Rodenhiser D, Mann M. Epigenetics and human disease: translat‑
ing basic biology into clinical applications. CMAJ. 2006;174(3):341–8. 
https:// doi. org/ 10. 1503/ cmaj. 050774.

 16. Katoh N, Kuroda K, Tomikawa J, Ogata‑Kawata H, Ozaki R, Ochiai A, 
Kitade M, Takeda S, Nakabayashi K, Hata K. Reciprocal changes of 
H3K27ac and H3K27me3 at the promoter regions of the critical genes 
for endometrial decidualization. Epigenomics. 2018;10(9):1243–57. 
https:// doi. org/ 10. 2217/ epi‑ 2018‑ 0006.

 17. Le Dily F, Beato M. Signaling by steroid hormones in the 3D nuclear 
space. Int J Mol Sci. 2018;19(2):306. https:// doi. org/ 10. 3390/ ijms1 90203 
06.

 18. Kuokkanen S, Chen B, Ojalvo L, Benard L, Santoro N, Pollard JW. 
Genomic profiling of microRNAs and messenger RNAs reveals hormo‑
nal regulation in microRNA expression in human endometrium. Biol 
Reprod. 2010;82(4):791–801. https:// doi. org/ 10. 1095/ biolr eprod. 109. 
081059.

 19. Hu S, Yao G, Wang Y, Xu H, Ji X, He Y, Zhu Q, Chen Z, Sun Y. Transcrip‑
tomic changes during the pre‑receptive to receptive transition in 
human endometrium detected by RNA‑Seq. J Clin Endocrinol Metab. 
2014;99(12):E2744–53. https:// doi. org/ 10. 1210/ jc. 2014‑ 2155.

 20. Carson DD, Lagow E, Thathiah A, Al‑Shami R, Farach‑Carson MC, Vernon 
M, Yuan L, Fritz MA, Lessey B. Changes in gene expression during the 
early to mid‑luteal (receptive phase) transition in human endometrium 
detected by high‑density microarray screening. Mol Hum Reprod. 
2002;8(9):871–9. https:// doi. org/ 10. 1093/ molehr/ 8.9. 871.

 21. Kao LC, Tulac S, Lobo S, Imani B, Yang JP, Germeyer A, Osteen K, 
Taylor RN, Lessey BA, Giudice LC. Global gene profiling in human 
endometrium during the window of implantation. Endocrinology. 
2002;143(6):2119–38. https:// doi. org/ 10. 1210/ endo. 143.6. 8885.

 22. Borthwick JM, Charnock‑Jones DS, Tom BD, Hull ML, Teirney R, Phillips 
SC, Smith SK. Determination of the transcript profile of human endo‑
metrium. Mol Hum Reprod. 2003;9(1):19–33. https:// doi. org/ 10. 1093/ 
molehr/ gag004.

 23. Ponnampalam AP, Weston GC, Trajstman AC, Susil B, Rogers PA. Molecu‑
lar classification of human endometrial cycle stages by transcriptional 
profiling. Mol Hum Reprod. 2004;10(12):879–93. https:// doi. org/ 10. 
1093/ molehr/ gah121.

 24. Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, Le Shay 
N, Nezhat CN, Kempson R, Lessey BA, Nayak NR, Giudice LC. Molecular 
phenotyping of human endometrium distinguishes menstrual cycle 
phases and underlying biological processes in normo‑ovulatory 
women. Endocrinology. 2006;147(3):1097–121. https:// doi. org/ 10. 1210/ 
en. 2005‑ 1076.

 25. Sigurgeirsson B, Åmark H, Jemt A, Ujvari D, Westgren M, Lundeberg 
J, Gidlöf S. Comprehensive RNA sequencing of healthy human 
endometrium at two time points of the menstrual cycle. Biol Reprod. 
2017;96(1):24–33. https:// doi. org/ 10. 1095/ biolr eprod. 116. 142547.

 26. Burmenskaya OV, Bozhenko VK, Smolnikova VY, Kalinina EA, Korneeva 
IE, Donnikov AE, Beyk EP, Naumov VA, Aleksandrova NV, Borovikov PI, 
Trofimov DY. Transcription profile analysis of the endometrium revealed 
molecular markers of the personalized “window of implantation” during 
in vitro fertilization. Gynecol Endocrinol. 2017;33(sup1):22–7. https:// 
doi. org/ 10. 1080/ 09513 590. 2017. 14042 36.

 27. Makieva S, Giacomini E, Ottolina J, Sanchez AM, Papaleo E, Viganò P. 
Inside the endometrial cell signaling subway: mind the gap(s). Int J Mol 
Sci. 2018;19(9):2477. https:// doi. org/ 10. 3390/ ijms1 90924 77.

 28. Giudice LC, Mark SP, Irwin JC. Paracrine actions of insulin‑like growth 
factors and IGF binding protein‑1 in non‑pregnant human endome‑
trium and at the decidual‑trophoblast interface. J Reprod Immunol. 
1998;39(1–2):133–48. https:// doi. org/ 10. 1016/ s0165‑ 0378(98) 00018‑7.

 29. Snijders MP, de Goeij AF, Debets‑Te Baerts MJ, Rousch MJ, Koudstaal J, 
Bosman FT. Immunocytochemical analysis of oestrogen receptors and 
progesterone receptors in the human uterus throughout the menstrual 
cycle and after the menopause. J Reprod Fertil. 1992;94(2):363–71. 
https:// doi. org/ 10. 1530/ jrf.0. 09403 63.

 30. Zhu L, Pollard JW. Estradiol‑17beta regulates mouse uterine epithelial 
cell proliferation through insulin‑like growth factor 1 signaling. Proc 
Natl Acad Sci USA. 2007;104(40):15847–51. https:// doi. org/ 10. 1073/ 
pnas. 07057 49104.

 31. Klotz DM, Hewitt SC, Ciana P, Raviscioni M, Lindzey JK, Foley J, Maggi 
A, DiAugustine RP, Korach KS. Requirement of estrogen receptor‑alpha 
in insulin‑like growth factor‑1 (IGF‑1)‑induced uterine responses and 
in vivo evidence for IGF‑1/estrogen receptor cross‑talk. J Biol Chem. 
2002;277(10):8531–7. https:// doi. org/ 10. 1074/ jbc. M1095 92200.

 32. Richards RG, Walker MP, Sebastian J, Di Augustine RP. Insulin‑like growth 
factor‑1 (IGF‑1) receptor‑insulin receptor substrate complexes in the 
uterus. Altered signaling response to estradiol in the IGF‑1(m/m) 
mouse. J Biol Chem. 1998;273(19):11962–9. https:// doi. org/ 10. 1074/ jbc. 
273. 19. 11962.

 33. Migliaccio A, Di Domenico M, Castoria G, de Falco A, Bontempo P, Nola 
E, Auricchio F. Tyrosine kinase/p21ras/MAP‑kinase pathway activation 
by estradiol‑receptor complex in MCF‑7 cells. EMBO. 1996;15(6):1292–
300. https:// doi. org/ 10. 1002/j. 1460‑ 2075. 1996. tb004 71.x.

 34. Vázquez‑Martínez ER, Camacho‑Arroyo I, Zarain‑Herzberg A, Rodríguez 
MC, Mendoza‑Garcés L, Ostrosky‑Wegman P, Cerbón M. Estradiol dif‑
ferentially induces progesterone receptor isoforms expression through 
alternative promoter regulation in a mouse embryonic hypothalamic 
cell line. Endocrine. 2016;52(3):618–31. https:// doi. org/ 10. 1007/ 
s12020‑ 015‑ 0825‑1.

 35. Bazer FW, Spencer TE, Johnson GA, Burghardt RC, Wu G. Comparative 
aspects of implantation. Reproduction. 2009;138(2):195–209. https:// 
doi. org/ 10. 1530/ REP‑ 09‑ 0158.

 36. Chi RA, Wang T, Adams N, et al. Human endometrial transcriptome and 
progesterone receptor cistrome reveal important pathways and epithe‑
lial regulators. J Clin Endocrinol Metab. 2020;105(4):e1419–39. https:// 
doi. org/ 10. 1210/ clinem/ dgz117.

https://doi.org/10.21873/anticanres.10984
https://doi.org/10.21873/anticanres.10984
https://doi.org/10.1038/s41591-020-1040-z
https://doi.org/10.1016/s0002-9378(16)33500-1
https://doi.org/10.1016/s0002-9378(16)33500-1
https://doi.org/10.1196/annals.1429.018
https://doi.org/10.1016/0002-9378(79)90302-8
https://doi.org/10.1016/0002-9378(79)90302-8
https://doi.org/10.1210/jcem-68-4-801
https://doi.org/10.1095/biolreprod56.4.999
https://doi.org/10.1093/molehr/gag037
https://doi.org/10.1093/molehr/gag037
https://doi.org/10.1210/er.2014-1045
https://doi.org/10.1210/edrv.18.4.0308
https://doi.org/10.1210/edrv.18.4.0308
https://doi.org/10.1093/molehr/gaq010
https://doi.org/10.1002/dvg.1020150602
https://doi.org/10.1503/cmaj.050774
https://doi.org/10.2217/epi-2018-0006
https://doi.org/10.3390/ijms19020306
https://doi.org/10.3390/ijms19020306
https://doi.org/10.1095/biolreprod.109.081059
https://doi.org/10.1095/biolreprod.109.081059
https://doi.org/10.1210/jc.2014-2155
https://doi.org/10.1093/molehr/8.9.871
https://doi.org/10.1210/endo.143.6.8885
https://doi.org/10.1093/molehr/gag004
https://doi.org/10.1093/molehr/gag004
https://doi.org/10.1093/molehr/gah121
https://doi.org/10.1093/molehr/gah121
https://doi.org/10.1210/en.2005-1076
https://doi.org/10.1210/en.2005-1076
https://doi.org/10.1095/biolreprod.116.142547
https://doi.org/10.1080/09513590.2017.1404236
https://doi.org/10.1080/09513590.2017.1404236
https://doi.org/10.3390/ijms19092477
https://doi.org/10.1016/s0165-0378(98)00018-7
https://doi.org/10.1530/jrf.0.0940363
https://doi.org/10.1073/pnas.0705749104
https://doi.org/10.1073/pnas.0705749104
https://doi.org/10.1074/jbc.M109592200
https://doi.org/10.1074/jbc.273.19.11962
https://doi.org/10.1074/jbc.273.19.11962
https://doi.org/10.1002/j.1460-2075.1996.tb00471.x
https://doi.org/10.1007/s12020-015-0825-1
https://doi.org/10.1007/s12020-015-0825-1
https://doi.org/10.1530/REP-09-0158
https://doi.org/10.1530/REP-09-0158
https://doi.org/10.1210/clinem/dgz117
https://doi.org/10.1210/clinem/dgz117


Page 18 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116 

 37. Li XF, Charnock‑Jones DS, Zhang E, Hiby S, Malik S, Day K, Licence D, 
Bowen JM, Gardner L, King A, Loke YW, Smith SK. Angiogenic growth 
factor messenger ribonucleic acids in uterine natural killer cells. J Clin 
Endocrinol Metab. 2001;86(4):1823–34. https:// doi. org/ 10. 1210/ jcem. 
86.4. 7418.

 38. Suzumori N, Sugiura‑Ogasawara M, Katano K, Suzumori K. Women 
with endometriosis have increased levels of placental growth factor in 
the peritoneal fluid compared with women with cystadenomas. Hum 
Reprod. 2003;18(12):2595–8. https:// doi. org/ 10. 1093/ humrep/ deg491.

 39. Yarden Y. The EGFR family and its ligands in human cancer. Signal‑
ling mechanisms and therapeutic opportunities. Eur J Cancer. 
2001;37(Suppl 4):S3‑8. https:// doi. org/ 10. 1016/ s0959‑ 8049(01) 00230‑1.

 40. Lai TH, Chang FW, Lin JJ, Ling QD. Gene expression of human 
endometrial L‑selectin ligand in relation to the phases of the natural 
menstrual cycle. Sci Rep. 2018;8(1):1443. https:// doi. org/ 10. 1038/ 
s41598‑ 018‑ 19911‑z.

 41. Foulk RA, Zdravkovic T, Genbacev O, Prakobphol A. Expression of 
L‑selectin ligand MECA‑79 as a predictive marker of human uterine 
receptivity. J Assist Reprod Genet. 2007;24(7):316–21. https:// doi. org/ 10. 
1007/ s10815‑ 007‑ 9151‑8.

 42. Graubert MD, Ortega MA, Kessel B, Mortola JF, Iruela‑Arispe ML. Vascular 
repair after menstruation involves regulation of vascular endothe‑
lial growth factor‑receptor phosphorylation by sFLT‑1. Am J Pathol. 
2001;158(4):1399–410. https:// doi. org/ 10. 1016/ s0002‑ 9440(10) 64091‑6.

 43. Braundmeier AG, Fazleabas AT, Nowak RA. Extracellular matrix metallo‑
proteinase inducer expression in the baboon endometrium: menstrual 
cycle and endometriosis. Reproduction. 2010;140(6):911–20. https:// 
doi. org/ 10. 1530/ REP‑ 09‑ 0481.

 44. Petracco RG, Kong A, Grechukhina O, Krikun G, Taylor HS. Global gene 
expression profiling of proliferative phase endometrium reveals distinct 
functional subdivisions. Reprod Sci. 2012;19(10):1138–45. https:// doi. 
org/ 10. 1177/ 19337 19112 443877.

 45. Li XF, Ahmed A. Dual role of angiotensin II in the human endometrium. 
Hum Reprod. 1996;11(Suppl 2):95–108. https:// doi. org/ 10. 1093/ hum‑
rep/ 11. suppl_2. 95.

 46. Keskin DB, Allan DS, Rybalov B, Andzelm MM, Stern JN, Kopcow HD, 
Koopman LA, Strominger JL. TGFbeta promotes conversion of CD16+ 
peripheral blood NK cells into CD16‑ NK cells with similarities to decid‑
ual NK cells. Proc Natl Acad Sci U S A. 2007;104(9):3378–83. https:// doi. 
org/ 10. 1073/ pnas. 06110 98104.

 47. Punyadeera C, Dassen H, Klomp J, Dunselman G, Kamps R, Dijcks 
F, Ederveen A, de Goeij A, Groothuis P. Oestrogen‑modulated 
gene expression in the human endometrium. Cell Mol Life Sci. 
2005;62(2):239–50. https:// doi. org/ 10. 1007/ s00018‑ 004‑ 4435‑y.

 48. Print C, Valtola R, Evans A, Lessan K, Malik S, Smith S. Soluble factors 
from human endometrium promote angiogenesis and regulate the 
endothelial cell transcriptome. Hum Reprod. 2004;19(10):2356–66. 
https:// doi. org/ 10. 1093/ humrep/ deh411.

 49. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J. 
g:Profiler: a web server for functional enrichment analysis and conver‑
sions of gene lists (2019 update). Nucleic Acids Res. 2019;47(W1):W191–
8. https:// doi. org/ 10. 1093/ nar/ gkz369.

 50. Catalano RD, Yanaihara A, Evans AL, Rocha D, Prentice A, Saidi S, Print 
CG, Charnock‑Jones DS, Sharkey AM, Smith SK. The effect of RU486 on 
the gene expression profile in an endometrial explant model. Mol Hum 
Reprod. 2003;9(8):465–73. https:// doi. org/ 10. 1093/ molehr/ gag060.

 51. Yanaihara A, Otsuka Y, Iwasaki S, Koide K, Aida T, Okai T. Comparison in 
gene expression of secretory human endometrium using laser micro‑
dissection. Reprod Biol Endocrinol. 2004;2:66. https:// doi. org/ 10. 1186/ 
1477‑ 7827‑2‑ 66.

 52. Friedmann Y, Daniel CW. Regulated expression of homeobox genes 
Msx‑1 and Msx‑2 in mouse mammary gland development suggests 
a role in hormone action and epithelial‑stromal interactions. Dev Biol. 
1996;177(1):347–55. https:// doi. org/ 10. 1006/ dbio. 1996. 0168.

 53. Quaranta MT, Petrini M, Tritarelli E, Samoggia P, Carè A, Bottero L, Testa 
U, Peschle C. HOXB cluster genes in activated natural killer lympho‑
cytes: expression from 3’‑>5’ cluster side and proliferative function. J 
Immunol. 1996;157(6):2462–9.

 54. San Martin S, Soto‑Suazo M, De Oliveira SF, Aplin JD, Abrahamsohn P, 
Zorn TM. Small leucine‑rich proteoglycans (SLRPs) in uterine tissues 

during pregnancy in mice. Reproduction. 2003;125(4):585–95. https:// 
doi. org/ 10. 1530/ rep.0. 12505 85.

 55. Vogel W, Gish GD, Alves F, Pawson T. The discoidin domain receptor 
tyrosine kinases are activated by collagen. Mol Cell. 1997;1(1):13–23. 
https:// doi. org/ 10. 1016/ s1097‑ 2765(00) 80003‑9.

 56. Cordeiro‑Da‑Silva A, Borges MC, Guilvard E, Ouaissi A. Dual role of the 
Leishmania major ribosomal protein S3a homologue in regulation of 
T‑ and B‑cell activation. Infect Immun. 2001;69(11):6588–96. https:// doi. 
org/ 10. 1128/ IAI. 69. 11. 6588‑ 6596. 2001.

 57. Wideman L, Montgomery MM, Levine BJ, Beynnon BD, Shultz SJ. Accu‑
racy of calendar‑based methods for assigning menstrual cycle phase in 
women. Sports Health. 2013;5(2):143–9. https:// doi. org/ 10. 1177/ 19417 
38112 469930.

 58. Tamaya T, Murakami T, Yamada T, Wada K, Fujimoto J, Okada H. Serum 
hormone and steroid hormone receptor levels during luteal‑phase 
and long‑term treatment with danazol. Fertil Steril. 1983;40(5):585–9. 
https:// doi. org/ 10. 1016/ s0015‑ 0282(16) 47413‑3.

 59. Saare M, Laisk T, Teder H, et al. A molecular tool for menstrual cycle 
phase dating of endometrial samples in endometriosis transcriptome 
studies. Biol Reprod. 2019;101(1):1–3. https:// doi. org/ 10. 1093/ biolre/ 
ioz072.

 60. Fung JN, Mortlock S, Girling JE, et al. (2018) Genetic regulation of dis‑
ease risk and endometrial gene expression highlights potential target 
genes for endometriosis and polycystic ovarian syndrome. Sci Rep. 
2018;8(1):11424. https:// doi. org/ 10. 1038/ s41598‑ 018‑ 29462‑y.

 61. Mortlock S, Kendarsari RI, Fung JN, et al. Tissue specific regulation 
of transcription in endometrium and association with disease. Hum 
Reprod. 2020;35(2):377–93. https:// doi. org/ 10. 1093/ humrep/ dez279.

 62. Hanna RE, Doench JG. Design and analysis of CRISPR‑Cas experi‑
ments. Nat Biotechnol. 2020;38(7):813–23. https:// doi. org/ 10. 1038/ 
s41587‑ 020‑ 0490‑7.

 63. Knott GJ, Doudna JA. CRISPR‑Cas guides the future of genetic engineer‑
ing. Science. 2018;361(6405):866–9. https:// doi. org/ 10. 1126/ scien ce. 
aat50 11.

 64. Yamagata Y, Asada H, Tamura I, Lee L, Maekawa R, Taniguchi K, Taketani 
T, Matsuoka A, Tamura H, Sugino N. DNA methyltransferase expression 
in the human endometrium: down‑regulation by progesterone and 
estrogen. Hum Reprod. 2009;24(5):1126–32. https:// doi. org/ 10. 1093/ 
humrep/ dep015.

 65. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neu‑
ropsychopharmacology. 2013;38(1):23–38. https:// doi. org/ 10. 1038/ npp. 
2012. 112.

 66. Wu X, Zhang Y. TET‑mediated active DNA demethylation: mechanism, 
function and beyond. Nat Rev Genet. 2017;18(9):517–34. https:// doi. 
org/ 10. 1038/ nrg. 2017. 33.

 67. Hahn MA, Szabó PE, Pfeifer GP. 5‑Hydroxymethylcytosine: a stable or 
transient DNA modification? Genomics. 2014;104(5):314–23. https:// doi. 
org/ 10. 1016/j. ygeno. 2014. 08. 015.

 68. Jones PA. Functions of DNA methylation: islands, start sites, gene bod‑
ies and beyond. Nat Rev Genet. 2012;13(7):484–92. https:// doi. org/ 10. 
1038/ nrg32 30.

 69. Tate PH, Bird AP. Effects of DNA methylation on DNA‑binding proteins 
and gene expression. Curr Opin Genet Dev. 1993;3(2):226–31. https:// 
doi. org/ 10. 1016/ 0959‑ 437x(93) 90027‑m.

 70. Schübeler D. Function and information content of DNA methylation. 
Nature. 2015;517(7534):321–6. https:// doi. org/ 10. 1038/ natur e14192.

 71. Angeloni A, Bogdanovic O. Enhancer DNA methylation: implications for 
gene regulation. Essays Biochem. 2019;63(6):707–15. https:// doi. org/ 10. 
1042/ EBC20 190030.

 72. Song Y, van den Berg PR, Markoulaki S, Soldner F, Dall’Agnese A, Hen‑
ninger JE, Drotar J, Rosenau N, Cohen MA, Young RA, Semrau S, Stelzer 
Y, Jaenisch R. Dynamic enhancer DNA methylation as basis for tran‑
scriptional and cellular heterogeneity of ESCs. Mol Cell. 2019;75(5):905–
20. https:// doi. org/ 10. 1016/j. molcel. 2019. 06. 045.

 73. Huang G, Zhao X, Wang L, Elf S, Xu H, Zhao X, Sashida G, Zhang Y, Liu 
Y, Lee J, Menendez S, Yang Y, Yan X, Zhang P, Tenen DG, Osato M, Hsieh 
JJ, Nimer SD. The ability of MLL to bind RUNX1 and methylate H3K4 at 
PU.1 regulatory regions is impaired by MDS/AML‑associated RUNX1/
AML1 mutations. Blood. 2011;118(25):6544–52. https:// doi. org/ 10. 1182/ 
blood‑ 2010‑ 11‑ 317909.

https://doi.org/10.1210/jcem.86.4.7418
https://doi.org/10.1210/jcem.86.4.7418
https://doi.org/10.1093/humrep/deg491
https://doi.org/10.1016/s0959-8049(01)00230-1
https://doi.org/10.1038/s41598-018-19911-z
https://doi.org/10.1038/s41598-018-19911-z
https://doi.org/10.1007/s10815-007-9151-8
https://doi.org/10.1007/s10815-007-9151-8
https://doi.org/10.1016/s0002-9440(10)64091-6
https://doi.org/10.1530/REP-09-0481
https://doi.org/10.1530/REP-09-0481
https://doi.org/10.1177/1933719112443877
https://doi.org/10.1177/1933719112443877
https://doi.org/10.1093/humrep/11.suppl_2.95
https://doi.org/10.1093/humrep/11.suppl_2.95
https://doi.org/10.1073/pnas.0611098104
https://doi.org/10.1073/pnas.0611098104
https://doi.org/10.1007/s00018-004-4435-y
https://doi.org/10.1093/humrep/deh411
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1093/molehr/gag060
https://doi.org/10.1186/1477-7827-2-66
https://doi.org/10.1186/1477-7827-2-66
https://doi.org/10.1006/dbio.1996.0168
https://doi.org/10.1530/rep.0.1250585
https://doi.org/10.1530/rep.0.1250585
https://doi.org/10.1016/s1097-2765(00)80003-9
https://doi.org/10.1128/IAI.69.11.6588-6596.2001
https://doi.org/10.1128/IAI.69.11.6588-6596.2001
https://doi.org/10.1177/1941738112469930
https://doi.org/10.1177/1941738112469930
https://doi.org/10.1016/s0015-0282(16)47413-3
https://doi.org/10.1093/biolre/ioz072
https://doi.org/10.1093/biolre/ioz072
https://doi.org/10.1038/s41598-018-29462-y
https://doi.org/10.1093/humrep/dez279
https://doi.org/10.1038/s41587-020-0490-7
https://doi.org/10.1038/s41587-020-0490-7
https://doi.org/10.1126/science.aat5011
https://doi.org/10.1126/science.aat5011
https://doi.org/10.1093/humrep/dep015
https://doi.org/10.1093/humrep/dep015
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/nrg.2017.33
https://doi.org/10.1038/nrg.2017.33
https://doi.org/10.1016/j.ygeno.2014.08.015
https://doi.org/10.1016/j.ygeno.2014.08.015
https://doi.org/10.1038/nrg3230
https://doi.org/10.1038/nrg3230
https://doi.org/10.1016/0959-437x(93)90027-m
https://doi.org/10.1016/0959-437x(93)90027-m
https://doi.org/10.1038/nature14192
https://doi.org/10.1042/EBC20190030
https://doi.org/10.1042/EBC20190030
https://doi.org/10.1016/j.molcel.2019.06.045
https://doi.org/10.1182/blood-2010-11-317909
https://doi.org/10.1182/blood-2010-11-317909


Page 19 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116  

 74. Luo Z, Lin C. Enhancer, epigenetics, and human disease. Curr Opin 
Genet Dev. 2016;236:27–33. https:// doi. org/ 10. 1016/j. gde. 2016. 03. 012.

 75. Bell RE, Golan T, Sheinboim D, Malcov H, Amar D, Salamon A, Liron T, 
Gelfman S, Gabet Y, Shamir R, Levy C. Enhancer methylation dynam‑
ics contribute to cancer plasticity and patient mortality. Genome Res. 
2016;26(5):601–11. https:// doi. org/ 10. 1101/ gr. 197194. 115.

 76. Houshdaran S, Zelenko Z, Irwin JC, Giudice LC. Human endometrial 
DNA methylome is cycle‑dependent and is associated with gene 
expression regulation. Mol Endocrinol. 2014;28(7):1118–35. https:// doi. 
org/ 10. 1210/ me. 2013‑ 1340.

 77. Shukla A, Sehgal M, Singh TR. Hydroxymethylation and its potential 
implication in DNA repair system: a review and future perspectives. 
Gene. 2015;564(2):109–18. https:// doi. org/ 10. 1016/j. gene. 2015. 03. 075.

 78. Olesen MS, Starnawska A, Bybjerg‑Grauholm J, Bielfeld AP, Agerholm I, 
Forman A, Overgaard MT, Nyegaard M. Biological age of the endo‑
metrium using DNA methylation. Reproduction. 2018;155(2):167–72. 
https:// doi. org/ 10. 1530/ REP‑ 17‑ 0601.

 79. Mortlock S, Restuadi R, Levien R, Girling JE, Holdsworth‑Carson SJ, 
Healey M, Zhu Z, Qi T, Wu Y, Lukowski SW, Rogers PAW, Yang J, McRae 
AF, Fung JN, Montgomery GW. Genetic regulation of methylation 
in human endometrium and blood and gene targets for reproduc‑
tive diseases. Clin Epigenet. 2019;11(1):49. https:// doi. org/ 10. 1186/ 
s13148‑ 019‑ 0648‑7.

 80. Postawski K, Gałecka‑Josse M, Baranowski W. Is global DNA methylation 
in sporadic uterine adenocarcinomas in women a result of histological 
and clinical tumor advancement? Ginekol Pol. 2009;80(11):824–7.

 81. Ghabreau L, Roux JP, Niveleau A, et al. Correlation between the DNA 
global methylation status and progesterone receptor expression in 
normal endometrium, endometrioid adenocarcinoma and precur‑
sors. Virchows Arch. 2004;445(2):129–34. https:// doi. org/ 10. 1007/ 
s00428‑ 004‑ 1059‑4.

 82. Saare M, Modhukur V, Suhorutshenko M, Rajashekar B, Rekker K, Sõritsa 
D, Karro H, Soplepmann P, Sõritsa A, Lindgren CM, Rahmioglu N, Drong 
A, Becker CM, Zondervan KT, Salumets A, Peters M. The influence of 
menstrual cycle and endometriosis on endometrial methylome. Clin 
Epigenetics. 2016;8:2. https:// doi. org/ 10. 1186/ s13148‑ 015‑ 0168‑z.

 83. Kukushkina V, Modhukur V, Suhorutšenko M, Peters M, Mägi R, Rah‑
mioglu N, Velthut‑Meikas A, Altmäe S, Esteban FJ, Vilo J, Zondervan K, 
Salumets A, Laisk‑Podar T. DNA methylation changes in endometrium 
and correlation with gene expression during the transition from pre‑
receptive to receptive phase. Sci Rep. 2017;7(1):3916. https:// doi. org/ 10. 
1038/ s41598‑ 017‑ 03682‑0.

 84. Vázquez‑Martínez ER, Gómez‑Viais YI, García‑Gómez E, Reyes‑Mayoral 
C, Reyes‑Muñoz E, Camacho‑Arroyo I, Cerbón M. DNA methylation 
in the pathogenesis of polycystic ovary syndrome. Reproduction. 
2019;158(1):R27–40. https:// doi. org/ 10. 1530/ REP‑ 18‑ 0449.

 85. Houshdaran S, Nezhat CR, Vo KC, Zelenko Z, Irwin JC, Giudice LC. Aber‑
rant endometrial DNA methylome and associated gene expression in 
women with endometriosis. Biol Reprod. 2016;95(5):93. https:// doi. org/ 
10. 1095/ biolr eprod. 116. 140434.

 86. Houshdaran S, Oke AB, Fung JC, Vo KC, Nezhat C, Giudice LC. Steroid 
hormones regulate genome‑wide epigenetic programming and gene 
transcription in human endometrial cells with marked aberrancies in 
endometriosis. PLoS Genet. 2020;16(6):e1008601. https:// doi. org/ 10. 
1371/ journ al. pgen. 10086 01.

 87. Vincent ZL, Farquhar CM, Mitchell MD, Ponnampalam AP. Expression 
and regulation of DNA methyltransferases in human endometrium. 
Fertil Steril. 2011;95(4):1522–5. https:// doi. org/ 10. 1016/j. fertn stert. 2010. 
09. 030.

 88. Logan PC, Ponnampalam AP, Steiner M, Mitchell MD. Effect of cyclic 
AMP and estrogen/progesterone on the transcription of DNA methyl‑
transferases during the decidualization of human endometrial stromal 
cells. Mol Hum Reprod. 2013;19(5):302–12. https:// doi. org/ 10. 1093/ 
molehr/ gas062.

 89. Mahajan V, Osavlyuk D, Logan PC, Amirapu S, Ponnampalam AP. Expres‑
sion and steroid hormone regulation of TETs and DNMTs in human 
endometrium. Reproduction. 2020;160(2):247–57. https:// doi. org/ 10. 
1530/ REP‑ 19‑ 0562.

 90. Nugent BM, Wright CL, Shetty AC, Hodes GE, Lenz KM, Mahurkar A, 
Russo SJ, Devine SE, McCarthy MM. Brain feminization requires active 

repression of masculinization via DNA methylation. Nat Neurosci. 
2015;18(5):690–7. https:// doi. org/ 10. 1038/ nn. 3988.

 91. Marques M, Laflamme L, Gaudreau L. Estrogen receptor α can selec‑
tively repress dioxin receptor‑mediated gene expression by targeting 
DNA methylation. Nucleic Acids Res. 2013;41(17):8094–106. https:// doi. 
org/ 10. 1093/ nar/ gkt595.

 92. Wu Z, Sun Y, Mei X, Zhang C, Pan W, Shi W. 17β‑oestradiol enhances 
global DNA hypomethylation in CD4‑positive T cells from female 
patients with lupus, through overexpression of oestrogen receptor‑
α‑mediated downregulation of DNMT1. Clin Exp Dermatol. 
2014;39(4):525–32. https:// doi. org/ 10. 1111/ ced. 12346.

 93. Lynch EW, Coyle CS, Lorgen M, Campbell EM, Bowman AS, Stevenson 
TJ. Cyclical DNA methyltransferase 3a expression is a seasonal and 
estrus timer in reproductive tissues. Endocrinology. 2016;157(6):2469–
78. https:// doi. org/ 10. 1210/ en. 2015‑ 1988.

 94. Du Q, Luu PL, Stirzaker C, Clark SJ. Methyl‑CpG‑binding domain 
proteins: readers of the epigenome. Epigenomics. 2015;7(6):1051–73. 
https:// doi. org/ 10. 2217/ epi. 15. 39.

 95. van Kaam KJ, Delvoux B, Romano A, D’Hooghe T, Dunselman GA, 
Groothuis PG. Deoxyribonucleic acid methyltransferases and methyl‑
CpG‑binding domain proteins in human endometrium and endome‑
triosis. Fertil Steril. 2011;95(4):1421–7. https:// doi. org/ 10. 1016/j. fertn 
stert. 2011. 01. 031.

 96. Gao F, Ma X, Rusie A, Hemingway J, Ostmann AB, Chung D, Das SK. 
Epigenetic changes through DNA methylation contribute to uterine 
stromal cell decidualization. Endocrinology. 2012;153(12):6078–90. 
https:// doi. org/ 10. 1210/ en. 2012‑ 1457.

 97. Woods L, Morgan N, Zhao X, Dean W, Perez‑Garcia V, Hemberger M. 
Epigenetic changes occur at decidualisation genes as a function of 
reproductive ageing in mice. Development. 2020;147(6):dev185629. 
https:// doi. org/ 10. 1242/ dev. 185629.

 98. Pathare ADS, Hinduja I. Aberrant DNA methylation profiling affect‑
ing the endometrial receptivity in recurrent implantation failure 
patients undergoing in vitro fertilization. Am J Reprod Immunol. 
2020;83(1):e13196. https:// doi. org/ 10. 1111/ aji. 13196.

 99. Nazarenko TA, Kalinina EA, Knyazeva EA, Kiselev VI, Smolnikova VY, 
Sukhikh GT. The role of abnormal hypermethylation of the HOXA10 and 
HOXA11 promoters in implantation failures in IVF programs. Gynecol 
Endocrinol. 2019;35(sup1):31–4. https:// doi. org/ 10. 1080/ 09513 590. 
2019. 16320 87.

 100. Wang L, Tan YJ, Wang M, Chen YF, Li XY. DNA methylation inhibitor 
5‑Aza‑2’‑deoxycytidine modulates endometrial receptivity through 
upregulating HOXA10 expression. Reprod Sci. 2019;26(6):839–46. 
https:// doi. org/ 10. 1177/ 19337 19118 815575.

 101. Xiong Y, Wang J, Liu L, Chen X, Xu H, Li TC, Wang CC, Zhang S. Effects of 
high progesterone level on the day of human chorionic gonadotrophin 
administration in in vitro fertilization cycles on epigenetic modifica‑
tion of endometrium in the peri‑implantation period. Fertil Steril. 
2017;108(2):269‑276.e1. https:// doi. org/ 10. 1016/j. fertn stert. 2017. 06. 004.

 102. Xiong Y, Hu L, Zhang T, Wang M, Xu H, Li TC, Sun Y, Wang CC. Effects of 
high progesterone in in‑vitro fertilization cycle on DNA methylation 
and gene expression of adhesion molecules on endometrium during 
implantation window. J Assist Reprod Genet. 2020;37(1):33–43. https:// 
doi. org/ 10. 1007/ s10815‑ 019‑ 01623‑6.

 103. Senapati S, Wang F, Ord T, Coutifaris C, Feng R, Mainigi M. Superovula‑
tion alters the expression of endometrial genes critical to tissue remod‑
eling and placentation. J Assist Reprod Genet. 2018;35(10):1799–808. 
https:// doi. org/ 10. 1007/ s10815‑ 018‑ 1244‑z.

 104. Bae T, Kim H, Kim JH, et al. Specificity assessment of CRISPR genome 
editing of oncogenic EGFR point mutation with single‑base differences. 
Molecules. 2019;25(1):52. https:// doi. org/ 10. 3390/ molec ules2 50100 52.

 105. Kang JG, Park JS, Ko JH, Kim YS. Regulation of gene expression by 
altered promoter methylation using a CRISPR/Cas9‑mediated epige‑
netic editing system. Sci Rep. 2019;9(1):11960. https:// doi. org/ 10. 1038/ 
s41598‑ 019‑ 48130‑3.

 106. Ciuculete DM, Boström AE, Voisin S, et al. A methylome‑wide mQTL 
analysis reveals associations of methylation sites with GAD1 and 
HDAC3 SNPs and a general psychiatric risk score. Transl Psychiatry. 
2017;7(1):e1002. https:// doi. org/ 10. 1038/ tp. 2016. 275.

 107. Ciuculete DM, Voisin S, Kular L, et al. meQTL and ncRNA functional 
analyses of 102 GWAS‑SNPs associated with depression implicate 

https://doi.org/10.1016/j.gde.2016.03.012
https://doi.org/10.1101/gr.197194.115
https://doi.org/10.1210/me.2013-1340
https://doi.org/10.1210/me.2013-1340
https://doi.org/10.1016/j.gene.2015.03.075
https://doi.org/10.1530/REP-17-0601
https://doi.org/10.1186/s13148-019-0648-7
https://doi.org/10.1186/s13148-019-0648-7
https://doi.org/10.1007/s00428-004-1059-4
https://doi.org/10.1007/s00428-004-1059-4
https://doi.org/10.1186/s13148-015-0168-z
https://doi.org/10.1038/s41598-017-03682-0
https://doi.org/10.1038/s41598-017-03682-0
https://doi.org/10.1530/REP-18-0449
https://doi.org/10.1095/biolreprod.116.140434
https://doi.org/10.1095/biolreprod.116.140434
https://doi.org/10.1371/journal.pgen.1008601
https://doi.org/10.1371/journal.pgen.1008601
https://doi.org/10.1016/j.fertnstert.2010.09.030
https://doi.org/10.1016/j.fertnstert.2010.09.030
https://doi.org/10.1093/molehr/gas062
https://doi.org/10.1093/molehr/gas062
https://doi.org/10.1530/REP-19-0562
https://doi.org/10.1530/REP-19-0562
https://doi.org/10.1038/nn.3988
https://doi.org/10.1093/nar/gkt595
https://doi.org/10.1093/nar/gkt595
https://doi.org/10.1111/ced.12346
https://doi.org/10.1210/en.2015-1988
https://doi.org/10.2217/epi.15.39
https://doi.org/10.1016/j.fertnstert.2011.01.031
https://doi.org/10.1016/j.fertnstert.2011.01.031
https://doi.org/10.1210/en.2012-1457
https://doi.org/10.1242/dev.185629
https://doi.org/10.1111/aji.13196
https://doi.org/10.1080/09513590.2019.1632087
https://doi.org/10.1080/09513590.2019.1632087
https://doi.org/10.1177/1933719118815575
https://doi.org/10.1016/j.fertnstert.2017.06.004
https://doi.org/10.1007/s10815-019-01623-6
https://doi.org/10.1007/s10815-019-01623-6
https://doi.org/10.1007/s10815-018-1244-z
https://doi.org/10.3390/molecules25010052
https://doi.org/10.1038/s41598-019-48130-3
https://doi.org/10.1038/s41598-019-48130-3
https://doi.org/10.1038/tp.2016.275


Page 20 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116 

HACE1 and SHANK2 genes. Clin Epigenet. 2020;12(1):99. https:// doi. 
org/ 10. 1186/ s13148‑ 020‑ 00884‑8.

 108. Wu Y, Zeng J, Zhang F, et al. Integrative analysis of omics summary data 
reveals putative mechanisms underlying complex traits. Nat Commun. 
2018;9(1):918. https:// doi. org/ 10. 1038/ s41467‑ 018‑ 03371‑0.

 109. McRae AF, Marioni RE, Shah S, et al. Identification of 55,000 Replicated 
DNA Methylation QTL. Sci Rep. 2018;8(1):17605. https:// doi. org/ 10. 
1038/ s41598‑ 018‑ 35871‑w.

 110. Makabe T, Arai E, Hirano T, Ito N, Fukamachi Y, Takahashi Y, Hirasawa 
A, Yamagami W, Susumu N, Aoki D, Kanai Y. Genome‑wide DNA 
methylation profile of early‑onset endometrial cancer: its correlation 
with genetic aberrations and comparison with late‑onset endometrial 
cancer. Carcinogenesis. 2019;40(5):611–23. https:// doi. org/ 10. 1093/ 
carcin/ bgz046.

 111. Pan ZX, Zhang XY, Chen SR, Li CZ. Upregulated exosomal miR‑221/222 
promotes cervical cancer via repressing methyl‑CpG‑binding domain 
protein 2. Eur Rev Med Pharmacol Sci. 2019;23(9):3645–53. https:// doi. 
org/ 10. 26355/ eurrev_ 201905_ 17788.

 112. Roca FJ, Loomans HA, Wittman AT, Creighton CJ, Hawkins SM. Ten‑
eleven translocation genes are downregulated in endometriosis. Curr 
Mol Med. 2016;16(3):288–98. https:// doi. org/ 10. 2174/ 15665 24016 
66616 02251 53844.

 113. Ciesielski P, Jóźwiak P, Wójcik‑Krowiranda K, Forma E, Cwonda Ł, 
Szczepaniec S, Bieńkiewicz A, Bryś M, Krześlak A. Differential expression 
of ten‑eleven translocation genes in endometrial cancers. Tumour Biol. 
2017;39(3):1010428317695017. https:// doi. org/ 10. 1177/ 10104 28317 
695017.

 114. Arents G, Burlingame RW, Wang BC, Love WE, Moudrianakis EN. The 
nucleosomal core histone octamer at 3.1 A resolution: a tripartite 
protein assembly and a left‑handed superhelix. Proc Natl Acad Sci USA. 
1991;88(22):10148–52. https:// doi. org/ 10. 1073/ pnas. 88. 22. 10148.

 115. Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell. 
2007;128(4):669–81. https:// doi. org/ 10. 1016/j. cell. 2007. 01. 033.

 116. Turner BM. Histone acetylation and an epigenetic code. BioEssays. 
2000;22(9):836–45. https:// doi. org/ 10. 1002/ 1521‑ 1878(200009) 22:9% 
3c836:: AID‑ BIES9% 3e3.0. CO;2‑X.

 117. Shahbazian MD, Grunstein M. Functions of site‑specific histone acetyla‑
tion and deacetylation. Annu Rev Biochem. 2007;76:75–100. https:// doi. 
org/ 10. 1146/ annur ev. bioch em. 76. 052705. 162114.

 118. Berndsen CE, Denu JM. Catalysis and substrate selection by histone/
protein lysine acetyltransferases. Curr Opin Struct Biol. 2008;18(6):682–9. 
https:// doi. org/ 10. 1016/j. sbi. 2008. 11. 004.

 119. Marks PA, Miller T, Richon VM. Histone deacetylases. Curr Opin Pharma‑
col. 2003;3(4):344–51. https:// doi. org/ 10. 1016/ s1471‑ 4892(03) 00084‑5.

 120. Tyagi M, Imam N, Verma K, Patel AK. Chromatin remodelers: we are the 
drivers!! Nucleus. 2016;7(4):388–404. https:// doi. org/ 10. 1080/ 19491 034. 
2016. 12112 17.

 121. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifi‑
cations. Cell Res. 2011;21(3):381–95. https:// doi. org/ 10. 1038/ cr. 2011. 22.

 122. Heintzman ND, Stuart RK, Hon G, Fu Y, Ching CW, Hawkins RD, Barrera 
LO, Van Calcar S, Qu C, Ching KA, Wang W, Weng Z, Green RD, Crawford 
GE, Ren B. Distinct and predictive chromatin signatures of transcrip‑
tional promoters and enhancers in the human genome. Nat Genet. 
2007;39(3):311–8. https:// doi. org/ 10. 1038/ ng1966.

 123. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G, 
Chepelev I, Zhao K. High‑resolution profiling of histone methylations in 
the human genome. Cell. 2007;129(4):823–37. https:// doi. org/ 10. 1016/j. 
cell. 2007. 05. 009.

 124. Gates LA, Shi J, Rohira AD, Feng Q, Zhu B, Bedford MT, Sagum CA, Jung 
SY, Qin J, Tsai MJ, Tsai SY, Li W, Foulds CE, O’Malley BW. Acetylation on 
histone H3 lysine 9 mediates a switch from transcription initiation to 
elongation. J Biol Chem. 2017;292(35):14456–72. https:// doi. org/ 10. 
1074/ jbc. M117. 802074.

 125. Gupta AP, Chin WH, Zhu L, Mok S, Luah YH, Lim EH, Bozdech Z. 
Dynamic epigenetic regulation of gene expression during the life 
cycle of malaria parasite Plasmodium falciparum. PLoS Pathog. 
2013;9(2):e1003170. https:// doi. org/ 10. 1371/ journ al. ppat. 10031 70.

 126. Dang W, Steffen KK, Perry R, Dorsey JA, Johnson FB, Shilatifard A, 
Kaeberlein M, Kennedy BK, Berger SL. Histone H4 lysine 16 acetylation 
regulates cellular lifespan. Nature. 2009;459(7248):802–7. https:// doi. 
org/ 10. 1038/ natur e08085.

 127. Zhang T, Cooper S, Brockdorff N. The interplay of histone modifications: 
writers that read. EMBO Rep. 2015;16(11):1467–81. https:// doi. org/ 10. 
15252/ embr. 20154 0945.

 128. Sakai N, Maruyama T, Sakurai R, Masuda H, Yamamoto Y, Shimizu A, Kishi 
I, Asada H, Yamagoe S, Yoshimura Y. Involvement of histone acetyla‑
tion in ovarian steroid‑induced decidualization of human endometrial 
stromal cells. J Biol Chem. 2003;278(19):16675–82. https:// doi. org/ 10. 
1074/ jbc. M2117 1520

 129. Beato M, Vicent GP. (2012) Impact of chromatin structure and dynamics 
on PR signaling. The initial steps in hormonal gene regulation. Mol Cell 
Endocrinol;357(1–2):37–42. https:// doi. org/ 10. 1016/j. mce. 2011. 09. 004

 130. Métivier R, Penot G, Hübner MR, Reid G, Brand H, Kos M, Gannon F. 
Estrogen receptor‑alpha directs ordered, cyclical, and combinato‑
rial recruitment of cofactors on a natural target promoter. Cell. 
2003;115(6):751–63. https:// doi. org/ 10. 1016/ s0092‑ 8674(03) 00934‑6.

 131. Maruyama T, Yoshimura Y. Molecular and cellular mechanisms for dif‑
ferentiation and regeneration of the uterine endometrium. Endocr J. 
2008;55(5):795–810. https:// doi. org/ 10. 1507/ endoc rj. k08e‑ 067.

 132. Lessey BA, Young SL. Structure, function, and evaluation of the female 
reproductive tract. In: Yen & Jaffe’s reproductive endocrinology: physiol‑
ogy, pathophysiology, and clinical management (ed) Elsevier Inc., pp. 
206–47, 2019.

 133. Chan RW, Schwab KE, Gargett CE. Clonogenicity of human endometrial 
epithelial and stromal cells. Biol Reprod. 2004;70(6):1738–50. https:// doi. 
org/ 10. 1095/ biolr eprod. 103. 024109.

 134. Okada H, Tsuzuki T, Murata H. Decidualization of the human endome‑
trium. Reprod Med Biol. 2018;17(3):220–227. https:// doi. org/ 10. 1002/ 
rmb2. 12088

 135. Monteiro JB, Colón‑Díaz M, García M, Gutierrez S, Colón M, Seto E, 
Laboy J, Flores I. Endometriosis is characterized by a distinct pat‑
tern of histone 3 and histone 4 lysine modifications. Reprod Sci. 
2014;21(3):305–18. https:// doi. org/ 10. 1177/ 19337 19113 497267.

 136. Krusche CA, Vloet AJ, Classen‑Linke I, von Rango U, Beier HM, 
Alfer J. Class I histone deacetylase expression in the human cyclic 
endometrium and endometrial adenocarcinomas. Hum Reprod. 
2007;22(11):2956–66. https:// doi. org/ 10. 1093/ humrep/ dem241.

 137. Uchida H, Maruyama T, Nagashima T, Ono M, Masuda H, Arase T, Sugi‑
ura I, Onouchi M, Kajitani T, Asada H, Yoshimura Y. Human endome‑
trial cytodifferentiation by histone deacetylase inhibitors. Hum Cell. 
2006;19(1):38–42. https:// doi. org/ 10. 1111/j. 1749‑ 0774. 2005. 00006.x.

 138. Samadieh Y, Favaedi R, Ramezanali F, Afsharian P, Aflatoonian R, Shahho‑
seini M. Epigenetic dynamics of HOXA10 gene in infertile women with 
endometriosis. Reprod Sci. 2019;26(1):88–96. https:// doi. org/ 10. 1177/ 
19337 19118 766255.

 139. Taylor HS, Arici A, Olive D, Igarashi P. HOXA10 is expressed in response 
to sex steroids at the time of implantation in the human endometrium. 
J Clin Investig. 1998;101(7):1379–84. https:// doi. org/ 10. 1172/ JCI10 57.

 140. Grimaldi G, Christian M, Steel JH, Henriet P, Poutanen M, Brosens JJ. 
Down‑regulation of the histone methyltransferase EZH2 contributes 
to the epigenetic programming of decidualizing human endometrial 
stromal cells. Mol Endocrinol. 2011;25(11):1892–903. https:// doi. org/ 10. 
1210/ me. 2011‑ 1139.

 141. Tamura I, Asada H, Maekawa R, Tanabe M, Lee L, Taketani T, Yamagata Y, 
Tamura H, Sugino N. Induction of IGFBP‑1 expression by cAMP is associ‑
ated with histone acetylation status of the promoter region in human 
endometrial stromal cells. Endocrinology. 2012;153(11):5612–21. 
https:// doi. org/ 10. 1210/ en. 2012‑ 1420.

 142. Tamura I, Ohkawa Y, Sato T, Suyama M, Jozaki K, Okada M, Lee L, 
Maekawa R, Asada H, Sato S, Yamagata Y, Tamura H, Sugino N. Genome‑
wide analysis of histone modifications in human endometrial stromal 
cells. Mol Endocrinol. 2014;28(10):1656–69. https:// doi. org/ 10. 1210/ me. 
2014‑ 1117.

 143. Tamura I, Jozaki K, Sato S, Shirafuta Y, Shinagawa M, Maekawa R, 
Taketani T, Asada H, Tamura H, Sugino N. The distal upstream region 
of insulin‑like growth factor‑binding protein‑1 enhances its expres‑
sion in endometrial stromal cells during decidualization. J Biol Chem. 
2018;293(14):5270–80. https:// doi. org/ 10. 1074/ jbc. RA117. 000234.

 144. Kaya HS, Hantak AM, Stubbs LJ, Taylor RN, Bagchi IC, Bagchi MK. Roles 
of progesterone receptor A and B isoforms during human endometrial 
decidualization. Mol Endocrinol. 2015;29(6):882–95. https:// doi. org/ 10. 
1210/ me. 2014‑ 1363.

https://doi.org/10.1186/s13148-020-00884-8
https://doi.org/10.1186/s13148-020-00884-8
https://doi.org/10.1038/s41467-018-03371-0
https://doi.org/10.1038/s41598-018-35871-w
https://doi.org/10.1038/s41598-018-35871-w
https://doi.org/10.1093/carcin/bgz046
https://doi.org/10.1093/carcin/bgz046
https://doi.org/10.26355/eurrev_201905_17788
https://doi.org/10.26355/eurrev_201905_17788
https://doi.org/10.2174/1566524016666160225153844
https://doi.org/10.2174/1566524016666160225153844
https://doi.org/10.1177/1010428317695017
https://doi.org/10.1177/1010428317695017
https://doi.org/10.1073/pnas.88.22.10148
https://doi.org/10.1016/j.cell.2007.01.033
https://doi.org/10.1002/1521-1878(200009)22:9%3c836::AID-BIES9%3e3.0.CO;2-X
https://doi.org/10.1002/1521-1878(200009)22:9%3c836::AID-BIES9%3e3.0.CO;2-X
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1016/j.sbi.2008.11.004
https://doi.org/10.1016/s1471-4892(03)00084-5
https://doi.org/10.1080/19491034.2016.1211217
https://doi.org/10.1080/19491034.2016.1211217
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1038/ng1966
https://doi.org/10.1016/j.cell.2007.05.009
https://doi.org/10.1016/j.cell.2007.05.009
https://doi.org/10.1074/jbc.M117.802074
https://doi.org/10.1074/jbc.M117.802074
https://doi.org/10.1371/journal.ppat.1003170
https://doi.org/10.1038/nature08085
https://doi.org/10.1038/nature08085
https://doi.org/10.15252/embr.201540945
https://doi.org/10.15252/embr.201540945
https://doi.org/10.1074/jbc.M21171520
https://doi.org/10.1074/jbc.M21171520
https://doi.org/10.1016/j.mce.2011.09.004
https://doi.org/10.1016/s0092-8674(03)00934-6
https://doi.org/10.1507/endocrj.k08e-067
https://doi.org/10.1095/biolreprod.103.024109
https://doi.org/10.1095/biolreprod.103.024109
https://doi.org/10.1002/rmb2.12088
https://doi.org/10.1002/rmb2.12088
https://doi.org/10.1177/1933719113497267
https://doi.org/10.1093/humrep/dem241
https://doi.org/10.1111/j.1749-0774.2005.00006.x
https://doi.org/10.1177/1933719118766255
https://doi.org/10.1177/1933719118766255
https://doi.org/10.1172/JCI1057
https://doi.org/10.1210/me.2011-1139
https://doi.org/10.1210/me.2011-1139
https://doi.org/10.1210/en.2012-1420
https://doi.org/10.1210/me.2014-1117
https://doi.org/10.1210/me.2014-1117
https://doi.org/10.1074/jbc.RA117.000234
https://doi.org/10.1210/me.2014-1363
https://doi.org/10.1210/me.2014-1363


Page 21 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116  

 145. Sakabe NJ, Aneas I, Knoblauch N, Sobreira DR, Clark N, Paz C, Horth C, 
Ziffra R, Kaur H, Liu X, Anderson R, Morrison J, Cheung VC, Grotegut 
C, Reddy TE, Jacobsson B, Hallman M, Teramo K, Murtha A, Kessler J, 
Grobman W, Zhang G, Muglia LJ, Rana S, Lynch VJ, Crawford GE, Ober C, 
He X, Nóbrega MA. Transcriptome and regulatory maps of decidua‑
derived stromal cells inform gene discovery in preterm birth. Sci Adv. 
2020;6(49):eabc8696. https:// doi. org/ 10. 1126/ sciadv. abc86 96.

 146. Ku WL, Nakamura K, Gao W, Cui K, Hu G, Tang Q, Ni B, Zhao K. Single‑cell 
chromatin immunocleavage sequencing (scChIC‑seq) to profile histone 
modification. Nat Methods. 2019;16(4):323–5. https:// doi. org/ 10. 1038/ 
s41592‑ 019‑ 0361‑7.

 147. Xiaomeng X, Ming Z, Jiezhi M, Xiaoling F. Aberrant histone acetyla‑
tion and methylation levels in woman with endometriosis. Arch 
Gynecol Obstet. 2013;287(3):487–94. https:// doi. org/ 10. 1007/ 
s00404‑ 012‑ 2591‑0.

 148. Colón‑Caraballo M, Torres‑Reverón A, Soto‑Vargas JL, Young SL, Lessey 
B, Mendoza A, Urrutia R, Flores I. Effects of histone methyltransferase 
inhibition in endometriosis. Biol Reprod. 2018;99(2):293–307. https:// 
doi. org/ 10. 1093/ biolre/ ioy030.

 149. Chu Y, Wang Y, Zhang G, Chen H, Dowdy SC, Xiong Y, Liu F, Zhang R, Li 
J, Jiang SW. Chromatin composition alterations and the critical role of 
MeCP2 for epigenetic silencing of progesterone receptor‑B gene in 
endometrial cancers. Cell Mol Life Sci. 2014;71(17):3393–408. https:// 
doi. org/ 10. 1007/ s00018‑ 014‑ 1580‑9.

 150. Tang Z, Chen WY, Shimada M, Nguyen UT, Kim J, Sun XJ, Sengoku T, 
McGinty RK, Fernandez JP, Muir TW, Roeder RG. SET1 and p300 act syn‑
ergistically, through coupled histone modifications, in transcriptional 
activation by p53. Cell. 2013;154(2):297–310. https:// doi. org/ 10. 1016/j. 
cell. 2013. 06. 027.

 151. Li Q, Jia N, Tao X, Hua K, Feng W. The expression and significance 
of histone lysine methylation in endometrial cancer. Oncol Lett. 
2017;14(5):6210–6. https:// doi. org/ 10. 3892/ ol. 2017. 6979.

 152. Wei Z, Batagov AO, Schinelli S, Wang J, Wang Y, El Fatimy R, Rabinovsky 
R, Balaj L, Chen CC, Hochberg F, Carter B, Breakefield XO, Krichevsky 
AM. Coding and noncoding landscape of extracellular RNA released 
by human glioma stem cells. Nat Commun. 2017;8(1):1145. https:// doi. 
org/ 10. 1038/ s41467‑ 017‑ 01196‑x.

 153. Peschansky VJ, Wahlestedt C. Non‑coding RNAs as direct and indirect 
modulators of epigenetic regulation. Epigenetics. 2014;9(1):3–12. 
https:// doi. org/ 10. 4161/ epi. 27473.

 154. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu 
Rev Biochem. 2012;81:145–66. https:// doi. org/ 10. 1146/ annur ev‑ bioch 
em‑ 051410‑ 092902.

 155. Sun S, Del Rosario BC, Szanto A, Ogawa Y, Jeon Y, Lee JT. Jpx RNA acti‑
vates Xist by evicting CTCF. Cell. 2013;153(7):1537–51. https:// doi. org/ 
10. 1016/j. cell. 2013. 05. 028.

 156. Gulyaeva LF, Kushlinskiy NE. Regulatory mechanisms of microRNA 
expression. J Transl Med. 2016;14(1):143. https:// doi. org/ 10. 1186/ 
s12967‑ 016‑ 0893‑x.

 157. De Santa F, Barozzi I, Mietton F, Ghisletti S, Polletti S, Tusi BK, Muller H, 
Ragoussis J, Wei CL, Natoli G. A large fraction of extragenic RNA pol II 
transcription sites overlap enhancers. PLoS Biol. 2010;8(5):e1000384. 
https:// doi. org/ 10. 1371/ journ al. pbio. 10003 84.

 158. Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA, 
Laptewicz M, Barbara‑Haley K, Kuersten S, Markenscoff‑Papadimitriou 
E, Kuhl D, Bito H, Worley PF, Kreiman G, Greenberg ME. Widespread 
transcription at neuronal activity‑regulated enhancers. Nature. 
2010;465(7295):182–7. https:// doi. org/ 10. 1038/ natur e09033.

 159. Arnold PR, Wells AD, Li XC. Diversity and emerging roles of enhancer 
RNA in regulation of gene expression and cell fate. Front Cell Dev Biol. 
2020;14(7):377. https:// doi. org/ 10. 3389/ fcell. 2019. 00377.

 160. Cheng JH, Pan DZ, Tsai ZT, Tsai HK. Genome‑wide analysis of 
enhancer RNA in gene regulation across 12 mouse tissues. Sci Rep. 
2015;2015(5):12648. https:// doi. org/ 10. 1038/ srep1 2648.

 161. Li W, Notani D, Rosenfeld MG. Enhancers as non‑coding RNA 
transcription units: recent insights and future perspectives. Nat Rev 
Genet. 2016;17(4):207–23. https:// doi. org/ 10. 1038/ nrg. 2016.4.

 162. Lewis MW, Li S, Franco HL. Transcriptional control by enhancers and 
enhancer RNAs. Transcription. 2019;10(4–5):171–86. https:// doi. org/ 
10. 1080/ 21541 264. 2019. 16954 92.

 163. Lasda E, Parker R. Circular RNAs: diversity of form and function. RNA. 
2014;20(12):1829–42. https:// doi. org/ 10. 1261/ rna. 047126. 114.

 164. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, Maier 
L, Mackowiak SD, Gregersen LH, Munschauer M, Loewer A, Ziebold 
U, Landthaler M, Kocks C, le Noble F, Rajewsky N. Circular RNAs 
are a large class of animal RNAs with regulatory potency. Nature. 
2013;495(7441):333–8. https:// doi. org/ 10. 1038/ natur e11928.

 165. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, Zhong G, Yu B, Hu W, Dai 
L, Zhu P, Chang Z, Wu Q, Zhao Y, Jia Y, Xu P, Liu H, Shan G. Exon‑intron 
circular RNAs regulate transcription in the nucleus. Nat Struct Mol 
Biol. 2015;22(3):256–64. https:// doi. org/ 10. 1038/ nsmb. 2959.

 166. Abdelmohsen K, Panda AC, Munk R, Grammatikakis I, Dudekula DB, 
De S, Kim J, Noh JH, Kim KM, Martindale JL, Gorospe M. Identification 
of HuR target circular RNAs uncovers suppression of PABPN1 transla‑
tion by CircPABPN1. RNA Biol. 2017;14(3):361–9. https:// doi. org/ 10. 
1080/ 15476 286. 2017. 12797 88.

 167. Chen N, Zhao G, Yan X, Lv Z, Yin H, Zhang S, Song W, Li X, Li L, Du 
Z, Jia L, Zhou L, Li W, Hoffman AR, Hu JF, Cui J. A novel FLI1 exonic 
circular RNA promotes metastasis in breast cancer by coordinately 
regulating TET1 and DNMT1. Genome Biol. 2018;19(1):218. https:// 
doi. org/ 10. 1186/ s13059‑ 018‑ 1594‑y.

 168. Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen 
TB, Kjems J. The biogenesis, biology and characterization of circular 
RNAs. Nat Rev Genet. 2019;20(11):675–91. https:// doi. org/ 10. 1038/ 
s41576‑ 019‑ 0158‑7.

 169. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: 
the Rosetta Stone of a hidden RNA language? Cell. 2011;146(3):353–
8. https:// doi. org/ 10. 1016/j. cell. 2011. 07. 014.

 170. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of ceRNA cross‑
talk and competition. Nature. 2014;505(7483):344–52. https:// doi. org/ 
10. 1038/ natur e12986.

 171. Wang P, Zeng Z, Shen X, Tian X, Ye Q. Identification of a multi‑RNA‑
type‑based signature for recurrence‑free survival prediction in 
patients with uterine corpus endometrial carcinoma. DNA Cell Biol. 
2020;39(4):615–30. https:// doi. org/ 10. 1089/ dna. 2019. 5148.

 172. Zhang M, Li J, Duan S, Fang Z, Tian J, Yin H, Zhai Q, Wang X, Zhang L. 
Comprehensive characterization of endometrial competing endog‑
enous RNA network in infertile women of childbearing age. Aging. 
2020;12(5):4204–21. https:// doi. org/ 10. 18632/ aging. 102874

 173. Takamura M, Zhou W, Rombauts L, Dimitriadis E. The long noncoding 
RNA PTENP1 regulates human endometrial epithelial adhesive capac‑
ity in vitro: implications in infertility. Biol Reprod. 2020;102(1):53–62. 
https:// doi. org/ 10. 1093/ biolre/ ioz173.

 174. He D, Zeng H, Chen J, Xiao L, Zhao Y, Liu N. H19 regulates trophoblas‑
tic spheroid adhesion by competitively binding to let‑7. Reproduc‑
tion. 2019;157(5):423–30. https:// doi. org/ 10. 1530/ REP‑ 18‑ 0339.

 175. Xu H, Zhou M, Cao Y, Zhang D, Han M, Gao X, Xu B, Zhang A. 
Genome‑wide analysis of long noncoding RNAs, microRNAs, and 
mRNAs forming a competing endogenous RNA network in repeated 
implantation failure. Gene. 2019;15(720):144056. https:// doi. org/ 10. 
1016/j. gene. 2019. 144056.

 176. Liu S, Qiu J, Tang X, Cui H, Zhang Q, Yang Q. LncRNA‑H19 regulates 
cell proliferation and invasion of ectopic endometrium by targeting 
ITGB3 via modulating miR‑124‑3p. Exp Cell Res. 2019;381(2):215–22. 
https:// doi. org/ 10. 1016/j. yexcr. 2019. 05. 010.

 177. Zeng H, Fan X, Liu N. Expression of H19 imprinted gene in patients 
with repeated implantation failure during the window of implanta‑
tion. Arch Gynecol Obstet. 2017;296(4):835–9. https:// doi. org/ 10. 
1007/ s00404‑ 017‑ 4482‑x.

 178. Feng C, Shen JM, Lv PP, Jin M, Wang LQ, Rao JP, Feng L. Construction 
of implantation failure related lncRNA‑mRNA network and identifica‑
tion of lncRNA biomarkers for predicting endometrial receptivity. Int 
J Biol Sci. 2018;14(10):1361–77. https:// doi. org/ 10. 7150/ ijbs. 25081.

 179. Hull ML, Nisenblat V. Tissue and circulating microRNA influence 
reproductive function in endometrial disease. Reprod Biomed Online. 
2013;27(5):515–29. https:// doi. org/ 10. 1016/j. rbmo. 2013. 07. 012.

 180. Ariel I, Weinstein D, Voutilainen R, Schneider T, Lustig‑Yariv O, de Groot 
N, Hochberg A. Genomic imprinting and the endometrial cycle. The 
expression of the imprinted gene H19 in the human female reproduc‑
tive organs. Diagn Mol Pathol. 1997;6(1):17–25. https:// doi. org/ 10. 1097/ 
00019 606‑ 19970 2000‑ 00004.

https://doi.org/10.1126/sciadv.abc8696
https://doi.org/10.1038/s41592-019-0361-7
https://doi.org/10.1038/s41592-019-0361-7
https://doi.org/10.1007/s00404-012-2591-0
https://doi.org/10.1007/s00404-012-2591-0
https://doi.org/10.1093/biolre/ioy030
https://doi.org/10.1093/biolre/ioy030
https://doi.org/10.1007/s00018-014-1580-9
https://doi.org/10.1007/s00018-014-1580-9
https://doi.org/10.1016/j.cell.2013.06.027
https://doi.org/10.1016/j.cell.2013.06.027
https://doi.org/10.3892/ol.2017.6979
https://doi.org/10.1038/s41467-017-01196-x
https://doi.org/10.1038/s41467-017-01196-x
https://doi.org/10.4161/epi.27473
https://doi.org/10.1146/annurev-biochem-051410-092902
https://doi.org/10.1146/annurev-biochem-051410-092902
https://doi.org/10.1016/j.cell.2013.05.028
https://doi.org/10.1016/j.cell.2013.05.028
https://doi.org/10.1186/s12967-016-0893-x
https://doi.org/10.1186/s12967-016-0893-x
https://doi.org/10.1371/journal.pbio.1000384
https://doi.org/10.1038/nature09033
https://doi.org/10.3389/fcell.2019.00377
https://doi.org/10.1038/srep12648
https://doi.org/10.1038/nrg.2016.4
https://doi.org/10.1080/21541264.2019.1695492
https://doi.org/10.1080/21541264.2019.1695492
https://doi.org/10.1261/rna.047126.114
https://doi.org/10.1038/nature11928
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1080/15476286.2017.1279788
https://doi.org/10.1080/15476286.2017.1279788
https://doi.org/10.1186/s13059-018-1594-y
https://doi.org/10.1186/s13059-018-1594-y
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1038/nature12986
https://doi.org/10.1038/nature12986
https://doi.org/10.1089/dna.2019.5148
https://doi.org/10.18632/aging.102874
https://doi.org/10.1093/biolre/ioz173
https://doi.org/10.1530/REP-18-0339
https://doi.org/10.1016/j.gene.2019.144056
https://doi.org/10.1016/j.gene.2019.144056
https://doi.org/10.1016/j.yexcr.2019.05.010
https://doi.org/10.1007/s00404-017-4482-x
https://doi.org/10.1007/s00404-017-4482-x
https://doi.org/10.7150/ijbs.25081
https://doi.org/10.1016/j.rbmo.2013.07.012
https://doi.org/10.1097/00019606-199702000-00004
https://doi.org/10.1097/00019606-199702000-00004


Page 22 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116 

 181. Tanos V, Ariel I, Prus D, De‑Groot N, Hochberg A. H19 and IGF2 gene 
expression in human normal, hyperplastic, and malignant endome‑
trium. Int J Gynecol Cancer. 2004;14(3):521–5. https:// doi. org/ 10. 1111/j. 
1048‑ 891x. 2004. 014314.x.

 182. Bell AC, Felsenfeld G. Methylation of a CTCF‑dependent bound‑
ary controls imprinted expression of the Igf2 gene. Nature. 
2000;405(6785):482–5. https:// doi. org/ 10. 1038/ 35013 100.

 183. Ganeff C, Chatel G, Munaut C, Frankenne F, Foidart JM, Winkler R. 
The IGF system in in‑vitro human decidualization. Mol Hum Reprod. 
2009;15(1):27–38. https:// doi. org/ 10. 1093/ molehr/ gan073.

 184. Zhao L, Li Z, Chen W, Zhai W, Pan J, Pang H, Li X. H19 promotes endo‑
metrial cancer progression by modulating epithelial‑mesenchymal 
transition. Oncol Lett. 2017;13(1):363–9. https:// doi. org/ 10. 3892/ ol. 2016. 
5389.

 185. Zhu H, Jin YM, Lyu XM, Fan LM, Wu F. Long noncoding RNA H19 
regulates HIF‑1α/AXL signaling through inhibiting miR‑20b‑5p in endo‑
metrial cancer. Cell Cycle. 2019;18(19):2454–64. https:// doi. org/ 10. 1080/ 
15384 101. 2019.

 186. Liu S, Qiu J, Tang X, Cui H, Zhang Q, Yang Q. LncRNA‑H19 regulates cell 
proliferation and invasion of ectopic endometrium by targeting ITGB3 
via modulating miR‑124–3p. Exp Cell Res. 2019;381(2):215–22. https:// 
doi. org/ 10. 1016/j. yexcr. 2019. 05. 010.

 187. Chen MY, Liao GD, Zhou B, Kang LN, He YM, Li SW. Genome‑wide 
profiling of long noncoding RNA expression patterns in women 
with repeated implantation failure by RNA sequencing. Reprod Sci. 
2019;26(1):18–25. https:// doi. org/ 10. 1177/ 19337 19118 756752.

 188. Fan LJ, Han HJ, Guan J, Zhang XW, Cui QH, Shen H, Shi C. Aberrantly 
expressed long noncoding RNAs in recurrent implantation failure: a 
microarray related study. Syst Biol Reprod Med. 2017;63(4):269–78. 
https:// doi. org/ 10. 1080/ 19396 368. 2017. 13103 29.

 189. Jia Y, Cai R, Yu T, Zhang R, Liu S, Guo X, Shang C, Wang A, Jin Y, Lin P. 
Progesterone‑induced RNA Hand2os1 regulates decidualization in 
mice uteri. Reproduction. 2020;159(3):303–14. https:// doi. org/ 10. 1530/ 
REP‑ 19‑ 0401.

 190. Lv H, Tong J, Yang J, Lv S, Li WP, Zhang C, Chen ZJ. Dysregulated 
pseudogene HK2P1May contribute to preeclampsia as a compet‑
ing endogenous RNA for hexokinase 2 by impairing decidualization. 
Hypertension. 2018;71(4):648–58. https:// doi. org/ 10. 1161/ HYPER TENSI 
ONAHA. 117. 10084.

 191. Liang XH, Deng WB, Liu YF, Liang YX, Fan ZM, Gu XW, Liu JL, Sha AG, 
Diao HL, Yang ZM. Non‑coding RNA LINC00473 mediates decidualiza‑
tion of human endometrial stromal cells in response to cAMP signaling. 
Sci Rep. 2016;7(6):22744. https:// doi. org/ 10. 1038/ srep2 2744.

 192. Li D, Jiang W, Jiang Y, Wang S, Fang J, Zhu L, Zhu Y, Yan G, Sun H, Chen 
L, Zhang N. Preliminary functional inquiry of lncRNA ENST00000433673 
in embryo implantation using bioinformatics analysis. Syst Biol Reprod 
Med. 2010;65(2):164–73. https:// doi. org/ 10. 1080/ 19396 368. 2018. 15638 
44.

 193. Li L, Wang P, Liu S, Bai X, Zou B, Li Y. Transcriptome sequencing of 
endometrium revealed alterations in mRNAs and lncRNAs after ovarian 
stimulation. J Assist Reprod Genet. 2020;37(1):21–32. https:// doi. org/ 10. 
1007/ s10815‑ 019‑ 01616‑5.

 194. Kresowik JD, Devor EJ, Van Voorhis BJ, Leslie KK. MicroRNA‑31 is signifi‑
cantly elevated in both human endometrium and serum during the 
window of implantation: a potential biomarker for optimum receptivity. 
Biol Reprod. 2014;91(1):17. https:// doi. org/ 10. 1095/ biolr eprod. 113. 
116590.

 195. Rekker K, Saare M, Roost AM, Salumets A, Peters M. Circulat‑
ing microRNA Profile throughout the menstrual cycle. PLoS ONE. 
2013;8(11):e81166. https:// doi. org/ 10. 1371/ journ al. pone. 00811 66.

 196. Zhao Y, Zacur H, Cheadle C, Ning N, Fan J, Vlahos NF. Effect of luteal‑
phase support on endometrial microRNA expression following 
controlled ovarian stimulation. Reprod Biol Endocrinol. 2012;6(10):72. 
https:// doi. org/ 10. 1186/ 1477‑ 7827‑ 10‑ 72.

 197. Reed BG, Babayev SN, Chen LX, Carr BR, Word RA, Jimenez PT. Estrogen‑
regulated miRNA‑27b is altered by bisphenol A in human endometrial 
stromal cells. Reproduction. 2018;156(6):559–67. https:// doi. org/ 10. 
1530/ REP‑ 18‑ 0041.

 198. Yang P, Wu Z, Ma C, Pan N, Wang Y, Yan L. Endometrial miR‑543 is 
downregulated during the implantation window in women with 

endometriosis‑related infertility. Reprod Sci. 2019;26(7):900–8. https:// 
doi. org/ 10. 1177/ 19337 19118 799199.

 199. Qian K, Hu L, Chen H, Li H, Liu N, Li Y, Ai J, Zhu G, Tang Z, Zhang H. 
Hsa‑miR‑222 is involved in differentiation of endometrial stromal cells 
in vitro. Endocrinology. 2009;150(10):4734–43. https:// doi. org/ 10. 1210/ 
en. 2008‑ 1629.

 200. Griffiths M, Van Sinderen M, Rainczuk K, Dimitriadis E. miR‑29c overex‑
pression and COL4A1 downregulation in infertile human endometrium 
reduces endometrial epithelial cell adhesive capacity in vitro implying 
roles in receptivity. Sci Rep. 2019;9(1):8644. https:// doi. org/ 10. 1038/ 
s41598‑ 019‑ 45155‑6.

 201. Loke H, Rainczuk K, Dimitriadis E. MicroRNA biogenesis machinery is 
dysregulated in the endometrium of infertile women suggesting a role 
in receptivity and infertility. J Histochem Cytochem. 2019;67(8):589–99. 
https:// doi. org/ 10. 1369/ 00221 55419 854064.

 202. Petracco R, Grechukhina O, Popkhadze S, Massasa E, Zhou Y, Taylor HS. 
MicroRNA 135 regulates HOXA10 expression in endometriosis. J Clin 
Endocrinol Metab. 2011;96(12):E1925–33. https:// doi. org/ 10. 1210/ jc. 
2011‑ 1231.

 203. Grasso A, Navarro R, Balaguer N, Moreno I, Alama P, Jimenez J, Simón C, 
Vilella F. Endometrial liquid biopsy provides a miRNA roadmap of the 
secretory phase of the human endometrium. J Clin Endocrinol Metab. 
2020;105(3):dgz146. https:// doi. org/ 10. 1210/ clinem/ dgz146.

 204. Winship A, Ton A, Van Sinderen M, Menkhorst E, Rainczuk K, Griffiths M, 
Cuman C, Dimitriadis E. Mouse double minute homologue 2 (MDM2) 
downregulation by miR‑661 impairs human endometrial epithelial cell 
adhesive capacity. Reprod Fertil Dev. 2018;30(3):477–86. https:// doi. org/ 
10. 1071/ RD170 95.

 205. Cuman C, Van Sinderen M, Gantier MP, Rainczuk K, Sorby K, Rombauts L, 
Osianlis T, Dimitriadis E. Human blastocyst secreted microRNA regulate 
endometrial epithelial cell adhesion. EBioMedicine. 2015;2(10):1528–35. 
https:// doi. org/ 10. 1016/j. ebiom. 2015. 09. 003.

 206. Lv Y, Gao S, Zhang Y, Wang L, Chen X, Wang Y. miRNA and target gene 
expression in menstrual endometria and early pregnancy decidua. Eur J 
Obstet Gynecol Reprod Biol. 2015;197:27–30. https:// doi. org/ 10. 1016/j. 
ejogrb. 2015. 11. 003.

 207. Altmäe S, Koel M, Võsa U, Adler P, Suhorutšenko M, Laisk‑Podar T, 
Kukushkina V, Saare M, Velthut‑Meikas A, Krjutškov K, Aghajanova L, 
Lalitkumar PG, Gemzell‑Danielsson K, Giudice L, Simón C, Salumets A. 
Meta‑signature of human endometrial receptivity: a meta‑analysis and 
validation study of transcriptomic biomarkers. Sci Rep. 2017;7(1):10077. 
https:// doi. org/ 10. 1038/ s41598‑ 017‑ 10098‑3.

 208. Liu W, Niu Z, Li Q, Pang RT, Chiu PC, Yeung WS. MicroRNA and Embryo 
Implantation. Am J Reprod Immunol. 2016;75(3):263–71. https:// doi. 
org/ 10. 1111/ aji. 12470.

 209. Xu X, Li Z, Liu J, Yu S, Wei Z. MicroRNA expression profiling in endome‑
triosis‑associated infertility and its relationship with endometrial recep‑
tivity evaluated by ultrasound. J Xray Sci Technol. 2017;25(3):523–32. 
https:// doi. org/ 10. 3233/ XST‑ 17286.

 210. Ma HL, Gong F, Tang Y, Li X, Li X, Yang X, Lu G. Inhibition of endometrial 
Tiam1/Rac1 signals induced by miR‑22 up‑regulation leads to the 
failure of embryo implantation during the implantation window in 
pregnant mice. Biol Reprod. 2015;92(6):152. https:// doi. org/ 10. 1095/ 
biolr eprod. 115. 128603.

 211. Huang Z, Yu H, Du G, Han L, Huang X, Wu D, Han X, Xia Y, Wang X, Lu C. 
Enhancer RNA lnc‑CES1‑1 inhibits decidual cell migration by interacting 
with RNA‑binding protein FUS and activating PPARγ in URPL. Mol Ther 
Nucleic Acids. 2021;18(24):104–12. https:// doi. org/ 10. 1016/j. omtn. 2021. 
02. 018.

 212. Tong Z, Liu Y, Yu X, Martinez JD, Xu J. The transcriptional co‑activator 
NCOA6 promotes estrogen‑induced GREB1 transcription by recruiting 
ERα and enhancing enhancer‑promoter interactions. J Biol Chem. 
2019;294(51):19667–82. https:// doi. org/ 10. 1074/ jbc. RA119. 010704.

 213. Fung JN, Holdsworth‑Carson SJ, Sapkota Y, Zhao ZZ, Jones L, Girling JE, 
Paiva P, Healey M, Nyholt DR, Rogers PA, Montgomery GW. Functional 
evaluation of genetic variants associated with endometriosis near 
GREB1. Hum Reprod. 2015;30(5):1263–75. https:// doi. org/ 10. 1093/ 
humrep/ dev051.

 214. Chen BJ, Byrne FL, Takenaka K, Modesitt SC, Olzomer EM, Mills JD, Farrell 
R, Hoehn KL, Janitz M. Analysis of the circular RNA transcriptome in 

https://doi.org/10.1111/j.1048-891x.2004.014314.x
https://doi.org/10.1111/j.1048-891x.2004.014314.x
https://doi.org/10.1038/35013100
https://doi.org/10.1093/molehr/gan073
https://doi.org/10.3892/ol.2016.5389
https://doi.org/10.3892/ol.2016.5389
https://doi.org/10.1080/15384101.2019
https://doi.org/10.1080/15384101.2019
https://doi.org/10.1016/j.yexcr.2019.05.010
https://doi.org/10.1016/j.yexcr.2019.05.010
https://doi.org/10.1177/1933719118756752
https://doi.org/10.1080/19396368.2017.1310329
https://doi.org/10.1530/REP-19-0401
https://doi.org/10.1530/REP-19-0401
https://doi.org/10.1161/HYPERTENSIONAHA.117.10084
https://doi.org/10.1161/HYPERTENSIONAHA.117.10084
https://doi.org/10.1038/srep22744
https://doi.org/10.1080/19396368.2018.1563844
https://doi.org/10.1080/19396368.2018.1563844
https://doi.org/10.1007/s10815-019-01616-5
https://doi.org/10.1007/s10815-019-01616-5
https://doi.org/10.1095/biolreprod.113.116590
https://doi.org/10.1095/biolreprod.113.116590
https://doi.org/10.1371/journal.pone.0081166
https://doi.org/10.1186/1477-7827-10-72
https://doi.org/10.1530/REP-18-0041
https://doi.org/10.1530/REP-18-0041
https://doi.org/10.1177/1933719118799199
https://doi.org/10.1177/1933719118799199
https://doi.org/10.1210/en.2008-1629
https://doi.org/10.1210/en.2008-1629
https://doi.org/10.1038/s41598-019-45155-6
https://doi.org/10.1038/s41598-019-45155-6
https://doi.org/10.1369/0022155419854064
https://doi.org/10.1210/jc.2011-1231
https://doi.org/10.1210/jc.2011-1231
https://doi.org/10.1210/clinem/dgz146
https://doi.org/10.1071/RD17095
https://doi.org/10.1071/RD17095
https://doi.org/10.1016/j.ebiom.2015.09.003
https://doi.org/10.1016/j.ejogrb.2015.11.003
https://doi.org/10.1016/j.ejogrb.2015.11.003
https://doi.org/10.1038/s41598-017-10098-3
https://doi.org/10.1111/aji.12470
https://doi.org/10.1111/aji.12470
https://doi.org/10.3233/XST-17286
https://doi.org/10.1095/biolreprod.115.128603
https://doi.org/10.1095/biolreprod.115.128603
https://doi.org/10.1016/j.omtn.2021.02.018
https://doi.org/10.1016/j.omtn.2021.02.018
https://doi.org/10.1074/jbc.RA119.010704
https://doi.org/10.1093/humrep/dev051
https://doi.org/10.1093/humrep/dev051


Page 23 of 23Retis‑Resendiz et al. Clin Epigenet          (2021) 13:116  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

endometrial cancer. Oncotarget. 2017;9(5):5786–96. https:// doi. org/ 10. 
18632/ oncot arget. 23534.

 215. Esteller M. Non‑coding RNAs in human disease. Nat Rev Genet. 
2011;12(12):861–74. https:// doi. org/ 10. 1038/ nrg30 74.

 216. Gomez‑Verjan JC, Vazquez‑Martinez ER, Rivero‑Segura NA, Medina‑
Campos RH. The RNA world of human ageing. Hum Genet. 
2018;137(11–12):865–79. https:// doi. org/ 10. 1007/ s00439‑ 018‑ 1955‑3.

 217. Ferlita A, Battaglia R, Andronico F, Caruso S, Cianci A, Purrello M, Pietro 
CD. Non‑coding RNAs in endometrial physiopathology. Int J Mol Sci. 
2018;19(7):2120. https:// doi. org/ 10. 3390/ ijms1 90721 20.

 218. Martínez‑Ibarra A, Martínez‑Razo LD, Vázquez‑Martínez ER, Martínez‑
Cruz N, Flores‑Ramírez R, García‑Gómez E, López‑López M, Ortega‑
González C, Camacho‑Arroyo I, Cerbón M. Unhealthy levels of phtha‑
lates and bisphenol A in Mexican pregnant women with gestational 
diabetes and its association to altered expression of mirnas involved 
with metabolic disease. Int J Mol Sci. 2019;20(13):3343. https:// doi. org/ 
10. 3390/ ijms2 01333 43.

 219. Monroy‑Jaramillo N, Vázquez‑Martínez ER. Epigenetics and ageing. 
Clinical genetics and genomics of aging. Cham: Springer; 2020. https:// 
doi. org/ 10. 1007/ 978‑3‑ 030‑ 40955‑5_8.

 220. Liu H, Wan J, Chu J. Long non‑coding RNAs and endometrial cancer. 
Biomed Pharmacother. 2019;119:109396. https:// doi. org/ 10. 1016/j. 
biopha. 2019. 109396.

 221. Panir K, Schjenken JE, Robertson SA, Hull ML. Non‑coding RNAs in 
endometriosis: a narrative review. Hum Reprod Update. 2018;24(4):497–
515. https:// doi. org/ 10. 1093/ humupd/ dmy014.

 222. Marí‑Alexandre J, Sánchez‑Izquierdo D, Gilabert‑Estellés J, Barceló‑
Molina M, Braza‑Boïls A, Sandoval J. miRNAs regulation and its role as 
biomarkers in endometriosis. Int J Mol Sci. 2016;17(1):93. https:// doi. 
org/ 10. 3390/ ijms1 70100 93.

 223. Anfossi S, Babayan A, Pantel K, Calin GA. Clinical utility of circulating 
non‑coding RNAs: an update. Nat Rev Clin Oncol. 2018;15(9):541–63. 
https:// doi. org/ 10. 1038/ s41571‑ 018‑ 0035‑x.

 224. Wang J, Li Z, Wang X, Ding Y, Li N. The tumor suppressive effect of long 
non‑coding RNA FRMD6‑AS2 in uteri corpus endometrial carcinoma. 
Life Sci. 2020;243:117254. https:// doi. org/ 10. 1016/j. lfs. 2020. 117254.

 225. Szalaj P, Plewczynski D. Three‑dimensional organization and dynamics 
of the genome. Cell Biol Toxicol. 2018;34(5):381–404. https:// doi. org/ 10. 
1007/ s10565‑ 018‑ 9428‑y.

 226. van Steensel B, Furlong EEM. The role of transcription in shap‑
ing the spatial organization of the genome. Nat Rev Mol Cell Biol. 
2019;20(6):327–37. https:// doi. org/ 10. 1038/ s41580‑ 019‑ 0114‑6.

 227. Kempfer R, Pombo A. Methods for mapping 3D chromosome archi‑
tecture. Nat Rev Genet. 2020;21(4):207–26. https:// doi. org/ 10. 1038/ 
s41576‑ 019‑ 0195‑2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.18632/oncotarget.23534
https://doi.org/10.18632/oncotarget.23534
https://doi.org/10.1038/nrg3074
https://doi.org/10.1007/s00439-018-1955-3
https://doi.org/10.3390/ijms19072120
https://doi.org/10.3390/ijms20133343
https://doi.org/10.3390/ijms20133343
https://doi.org/10.1007/978-3-030-40955-5_8
https://doi.org/10.1007/978-3-030-40955-5_8
https://doi.org/10.1016/j.biopha.2019.109396
https://doi.org/10.1016/j.biopha.2019.109396
https://doi.org/10.1093/humupd/dmy014
https://doi.org/10.3390/ijms17010093
https://doi.org/10.3390/ijms17010093
https://doi.org/10.1038/s41571-018-0035-x
https://doi.org/10.1016/j.lfs.2020.117254
https://doi.org/10.1007/s10565-018-9428-y
https://doi.org/10.1007/s10565-018-9428-y
https://doi.org/10.1038/s41580-019-0114-6
https://doi.org/10.1038/s41576-019-0195-2
https://doi.org/10.1038/s41576-019-0195-2

	The role of epigenetic mechanisms in the regulation of gene expression in the cyclical endometrium
	Abstract 
	Background: 
	Main body: 
	Conclusion and perspectives: 

	Background
	Transcriptional changes of coding genes in the endometrium during the endometrial cycle
	Expression of essential genes for endometrial function
	Endometrial functions revealed by transcriptome analysis

	DNA methylation
	DNA methylation and the cyclical endometrium
	DNA methylation machinery in the cyclical endometrium
	DNA methylation in the window of implantation
	DNA methylation in endometrial pathologies

	Histone post-translational modifications
	Histone post-translational modifications and the cyclical endometrium
	Impact of in vitro decidualization in the enrichment of histone post-translational modifications

	Non-coding RNAs
	Non-coding RNAs and the cyclical endometrium
	lncRNAs
	miRNAs
	eRNAs
	circRNAs

	Conclusion and perspectives
	Declarations
	Acknowledgements
	References


