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Endometriosis is highly underdiagnosed and undertreated gynecological
disorder, with diagnosis often delayed by 8-12 years. This delay can have
serious consequences including infertility. Currently, the gold standard for
endometriosis diagnosis and treatment is laparoscopy, an invasive surgical
intervention. The molecular mechanisms underlying the onset of
endometriosis are yet unclear, but it is assumed that epigenetic modifications
are an important contributor in the etiopathology of the disease. Given that,
dissecting the features of epigenetic aberrations underlying endometriosis can be
a crucial step toward developing early and accurate non-invasive diagnostic
tools. Accurate and timely diagnosis of endometriosis can significantly reduce
healthcare costs, and enhance women's social wellbeing. Epigenetic
modifications especially DNA methylation, micro-RNAs and long-RNAs, hold
promise as potential biomarkers for the early diagnosis of endometriosis. This
review underscores the innovative potential of epigenetic mechanisms as early
biomarkers for endometriosis diagnosis. We summarize and critically discuss
recent findings and epigenetic modifications role in endometriosis
pathophysiology, from DNA methylation and histone modifications to non-
coding RNAs in different tissues.

KEYWORDS
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1 Introduction

Endometriosis is a benign gynecological pathology defined by the presence of
endometrial tissue outside the uterine cavity (Taylor et al, 2021). Patients with
endometriosis can be asymptomatic, while others can have symptoms of dyspareunia,
dysmenorrhea, irregular uterine bleeding, and chronic pelvic pain (Parasar et al., 2017;
Taylor et al,, 2021). This debilitating disease occurs in nearly 10% of women of reproductive
age, being one of the main reasons of subfertility or infertility in women (Skorupskaite and
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Bhandari, 2024). Numerous theories, such as coelomic metaplasia,
implantation, or embryonic stem cells, have been proposed to
explain the pathophysiology of endometriosis, even though the
disease’s cause is yet unknown (Mariadas et al.,, 2025). Figure 1
shows the set of theories related to pathogenesis of endometriosis.
Indeed, the most established theory is that endometrial tissue seeds
in ectopic locations as a result of retrograde menstruation, which
may be connected to hematogenous or lymphatic circulation
(Adilbayeva and Kunz, 2024). Therefore, pelvic implantation and
durability are influenced by additional hormonal or immunological-
related variables (Parasar et al, 2017). Even though retrograde
menstruation is very common, endometriosis appears only in
some women presenting with specific cellular and molecular
features in peritoneal or eutopic endometrial tissue (Lucidi et al.,
2005; Bulun, 2009; Mariadas et al., 2025). Endometriosis occurs due
to speciﬁc genetic, epigenetic, environmental and immune factors
(Mariadas et al., 2025). It is important to note that between 25% and
50% of patients with infertility have endometriosis (Mathyk et al.,
2024). Although the relationship between endometriosis and
infertility is still up for debate, their connection is clinically
acknowledged and has strong evidence in the literature
2022). Right
associated infertility is considered to be a multifactorial disorder,

(Bonavina and Taylor, now, endometriosis-
faced with challenges related to immune, genetic and epigenetic
alterations affecting not only the integrity of fallopian tubes and
embryo migration, but also the endometrium receptivity and
embryo implantation (Macer and Taylor, 2012). Infertility in all
forms of endometriosis can be caused by impaired folliculogenesis,
low quality of oocytes, ovulation disturbances, aberrant
embryogenesis, or an impaired implantation process (Qi et al,
2025). On that account, the pathological process of infertility in
endometriosis is complex and represents one of the serious
consequences of delayed diagnosis with an average time of
6-12 years (Beloshevski et al., 2024). Both clinical and social
factors are accountable for this delay, resulting in compounding
financial, emotional and physical burdens for women (Kocas
et al., 2023).

According to reports, many women put off getting help for
endometriosis symptoms because they feel embarrassed talking
about period pain and menstrual irregularities, fear of
stigmatization, or believe their doctor did not treat their
2023). As previously

mentioned, symptoms of endometriosis are often similar to those

symptoms seriously (Kocas et al,
of other pelvic conditions. This similarity mandates healthcare
professionals to enhance their clinical vigilance and expertise in
order to ensure a prompt diagnosis. The gold standard for
endometriosis diagnosis is typically laparoscopy, a surgical
procedure offering numerous advantages over traditional open
and Wright, 2022). In the
endometriosis, the advantage of laparoscopy is that it is both

surgery (Simko context of
diagnostic and therapeutic, being the state of the art treatment
for endometriosis that reduces pain (Bafort et al., 2020). Despite the
effectiveness of laparoscopy, it is considered an invasive diagnostic
tool with many limitations such as general anesthesia, and cost
(Simko and Wright, 2022).
endometriosis frequently recurs, with nearly 50% of women

considerations Furthermore,

requiring additional intervention within 5 years (Saunders and
Horne, 2021). This underscores the importance of identifying
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reliable non-invasive biomarkers for endometriosis detection at
an early stage, in order to minimize the frequency of
laparoscopic surgery without compromising patient clinical
outcomes (Kaspute et al., 2024). Recent research has focused on
epigenetic mechanisms, considering the fundamental role of
estrogen and progesterone in regulating cellular processes during
the endometrial cycle (Yang et al., 2023; Yu et al., 2024; Mariadas
et al, 2025). These processes are also linked to particular
transcriptional profiles that are essential for normal endometrial
function (Retis-Resendiz et al, 2021). Epigenetics is generally
defined as heritable changes in gene expression without altering
the DNA sequence (Felsenfeld, 2014). It is associated with
fundamental processes such as cellular identity, development and
homeostasis (Rodenhiser and Mann, 2006; Blakey and Litt, 2015).
Epigenetics include DNA methylation, histone post-translational
modifications, and non-coding RNAs (Shu et al., 2023). This review
intends to present an overview of the ever-growing recent evidence
of epigenetic contributions in endometriosis pathophysiology, with
particular emphasis on DNA methylation, histone modifications,
and non-coding RNAs. The impact of epigenetic modifications on
immune events and

endometriosis-related infertility ~ are

also discussed.

2 Epigenetic of endometriosis

Epigenetics defines the study of molecular alterations in
chromatin that control gene expression and maintain genome
stability, without altering the DNA sequence (Kumari et al,
2022). Through the regulation of DNA folding, chromatin
compaction, nuclear arrangement, and transcript stability, these
processes influence gene expression (Hsiao et al., 2017; Martin
and Fry, 2018). Epigenetics is one of the key factors controlling
cellular differentiation and determining cell phenotype (Meissner
et al, 2008). It plays a critical role in maintaining the correct,
undisturbed development of the organism (Kumari et al.,, 2022). A
complex epigenetic patterns emerges when epigenetic changes occur
at the wrong time or in the wrong place leading to the development
of many complex human diseases (Esteller, 2002). Numerous studies
have highlited the epigenetic contribution to the pathogenesis of
endometriosis (Hsiao et al., 2017; Bedrick et al, 2024). It is
noteworthy that the epigenome is dynamically regulated by the
interplay of environmental factors, hormonal status, and immune
microenvironment (Bulun et al.,, 2019). Epigenetic modifications
include DNA methylation, histone modifications, as well as non-
coding RNAs (Shu et al., 2023). Because of their dynamic and
changeable nature, epigenetic modifications hold the potential to be
used as early biomarkers and therapeutic tools (Dai et al., 2024).

2.1 DNA methylation

DNA methylation is an epigenetic chromatin mark that allows
heterochromatin formation, gene silencing, and regulates alternative
splicing. Exons have higher levels of DNA methylation compared to
flanking introns. Around 22% of alternative exons splicing is
regulated by DNA methylation (Lev Maor et al, 2015). Two
mechanisms use DNA methylation to regulate alternative
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FIGURE 1

Summary of the pathogenesis of endometriosis. Created with BioRender (https://www.biorender.com/).

splicing. The first one involves modulation of the elongation rate of
RNA polymerase II, and the second one involves heterochromatin
protein 1 protein, a fundamental unit of heterochromatin packaging,
that recruits splicing factors onto transcribed alternative exons
(Pappalardo and Barra, 2021).

DNA methylation is one of the most common epigenetic
modifications, regulating gene expression by recruiting repressive
proteins or through the inhibition of transcription factor binding
(Moore et al, 2012). It consists of adding a methyl group to the
fifth position of cytosine in CpG sites (Moore et al, 2012). DNA
methylation can occur in different genomic regions namely, Intergenic
Regions, Promoters, Gene Body and Enhancers (Moore et al., 2012;
Kreibich et al.,, 2023). DNA methyltransferases (DNMTs) carry out this
process, by using S-adenosylmethionine as the methyl donor to catalyze
the addition of the methyl group to the cytosine ring to generate methyl
cytosine (Gao et al,, 2018) DNA methylation is a dynamic process that
requires de novo DNA methyltransferases DNMT3A and DNMT3B,
involved in adding methyl groups to cytosine at unmethylated DNA
(Toth et al, 2025). The next step consists of preserving the novel
methylation patterns by DNMT1 (T6th et al, 2025). During DNA
replication, DNMT1 enzyme is recruited to ensure the inherence of the
parental methylation pattern in the newly synthesized strands (Xu et al,,
2025). The silencing achieved through the methylation at CpG sites can
directly block transcription factor binding due to the methylation of
response elements (Moore et al, 2012). Furthermore, another
mechanism of gene regulation by DNA methylation involves the
methyl-CpG-binding domain (MBD) protein MeCP2, MBDI,
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MBD2, and MBD3 (Wood and Zhou, 2016). These proteins bind to
methylated DNA and recruit corepressor complexes, including histone
deacetylases (HDACs), making the DNA less accessible for
transcription (Newell-Price et al., 2000; Javaid and Choi, 2017). This
leads to a stable transcriptional repression of the target genes
(Miller and Grant, 2013). Beyond the classical dogma, there is

growing evidence of a more complex effect of DNA
hypermethylation on gene expression depending of the
biological ~context. For instance, the expression of

hypermethylated genes can be unaffected or even upregulated.
Furthermore, some transcription factors tend to bind methylated
rather than unmethylated CpGs (Rauluseviciute et al., 2020).

In endometriosis, there are more than 40,000 CpG sites, distal to
classical CpG islands, differentially methylated (Dyson et al., 2014;
Gerkowicz et al.,, 2020; Zubrzycka et al., 2020; Adamczyk et al.,
2022). Furthermore, it has been proven that the expression patterns
of DNMTs in endometriotic tissue differ from those of normal
endometrium (Wu et al., 2007; Hsiao et al., 2015; Zubrzycka et al.,
2020). Regarding DNA methylation, altered expression of DNMT1,
DNMT3A and DNMT3B was shown in ectopic endometrium,
compared to normal controls and eutopic endometrium of
women with endometriosis (Wu et al., 2007).

2.1.1 Hypomethylation

The accurate regulation of DNA methylation profiles is crucial
to cell function and normal development of adult organisms (Meng
etal, 2024). DNA methylation stability depends on the cooperation
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between de novo DNA methyltransferases, Dnmt3A and Dnmt3B,
Dnmt3L, microRNAs, lymphoid-specific helicase (Lsh) and other
factors (Pogribny and Beland, 2009). Disruption of any of these
factors can lead to alteration of the normal methylation state, leading
to DNA hypomethylation (Pogribny and Beland, 2009). DNA
hypomethylation involves several pathways and can be achieved
through passive or active mechanisms (Liu J. et al., 2022). Passive
demethylation of the genome can results of limited availability of the
(SAM),
compromised integrity of DNA, and altered expression and/or
activity of DNA methyltransferases (DNMTs) (Pogribny and
Rusyn, 2014). Regarding the active demethylation, it occurs

universal methyl donor S-adenosyl-l-methionine

independently of DNA replication, and could be achieved by
removal of the base itself, removal of the methyl group, or by
conversion of the base into an intermediate that could be resolved or
replaced by unmodified cytosine (Bagci and Fisher, 2013) The DNA
repair machinery, precisely and timely repair the DNA damage to
maintain the genome integrity (Kadam et al., 2024). Interestingly,
recent investigations have provided a connection between active
DNA demethylation and the activity of DNA repair machinery
(Schuermann et al., 2016).

It is well established that DNA hypomethylation plays a
significant role in human carcinogenesis through different
mechanisms, namely, activation of oncogenes, transposon
reactivation, and inducing chromosomal instability (Molefi
et al., 2025). DNA hypomethylation is also observed in other
2023),
neurodegenerative (Daily et al., 2023), and gynecological

diseases such as cardiovascular (Krolevets et al,
diseases, notably endometriosis (Mortlock et al., 2023; Baldi
et al,, 2025; Hu et al., 2025). Previous studies have highlighted
DNA  hypomethylation
overexpression of several genes involved in endometriosis
(Meyer et al., 2014; Zidan et al., 2015; Annisa et al., 2018).

The following sections will delve into insights of genes

the association between and

associated with endometriosis.

2.1.1.1 Steroidogenic factor (SF-1)

SE-1, encoded by NR5A1 gene, is an orphan nuclear receptor that is
implicated in adrenal and gonadal development, steroidogenesis,
and reproduction (Luppino et al., 2024). SF-1 is a key regulator of
genes involved in cholesterol metabolism, the main source for
steroids biosynthesis, namely, Steroidogenic Regulatory Protein
(StAR), and CYP19A1 (aromatase) (Luppino et al., 2024). StAR
and aromatase are essential for the production of estrogen,
following consecutive enzymatic conversions (Zhao et al., 2016).
One of the limiting steps in estrogen biosynthesis is the transport
of cholesterol into mitochondria, regulated by StAR and
aromatase, leading to the conversion of androstenedione to
estrogen (Zhao et al., 2016).

In endometriotic stromal cells, SF-1 directly regulates StAR and
aromatase expression (Bulun et al., 2009; Xue et al., 2014). It acts by
binding to and activating the promoters of steroidogenic genes,
namely, StAR, 3-beta-
hydroxysteroid dehydrogenase type 2 (HSD3B2), 17-hydroxylase/
17,20-lyase (CYP17A1) and CYP19A1. CYP19A1 (Figure 2) (Noél
etal., 2010; Bulun et al,, 2015). As shown by previous studies, SF-1 is
overexpressed in stromal cells from endometriotic tissues compared

side-chain cleavage enzyme (SCC),

to eutopic endometrial tissues, contributing substantially to
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endometriosis (Bulun et al, 2005 Borghese et al, 2008;
Utsunomiya et al., 2008; Attar et al., 2009).

Epigenetic silencing of SF1 is lost in endometriosis due to
hypomethylation of NR5A1. De novo SF1 activation enhances
steroidogenic enzyme expression and contributes to the survival
of endometrial tissue in ectopic sites, contributing to a
hyperestrogenic state and favoring inflammation (Vasquez et al.,
2016). The action of estrogen in the endometrium is predominantly
mediated by the estrogen receptor a, which is encoded by the
ESR1 gene (Bulun et al, 2005). Annisa and colleagues’ study
demonstrates a statistically significant difference on methylation
profiles of SF-1 in peritoneal endometriosis compared to control
groups, as well as between peritoneal and ovarian endometriosis
(Annisa et al., 2018). Intriguingly, there is no significant difference of
SE-1 promoter methylation between the ovarian endometriosis and
control groups (Annisa et al, 2018). In the same line, de novo
SF1 activation, in vivo, promotes aberrant endometrial glands
morphogenesis, leading to endometrial architecture disrupting
and infertility (Table 1) (Vasquez et al., 2016).

2.1.1.2 GATA-binding factor 6 (GATA6)

GATAG is a member of the highly conserved GATA family of
transcription factors, which consists of six zinc-finger proteins that
regulate stem cell activity and tissue growth (Tremblay and Viger,
2003; Shuetal,, 2015). GATAI, 2 and 3 define cell lineage fate during
hematopoiesis, while GATA 4, 5 and 6 dictates cell fate in
endodermal and mesodermal tissues, including the gonads
(Molkentin, 2000). GATA4 and GATAG6 are generally expressed
in steroidogenic tissues, and are crucial for steroidogenic gene
regulation (Tremblay and Viger, 2003; Convissar et al., 2015).
Compared to normal endometrial stromal cells, endometriotic
tissue exhibit higher levels of GATA6 (Dyson et al, 2014). In
cells, the
GATAG6 resulting from its hypomethylation, limits the ability to

ectopic endometrial stromal overexpression  of
decidualize and has been associated with the transformation of
endometrial stromal cells into estrogen-producing endometriosis-
like cells (Bernardi et al, 2019). According to a recent study,
GATA6 plays an
endometriosis phenotype by endometrial stromal cell (ESC)
(Bernardi 2019).

phenotype is not sufficient to transform normal endometrial

essential role in the acquisition of

et al., However, the acquisition of this
stromal cells, NoEM, into endometriotic-like stromal cells in
terms of de novo estrogen synthesis (Bernardi et al, 2019).
However, the co-expression of GATA6 and SF-1, a key factor in
steroidogenesis regulation, is necessary and sufficient to enhance
estradiol production by endometriotic cells, a key hormone for the
growth and persistence of endometriotic tissue (Table 1) (Lala et al.,
1992; Xue et al,, 2007; Schimmer and White, 2010).

2.1.1.3 Cyclo-oxygenase 2 (COX-2)

Cyclo-oxygenase (COX) is an enzyme implicated in many
physiological and pathological processes (Faki and Er, 2021).
Three COX isoforms are known, COX-1, COX-2, and COX-3
(Tyagi et al., 2020). COX-1 and COX-2 are the most studied due
to their involvement in both physiological and pathological
processes (Rouzer and Marnett, 2009). COX-2 iso-enzyme is
usually produced in minimal amounts under normal conditions,
but its expression can increase significantly in response to
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FIGURE 2

The contribution of DNA methylation in inflammation and the acquisition of steroidogenic capacity and enhances estradiol (E2) signaling in
endometriotic women. Global DNA hypomethylation contributes to the upregulation of genes involved in prostaglandin E 2 (PGE 2) biosynthesis and E
2 biosynthesis and signaling. Cyclooxygenase-2 (COX-2) is crucial enzyme in the conversion of arachidonic acid to prostaglandin (PG). Activation of
estrogen receptor p (ERP) increases COX-2 expression, which enhances PGE-2 expression, increasing SF-1, leading to a further increase in estrogen
production. The ability to synthesize E2 de novo from cholesterol, due to higher expression of steroidogenic acute regulatory protein (StAR) and CYP19A
(aromatase), results in local accumulation of E2 in lesions. Created with BioRender (https://www.biorender.com/).

pathological conditions (Pu et al., 2021). Expressed in the glandular
epithelium of the endometrium in healthy women, COX-2
expression pattern varies during endometrial cycle phases,
notably the proliferative phase and the secretory phase (Figure 3)
(Lai et al,, 2019). COX-2 expression is lowest at the beginning of the
proliferative phrase (Lai et al., 2019). Thereafter, it progressively
increases and remains at a high level throughout the secretory phase
(Lai et al., 2019). In women with endometriosis, COX-2 expression
was significantly increased in eutopic endometrium during the
proliferative phase, and in ovarian endometriotic tissue during
the secretory phase compared with the control groups (Lai et al.,
2019). In addition, women with endometriosis suffering from
chronic stress had high COX-2 expression in ectopic lesions
(Cho et al,, 2010). In the eutopic endometrium, elevated COX-2
expression has been shown to be a result of hypomethylation of the
Nuclear Factor site responsible for the Interleukin-6 (NF-IL6)
expression site within COX-2 promoter (Zidan et al., 2015). High
COX-2 expression leads to Prostaglandin E2 (PGE2) production,
and was associated with cell proliferation, migration, invasion,
angiogenesis and immunomodulation. ~Furthermore, such
pathway induces expression and enhances activity of aromatase,
leading to higher estradiol production (Banu et al., 2008) (Table 1).
COX-2 drives pro-endometriotic niche establishment, a favorable

Frontiers in Genetics

and receptive microenvironment undergoing a series of changes
during the proliferation of Endometrial Stromal Cells (ESCs), and
progression of endometriotic lesions (Burns et al., 2018). The
regulation of COX-2 depends on several factors such as
(IDO1), through the
phosphorylation of the c-Jun N-terminal kinase pathways (Mei

Indoleamine 2,  3-dioxygenase
et al., 2013). This mechanism enhances ESC survival and inhibits
cell apoptosis in the peritoneal cavity. IDO may also regulate
immune cell polarization and induce immune tolerance by
releasing Interleukin-10 (IL-10) and Transforming Growth
Factor-beta (TGF-f) (Figure 4) (Mei et al., 2013; Burns et al., 2018).

2.1.1.4 Estrogen receptor 2 (ER-2)

It is well known that various risk factors, namely, endocrine,
genetic, biochemical, environmental and immunological, are
involved in the onset and progression of endometriosis (Terzic
et al., 2021). In endometriosis, estrogen continues to be the
primary trophic element and plays a critical role in the
progression of endometriotic lesions (Chantalat et al, 2020).
Estrogen acts through at least two ERs subtypes, ERa and ER,
encoded by the Estrogen Receptor 1 (ESRI) and 2 (ESR2) respectively
(Song et al., 2022). In target cells, ERs subtypes work both as
transcription factors and plasma membrane receptors. Upon

frontiersin.org
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TABLE 1 Summary of studies related to aberrantly methylated genes in endometriosis.

Genes

Steroidogenic factor 1 (SF-1)

GATA6

Main findings in the study

Methylation profile of SF-1 promoter did not change significantly in ovarian endometriosis and controls

References

Annisa et al. (2018)

SE-1 high expression leads to a lack of uterine decidual response and infertility

GATAG alone is essential but not sufficient to develop endometriosis. However, the cooperation of GATA6 and
NR5A1 is necessary and sufficient for estradiol synthesis, which is essential for the development and persistence of
endometriosis

Vasquez et al. (2016)

Bernardi et al. (2019)

Cyclo- oxygenase 2 (COX-2)

Hypomethylation of the NF-IL6 site in the COX-2 gene promoter might underline the high expression of COX-2 in
both eutopic and ectopic tissues in endometriosis

Hypomethylation of COX-2 promoter could be responsible for its elevated expression in eutopic endometrium

Zidan et al. (2015)

Wang et al. (2012b)

Estrogen receptor 2 (ESR-2)

Homeobox A10 (HOXA 10)

Progesterone receptor
(PR- B)

E-cadherin

ESR2 methylation status was low in both eutopic endometrium and ovarian endometrioma
No differences in ESR2 methylation pattern were observed across all cases of intestinal deep endometriosis

During the secretory phase, Low expression of HOXA 10 gene was identified along with the hypermethylation as well
as higher incorporation of MeCP2 on HOXA 10 promoter in eutopic tissues of women with endometriosis

Maekawa et al. (2019)
Meyer et al. (2014)

Samadieh et al. (2019)

High methylation level was reported in eutopic endometrium of women with endometriosis associated infertility

High methylation at PR-B promoter may be associated with gene expression downregulation, potentially impairing
endometrial receptivity in women with endometriosis

Compared to normal endometrium (P = 0.000), methylation levels of the PR-B gene promoters showed a significant
difference in ectopic peritoneal endometrial tissue (72.40% methylated), ovarian tissue (85% methylated), and
eutopic endometrial tissue (72.21% methylated)

Compared to normal endometrial tissue, the level of E- cadherin in endometriosis lesions was shown to be lower

Reduced expression of E-cadherin in the endometrium might be caused by aberrant methylation of the
CDH1 promoter region, and this may be linked to the development of ovarian endometriosis in Northern Chinese

Muharam et al. (2016)

Rocha-Junior et al.
(2019)

Darmawi et al. (2018)

Biyik et al. (2021)

Li et al. (2017)

‘women

Estrogen binding resulting in conformational changes, ERs
dimerize, translocate to the nucleus where they interact with
estrogen response elements or other transcription factors and
engage coactivators to modulate transcription of target genes
(Chen et al, 2020; Miziak et al., 2023). Several studies have
shown that ESR2 mRNA levels are higher in endometriosis
compared to normal endometrium (Lu et al., 2024; Ochoa Bernal
and Fazleabas, 2024). Mechanisms behind this overexpression are
still unknown (Hu et al., 2022). However, the ERp promotor region’s
hypomethylation may be linked to the overexpression of ERP in
endometriotic tissues (Han et al, 2019; Nazarenko et al,
2019) (Tablel).

2.1.2 Hypermethylation

DNA hypermethylation refers to abnormal increases in DNA
methylation (Ehrlich, 2019). It can occur in gene bodies and in cis
regulatory elements, namely, promoters and enhancers (Ehrlich,
2019). Although studies focused on the tissue specific promoter
hypermethylation, at CpG rich promoter regions, tissue specific
DNA hypermethylation is more frequently observed within the
transcribed gene bodies and in intragenic or intergenic enhancers
than in promoters (Ehrlich, 2019). DNA hypermethylation is widely
reported as a biomarker across a broad spectrum of diseases, mainly
cancer (Zeng et al., 2022; Draskovi¢ and Hauptman, 2024; Li et al.,
2025), cardiovascular diseases (Boovarahan et al, 2022), and
endometriosis (Darmawi et al., 2018; Elias et al., 2023; Setiawan
et al,, 2023; Bedrick et al., 2024). The next sections will explore the
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impact of relevant hypermethylated genes associated with
endometriosis.

2.1.2.1 Homeobox A10 (HOXA 10)

Homeobox A10 (HOXA10) is a transcription factor associated
with apoptosis and cell proliferation in many types of cancers (Song
et al, 2019; Zhang Y. et al., 2019; Jiang and Yang, 2022). In the
endometrium, HOXA10 is highly expressed in endometrial
glandular and stromal cells under the regulation of several factors
such as steroid hormones (Elias et al., 2023). It has been
demonstrated that hypermethylation of HOXAI0 plays a crucial
role in endometriosis and implantation failure in women
undergoing in vitro fertilization treatment (Taylor et al, 1998;
Nazarenko et al., 2019; Samadieh et al., 2019). Several studies
have revealed that the level of HOXA10 methylation is
significantly higher in the endometrial tissue of women with
endometriosis (Elias et al, 2023). They also showed that
HOXA10 methylation levels varied according to the type of
sample, eutopic or ectopic endometrium, and menstrual cyclicity,
proliferative or secretory phase (Elias et al., 2023). They revealed that
the level of HOXA10 methylation is considerably higher in eutopic
endometrium collected during the secretory phase in patients with
endometriosis (Elias et al., 2023). The level of DNA methylation and
subsequently HOXA10 expression varies between menstrual cycles,
and is coordinated by changes in steroid sex hormone levels
(Figure  3)  (Yu et al, 2024). In control group,
HOXAI0 expression is low during the proliferative phase, and
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(A) Endometrium modulation by steroid hormones across the menstrual cycle. The endometrium undergoes changes during the menstrual cycle,

and consists of three main phases: menstrual, proliferative, and secretory, mainly regulated by estradiol and progesterone. During the menstrual phase,
estrogen and progesterone levels are at their lowest due to the degeneration of the corpus luteum, which induces the shedding of the endometrium’s
functional layer. In the proliferative phase, increasing estradiol levels promote regeneration of the endometrial lining, stimulating epithelial cell

proliferation, gland elongation, and revascularization. After ovulation, the corpus luteum produces progesterone drives the onset of the secretory phase.
Progesterone drives the endometrial glands to undergo secretory changes and initiates decidualization, which refers to the process by which stromal
cells differentiate into specialized decidual cells in preparation for potential embryo implantation. This transformation is vital for establishing a receptive
and immunologically supportive microenvironment. In the absence of implantation, reduced levels of progesterone and estradiol trigger endometrial
breakdown, leading to menstruation and the start of a new cycle. (B) The differences between eutopic and ectopic endometrium in endometriosis, as well
as their locations, affect critical biological pathways and contribute to the intra- and inter-lesions heterogeneity. Created with BioRender (https://www.

biorender.com/).

increased during the secretory phase, in association with cell
differentiation and fibroblast-like endometrial
conversion into decidual cells, preparing the endometrium for

stromal cells

embryonic implantation (Wang W. et al, 2012). Whereas in
endometriosis patients, HOXA10 methylation levels increase
during the secretory phase, resulting in low HOXA10 expression
levels, and thereby cell differentiation inhibition in the eutopic
endometrium (Elias et al., 2023). Furthermore, the level of
HOXA10 expression is dependent on the methylated site (Elias
et al,, 2023). It is known that DNA methylation occurring at the
promoter region is generally associated with reduced expression
(Lee et al, 2020). For HOXA10 gene, studies have shown
hypermethylation at the promoter region and at a part of the
first exon, the CpG island between -245 bp and 29 bp of the
transcription start site (Elias et al., 2023). Furthermore, it has
been shown that HOXA10 methylation occurs also in the first
and second introns in endometriotic tissues (Elias et al., 2023).
This sheds light on the intricate hypermethylation profile of
HOXAI10 gene, negatively regulating HOXAI0 expression and
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contributing to the heterogeneity of endometriosis (Table 1) (Ji
et al,, 2017; Samadieh et al,, 2019; Elias et al., 2023; Ekanayake
et al., 2022).

2.1.2.2 Progesterone receptor b (PR-B)

Progesterone, a steroid hormone synthesized by ovaries, adrenal
cortex, and placenta, plays a pivotal roles in female reproductive health
and fertility (Zhang and Wang, 2023). It has anti-estrogenic effects,
suppresses endometrial proliferation and decidualization, and inhibits
the transition of endometrium from the proliferative to the secretory
phase (Zhang and Wang, 2023). Furthermore, Progesterone controls
embryo implantation, pregnancy maintenance, uterine growth and
mammary gland development (Li et al, 2021). Progesterone
Receptor B (PR- B) and PR-A represent the two principal isoforms
of Progesterone receptors (PGR), transcribed from two promoters of
the same gene, and sharing significant overlap in their structural and
functional domains (Li et al.,, 2021). Progesterone, upon binding to its
receptor, exerts its effects through the classical pathway inducing
conformational changes in the receptor localized in the cytoplasm
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The pro-endometriotic niche and its contribution in the establishment of an advanced lesion. The expression of p53, matrix metalloprotease 9
(MMP9) and cyclo-oxygenase-2 (COX-2) is regulated by the high expression of indoleamine 2,3-dioxygenase (IDO1) via c-Jun N-terminal kinase (JNK)
signaling, which enhances the survival of endometriotic stromal cells (ESCs) and inhibits their apoptosis. During the initial ESCs communication with the
peritoneal wall, ESCs must face hypoxic stress. As a result, overexpression of hypoxia-inducible factor 1a (HIF-1a) is induced, leading to the secretion

of several components into the endometriotic milieu, namely, overexpression of COX- 2, which promotes abnormal production of prostaglandin E2
(PGE2). In the microenvironment, PGE2 is involved in steroidogenesis, angiogenesis and immunosuppression. The recruitment and activation of immune
cells, macrophages, natural killer (NK) cells, T lymphocytes, and the secretion of chemokines and cytokines from an existing endometriotic lesion,
stimulate the maturation of this immunosuppressive environment and the establishment of advanced endometriosis from the initial lesion, leading to the
progression of endometriosis. Created with BioRender (https://www.biorender.com/).

and translocation to the nucleus, where it initiates transcription of target
genes (Mani and Oyola, 2012). Aberrant DNA methylation of PR’s
promoter and first exon can mute it at the transcriptional level (Zhang
and Wang, 2023). PR-B is a 114 kDa protein with high ligand-induced
transcriptional activity (Bedaiwy et al., 2015; Yilmaz and Bulun, 2019).
Prior investigations have revealed that in endometriosis, the
hypermethylation of the PR-B promoter in ectopic endometrium
leads to the suppression of its expression (Yilmaz and Bulun, 2019).
Furthermore, the PR-B gene promotor shows elevated methylation
exclusively in ectopic endometrial cells (Tablel) (Wu et al,, 2006).

2.1.2.3 E-cadherin

CDHI gene encodes a classical cadherin, E-cadherin, a
transmembrane glycoprotein involved in maintaining epithelial
cell-cell adhesion (Lialios and Alimperti, 2025). E-cadherin
controls multiple processes, namely, cell polarization, migration
and cancer metastasis (Zhou et al., 2024). Reduced expression of
E-cadherin is a key contributor to the pathogenesis of endometriosis
(Matsuzaki and Darcha, 2012; Li et al., 2017; Biyik et al., 2021). It has
been reported that the hypermethylation of the CpG island of
CDHImay contribute to the transcriptional inactivation of the
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gene (Li et al,, 2017). The study conducted by Li and colleagues
has reported the CDHI1 promoter methylation in eutopic and
ectopic endometrium of women with ovarian endometriosis in
26% and 32% respectively, compared to 8% in the endometrial
tissue of women without endometriosis (Li et al., 2017). Another
research group has shown reduced expression of T-cadherin,
E-cadherin, and PR in deep infiltrating endometriosis, with
positive correlation among the three markers (Biyik et al,
2021) (Tablel).

2.2 Histone modification

Histones are proteins that play a crucial role in DNA
compaction (Zhang et al, 2021). These proteins support the
formation of DNA-protein complex, around 2 m of DNA is
packed inside the nucleus (Janna et al., 2020). The nucleosome is
the fundamental unit of chromatin, consisting of 4 central histones
H2A, H2B, H3 and H4 (Janna et al., 2020). The H1 connects the
nucleosomes to form a chromosome (Pathak et al., 2018). Histones
have protruding tails that undergo post-translational modifications,
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namely, acetylation, phosphorylation, methylation, ubiquitylation
and sumoylation (Bannister and Kouzarides, 2011; Keck and
Pemberton, 2012). Most of these modifications are reversible,
making it possible to develop new histone-targeting therapeutic
strategies (Lu et al., 2025). It is well established that gene expression
and chromatin remodeling depend on DNA methylation and
histone modifications (Gagnidze and Pfaff, 2021). However, the
mechanisms underlying histone modifications are still not
completely understood (Gagnidze and Pfaff, 2021). The most
widely recognized histone modifications are acetylation and
methylation (Bannister and Kouzarides, 2011; Nasu et al., 2011;
Bulun et al, 2019). In endometriosis, current findings have
demonstrated the involvement of histone modifications in the
pathogenesis of the disease, even if the mechanism is not fully
understood (Psilopatis et al., 2023; Bedrick et al., 2024). Moreover,
the impact of histone modifications on infertility related to
endometriosis is still a subject of research (Psilopatis et al., 2023).

Histones acetylation is one of the first modifications revealed by
Allfrey et al. (1964). It involves adding acetyl groups to the
N-terminal tails of amino acids such as lysine and arginine, as
well as serine, threonine and tyrosine in H3 and H4 molecules
(Allfrey et al., 1964). It is regulated by 2 enzymes; Histone Acetyl
Transferase (HAT) and Histone Deacetylase (HDAC) (Yang and
Seto, 2007). These enzymes influence the binding of histones to
DNA, resulting in condensation or decondensation of chromatin,
and subsequently gene expression modulation (Bannister and
Kouzarides, 2011). In patients with endometriosis, the levels of
HDAC1 and HDAC2, the most abundant HDACs in human
cells, were found deregulated in endometriotic stromal cells
2017).
stromal

Several studies have shown that in
HDAC1 and HDAC2 are
upregulated (Colon-Diaz et al, 2012; Samartzis et al, 2013;

(Hsiao et al.,
endometriotic cells,
Xiaomeng et al, 2013). In early proliferative phase, histone

acetylation levels are globally increased and progressively
decrease during the late proliferative phase until ovulation
(Munro et al, 2010). Several studies have shown that overall
particularly H3 and H4 are

hypoacetylated in endometriotic stromal cells compared with

histone acetylation profiles,

normal endometrium (Xiaomeng et al, 2013; Monteiro et al,
2014). Furthermore, increased HDAC activity in endometriotic
cells leaves promoter regions hypoacetylated, resulting in cell
cycle induction and proliferation (Koike et al, 2015). In
epithelial Estradiol
significantly downregulated HDAC1 expression
2012).
HDAC2 expression levels were upregulated by Estradiol and
downregulated by Estradiol plus Progesterone treatment (Colén-
Diaz et al., 2012; Hsiao et al., 2017). This pattern of HDAC1/
2 hormonal regulation is lost in the endometriotic cell line,

endometrial cells, and  Progesterone
(Colén-Diaz
endometrial stromal cells,

et al, However, in

which can be explained by progesterone resistance due to an
overall reduction in progesterone receptor levels in endometriotic
stromal cells (Bulun et al., 2010).

2.3 Non-coding RNAs

Among the crucial components of epigenetic regulation are non-
coding RNAs (Liao et al,, 2025). They are essential in fundamental
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biological processes, namely, transcription, genome imprinting, and
chromatin remodeling (Liao et al., 2025). They have the particularity
of not undergoing the translation process of protein synthesis (Liao
et al,, 2025). Non coding RNAs can be classified into two categories
according to their size, structure, and regulatory properties. Hence,
small RNAs refer to RNAs under 200 nucleotides, and long RNAs
with more than 200 nucleotides (Chen and Kim, 2024). Over the last
two decades, several types of small non-coding RNAs, such as
MicroRNAs (miRNAs), PIWI-interacting RNAs (piRNAs),
endogenous small interfering RNA (siRNAs), and Small nucleolar
RNAs (snoRNAs) have been identified through genetic mapping
(Huang Z.hao et al, 2022; Chen and Kim, 2024). With the
development of deep sequencing technologies, a new world of
small RNA has emerged (Brosnan and Voinnet, 2009). MiRNAs
and piRNAs play an pivotal role in germline and somatic cells,
respectively through RNA silencing and transposon activity
reduction (Saini et al, 2007; Weick and Miska, 2014). On the
other hand, long non-coding RNAs modulate the transcriptional
and post-translational levels (Mattick
et al., 2023).

These modulatory RNAs are core elements of cellular machinery

of gene expression

that function at several levels to control cellular fate (Yao et al,
2019). In endometriosis, several experiments demonstrated that
contribute to the

non-coding  RNAs pathogenesis  of

endometriosis (Tables 2-5).

2.3.1 Micro-RNAs

MiRNAs consist of 17-25 nucleotides and represent 1% of the
human genome (Friedman et al., 2009). Several experimental studies
have shown that miRNAs regulate numerous biological processes
and have been implicated in many diseases (Cui et al, 2024).
Currently, the miRNAs database miRbase contains 1917 human
miRNAs (Kozomara et al., 2019). miRNAs control gene expression
through binding to mRNAs, thereby
intracellular pathways (Bartel and Chen, 2004). Experimental

regulating  different

analyses and databases such as miRBase have been used to
identifie new miRNAs using reference sequences obtained from
databases, such as NCBI-BLAST, RNAfold, RNAHybrid and other
programs for the identification of miRNAs and their targets (Yao
et al, 2019; Altschul et al., 1990; Kriiger and Rehmsmeier, 2006;
Lorenz et al., 2011). Several methods are employed in experimental
practice, including Northern blot which is less frequently used due to
the advent of microarrays and qPCR (Siddika and Heinemann,
2021). However, Northern blot is still the reference as it detect
precursors miRNAs (pre-miRNA) and mature miRNAs without
amplification bias (Siddika and Heinemann, 2021). Microarrays are
high-throughput screening system for miRNAs identification and
expression analysis, as well as to compare miRNAs expression levels
in different tissues and species (Wang et al., 2018a). Reverse
Transcription Quantitative PCR (RT-qPCR) is recognized as a
technique with low to moderate throughput, appropriate for
studying miRNAs levels and functions (Salone and Rederstorff,
2015). Next-Generation Sequencing (NGS) analysis is more used
for miRNAs variants identification, not recovered by the
conventional targeted methods such as RT-qPCR and
microarrays (Willenbrock et al, 2009; Liu et al, 2011). In
endometriosis, miRNAs profiling is used to compare miRNAs
expression between with and  without

profile women
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TABLE 2 Summary of recent studies evaluating altered circulating miRNAs expression in women with endometriosis.

Method

Main findings in the study

References

mir-135a Plasma FireFly custom multiplex = A higher level of miR-135a have been noted in women with endometriosis. Perricos et al.
circulating miRNA assay | This result is reliant to the menstrual cycle phase (positive regulation only in (2022)
the secretory phase) rather than the disease stage
miR-124-3p, Plasma Artificial Intelligence Out of the 86 miRNAs included in the ENDO-miRNA study, 10 showed the | Bendifallah et al.
miR-6509-5p, Machine Learning most potential value, and only miR-124-3p has been cited previously in the (2022a)
miR-548], context of endometriosis
miR-26a-2-3p,
miR-3622a-3p,
miR-3168,
miR-29b-1-5p,
miR-30e-3p,
miR-3124-5p,
miR-4511.
miR-92b-5p, Plasma NGS A significant upregulation of these exosomal miRNAs has been noted in | Iurova et al. (2022)
miR-486-5p, patients with serous ovarian cancer, extragenital endometriosis and ovarian
miR-3184-3p, miR-4732- endometriosis cysts
5p, miR-4235p.
miR-148a Serum qRT- PCR The levels of miR-148a were considerably lower compared to controls. MiR- He et al. (2022)
148a promotes apoptosis in endometriosis by targeting the ADAMTS5 gene
miR-26b-5p Serum qRT-PCR These 3 miRNAs are differentially expressed between endometriosis Wu et al. (2022)
miR-215-5p patients and controls. Moreover, they are correlated with disease severity
miR-6795-3p and symptoms such as pain and infertility
miR-146a rs2910164 Serum PCR The 3 miRNAs variants are suggested to be linked to endometriosis Farsimadan et al.
miR-149 rs2292832 miR- (2021)
196a-2 rs11614913
miR-499 rs3746444
miR-34a-5p Serum qRT-PCR Patients with endometriosis had higher level of miR-200c and lower level of |~ Misir et al. (2021)
miR-200c miR-34a-5p. The sensitivity of serum miR-34a- 5p and miR-200c was 78.95
% and 100 % ,and specificity was 49.12 % and 100 %, respectively
let-7b Serum RT-qPCR Out of all biomarkers examined, let-7 had the best sensitivity, specificity, =~ Pokrovenko et al.
mir-9 and predictive value. Moreover, it was more specific than the cancer antigen (2021)
CA-125
miR-199a-3p Plasma NGS qRT-PCR Compared to control subjects, patients demonstrated significantly Papari et al. (2020)
miR-143-3p decreased levels of these 8 miRNAs. The range of individual miRNAs’
miR-340-5p sensitivity and specificity was 0.36 to 1.00 and 0.43 to 1.00, respectively.
let-7b-5p However, the combination of the five miRNAs (miR-17-5p, miR- 20a-5p,
miR-21-5p miR-199a-3p, miR- 143-3p and let-7b-5p) produced a sensitivity and
miR-17-5p specificity of 0.96 and 0.79
miR-20a-5p
miR -103a-3p
let-7a-5p Plasma Microarray Patients with ovarian endometriosis had considerably lower levels of all Gu et al. (2020)
let-7b-5p 14 miRNAs
let-7d-5p
let-7f-5p
let-7g-5p
let-7i-5p
miR-199a3p
miR-320a
miR-320b
miR-320c
miR-320d
miR-328-3p
miR-331-3p
miR320e
miRNA-185-5p Plasma miRNA sequencing MiR-185-5p is a particular biomarker that controls the pathophysiology of = Razi et al. (2020)
RT-qPCR endometriosis supporting the notion that treatments targeting miR-185-5p
should be prioritized over those that target PDGF and VEGF
miR-125b-5p Plasma small RNA sequencing Only miR-125b-5p, miR-28-5p, and miR-29a3p out of the 42 miRNAs | Vanhie et al. (2019)
miR-28-5p qRT-PCR identified in the study demonstrated higher diagnostic value (AUC = 60%),
miR-29a3p with reasonable sensitivity (78%) but poor specificity (37%)
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endometriosis (Papari et al., 2020; Bendifallah et al., 2022a; Brady
et al,, 2024). It is well established that miRNAs are implicated in
several cell signaling pathways involved in endometriosis
development (Zhang et al, 2024a). Differential expression of
miRNAs has been observed in tissues, body fluids, and saliva
(Papari et al., 2020; Bendifallah et al., 2022b; 2022a). The

following paragraphs explore circular, tissue and salivary miRNAs.

2.3.1.1 Circulating micro-RNAs

Vanhie et al, conducted a genome-wide miRNAs expression
analysis using small RNA sequencing to identify a set of miRNAs
differentially
endometriosis (Vanhie et al., 2019). RT-qPCR was applied to assess

expressed between women with and without
the expression of 41 miRNAs, and 3 diagnostic models were developed
to differentiate between controls and different endometriosis stages:
minimal to mild endometriosis, and moderate to severe endometriosis
(Vanhie et al., 2019). For minimal to mild endometriosis, the model
involving miR-125b-5p, miR-28-5p and miR-29a-3p had an AUC of
60%, with an acceptable sensitivity of 78%, though its specificity was
limited at 37% (Vanhie et al., 2019). Moustafa et al., have shown that
women with endometriosis had considerably higher expression levels of
4 serum miRNAs; miR-125b-5p, miR-150-5p, miR-342-3p and miR-
451a (Moustafa et al., 2020). However, two serum miRNAs exhibited
notably lower levels in the endometriosis group; miR-3613-5p and let-
7b (Moustafa et al., 2020). These miRNAs demonstrate a high ability to
identify endometriosis and other gynecological pathologies with an
AUC> 09 in two independent studies (Moustafa et al., 2020). The
ENDO-miRNA study included 86 miRNAs, 10 of them have revealed a
greatest potential value; miR-124-3p, miR-6509-5p, miR-548L, miR-
26a-2-3p, miR-3622a-3p, miR-3168, miR-29b-1-5p, miR-30e-3p, miR-
3124-5p, miR-4511. Among thel0 miRNAs identified, only
miRNA124-3p has been association  with
endometriosis (Bendifallah et al., 2022a). Table 2 summarizes recent

documented in

findings on circulating miRNAs as potential biomarkers for
endometriosis diagnosis.

2.3.1.2 Tissular micro-RNAs

Numerous research teams have used microarrays or NGS
technologies to identify miRNAs transcripts that are distinctly
expressed in ectopic lesions, ovarian, peritoneal, or rectovaginal,
compared to paired or unpaired eutopic tissues (Saare et al., 2017).
However, there was a lack of agreement between the findings of
various studies. Many studies compared whole lesions with
endometrial tissue, others compared endometrium from patients
and controls, and some used pure isolated cell fractions from lesions
and endometrium (Saare et al., 2017). These discrepancies between
studies stem from the sample composition. Hence, the heterogeneity
of tissue composition could explain the discordant results between
the different studies (Table 3) (Saare et al., 2017).

2.3.1.3 Salivary micro-RNAs

Researchers have recently begun the work on salivary miRNAs as a
non-invasive diagnostic tool for endometriosis. Table 4 summarizes the
studies that have been carried out on miRNAs in saliva.

2.3.2 Long non-coding RNAs

All RNAs with more than 200 nucleotides and low protein
encoding potential are referred to long non-coding RNAs
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(IncRNAs) (Gil and Ulitsky, 2020; Zhang Q. et al, 2020).
Accumulating evidence has highlighted the contribution of
IncRNAs
cardiovascular and autoimmune diseases (Zhang Q. et al., 2020;

to several human diseases, namely, cancer,
Zhao et al,, 2020). Currently, Several research studies have shown
that IncRNAs enhance the onset and development of endometriosis
(Lin et al., 2019; Liu et al., 2020). In ovarian endometriosis, the first
microarray-based research on IncRNA expression has revealed
948 LncRNA and 4,088 mRNAs transcript dysregulation in
ectopic endometrial tissue, compared with paired eutopic
endometrial tissue (Feng and Tan, 2020). Table 5 shows recent
findings on abnormal IncRNA expression in women with

endometriosis.

2.4 Epigenetic of endometriosis immune
microenvironment

The Epigenetic modifications have a significant role in
modulating the endometriosis immune microenvironment
(Szukiewicz, 2022; Abbaszadeh et al., 2023; Shi et al., 2025). The
immune system holds remarkable potential to recognize and
eliminate endometrial implants in the peritoneal cavity (Suszczyk
et al.,, 2024). However, in endometriosis, inflammation and altered
immune system, including impaired natural killer (NK) and
activity, ~ T-helperl ~ (Thl)/T-helper2  (Th2)
imbalance, and elimination of the regulatory function of T cells,

macrophages

reduce the clearance of regurgitated endometrial cells and elicits the
oxidative stress response and inflammation (Szukiewicz, 2022;
Abbaszadeh et al., 2023). The dysregulation of Th1/Th2 and
Th17/Treg balances were associated with endometriotic lesions
progression, through the abnormal cytokine secretion and
enhanced inflammation (Le Menn et al.,, 2022; Szukiewicz, 2022).
T cells
inflammation, immunogenicity of endometriotic stromal cells,

dysfunction, including impaired cell proliferation,
angiogenesis, and sex steroid hormone responsiveness, are
underlying the pathophysiology of
2022). The immune landscape-
endometriosis crosstalk involves an interplay between T cells,
prostaglandins (PGE2), metalloproteinases (MMP-2, -3, -9),
cytokines (TNFa, IL-1B, IL-8, IFNy, MCP-1, and MIF) and
adhesive molecules (VCAM-1, ICAM-1) (Figure 4) (Chopyak
et al, 2022). Shifting the Thl/Th2 balance to favor the

Th2 phenotype is one of the most critical immunological features

relevant mechanisms

endometriosis  (Szukiewicz,

of endometriosis. Furthermore, accumulating data suggests that
Th17 and Treg play a significant role in clearing refluxed
endometrial tissue. IL-17a, inflammatory mediator, associated
with TNFa, boost the secretion of IL-8 and COX-2 in a
p38 MAPK, p42/44 MAPK, and stress-activated c-Jun N-terminal
kinase dependent manner (Hirata et al., 2008). Interestingly, debris
clearance is more effective when the Th17/Treg balance tips in
favor of Thl17, associated with IL-6 and IL-17 inducing
inflammation (Hirata et al, 2008; Gogacz et al., 2016; Tanaka
et al., 2017).

It is worth emphasizing that epigenetic modifications are among the
factors modulating the immune landscape of endometriosis (Shi et al.,
2025). Epigenetic modifications can directly modulate the immune
microenvironment. regulation s

Abnormal  epigenetic closely
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TABLE 3 Summary of recent studies evaluating altered miRNAs expression in tissue of women with endometriosis.

miRNAs Sample type Method Main findings in study References
miR-21 Normal endometrium qRT-PCR MiR-21 is a potential inhibitor of the TGF-{1- Zubrzycka et al.
Ectopic endometrium SMAD3-ILK signaling pathway that play an (2023)
Eutopic endometrium essential role in the epithelial mesenchymal
transition process
miR-424-5p Ectopic endometrium RT-qPCR MIiR- 424-5p expression was negatively modulated | (Mao et al. (2023)
Endometrial stromal cells by Circ_0007299 in ectopic endometrial stromal
cells
miR-124-3p Endometrial stromal cells and primary normal RT-qPCR The inhibition of miR-124-3p expression in Liu et al. (2023)
endometrial stromal cells from rat models. ectopic endometrial stromal cells promotes
ANTXR2 expression through PCGEM1, involved
in endometrial stromal cell proliferation and
migration
miR-30a-5p, Ectopic and eutopic endometrium of qRT-PCR The expression of miR- 93-5p and miR-7-5p was | Antonio et al. (2023)
miR-7-5p, miR-143- | Superficial, deep and ovarian endometriosis significantly lower in patients with superficial
3p, Normal endometrium peritoneal endometriosis compared with patients
miR-93-5p with deep infiltrating and ovarian endometriosis
miR-519b- 3p Normal endometrium qRT-PCR LncRNA HOTAIR controls the miR-519b-3p/ Bao et al. (2022)
Ectopic endometrium Eutopic endometrium PRRG4 pathway, which regulates cell invasion and
migration in endometriosis
miR-15a-5p Primary endometrial stromal cells from ectopic, RNA sequencing MiRNA-15a-5p was one of the RNA biomarkers Wu et al. (2021)
eutopic and normal endometrium qRT-PCR related to endometriosis
miR-205-5p Normal endometrium Ectopic endometrium RT-qPCR MiR-205-5p was demonstrated to be Wang et al. (2021b)
Eutopic endometrium downregulated in ectopic endometrial tissue
compared to eutopic endometrium
miR-9-5p Ectopic endometrium Eutopic endometrium qRT-PCR LINCO01116 promotes the development of Cui et al. (2021)
endometriosis through the miR-9-5p/
FOXP1 pathway
miR-191, Eutopic endometrium from women with and RT-qPCR MiR- 10b, miR-200c and miR-191 were Borisov et al. (2020)
Mir-10b, miR-200c without adenomyosis significantly dysregulated in the eutopic
endometrium of Adenomyosis patients
miR-17-5p Endometrial tissue qRT-PCR MicroRNA-17-5p was up- regulated in patients Nabiel et al. (2020)
with endometriosis. Its sensitivity and specificity
were 90% and 76.5% respectively
miR-141-5p Ectopic endometrium Eutopic endometrium qRT-PCR The ectopic endometrium exhibits lower level of | Zhang et al. (2019b)
miR- 141-5p in women with ovarian
endometriosis
miR-135a/b Ectopic endometrium Eutopic endometrium RT-qPCR Both ectopic and eutopic tissues have elevated | Petracco et al. (2019)
levels of miR-135a and miR-135b during the
secretory phase

TABLE 4 Summary of recent studies evaluating altered salivary miRNAs expression in women with endometriosis.

Main findings in study References

miR-6818-5p, miR-498, miR- Saliva NGS These miRNAs could be used as a signature for endometriosis- Dabi et al. (2023)
1910-3p, miR-3119, miR-501-5p related infertility
Hsa-mir-135a Saliva FireFly custom multiplex Regardless of the stage of the disease or menstrual cycle phase, it Perricos et al.

circulating miRNA assay has been shown that patients had considerably greater levels of (2022)

hsa-mir-135a expression in their saliva

miR-34c-5p, miR-19b-1-5p, miR- Saliva NGS PI3K/Akt, PTEN, Wnt/p- catenin, HIF1a/NF kB, and YAP/ Bendifallah et al.
149-5p, TAZ/EGEFR are the primary signaling pathways interrupted by (2022b)
miR-378a-3p these miRNAs

associated with the occurrence and development of many diseases, with ~ with various disorders (Tsankova et al., 2007; Orioli and Dellambra,
DNA methylation and post-translational modifications (PTMs) are the ~ 2018; Lu et al, 2020). Accumulating evidence has shown the
most common abnormal epigenetic mechanisms strongly associated ~ contribution of PTMs including phosphorylation, methylation,
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TABLE 5 Summary of recent studies evaluating altered long RNAs expression in women with endometriosis.

Sample type

Main findings in study References

SNHG4 Tissue slices embedded in qRT-PCR SNHG4 expression was found to be Szaflik et al. (2023)
paraffin blocks from women higher in patients than the control
with and without endometriosis group
LINC01960-201 Endometrial stromal cells RT-qPCR In women with endometriosis, Cai and Lang (2022)

LINC01960-201 is considered a key

regulator of the decidualization of
endometrial stromal cells during the

implantation window
HOTAIR Ectopic and eutopic qRT-PCR HOTAIR regulates the invasion and Bao et al. (2022)

endometrium from patients migration capacity of endometrial

with ovarian endometriosis stromal cells, by modulating the miR-
Normal endometrium 519b-3p/PRRG4 pathway
Endometrial stromal cells
H19 Endometrial stromal cells from qRT-PCR Estrogen controlled the expression Liu et al. (2022b)

ectopic and eutopic and the function of IncRNA-H19 in

endometrium with ectopic endometrial stromal cells

endometriosis.
Endometrial stromal cells from
normal endometrium
H19 Normal endometrium Chromatin immunoprecipitation The expression and epigenetic Kamrani et al. (2022)

Ectopic endometrium Eutopic
endometrium

(ChIP) assay qRT-PCR

alterationof H19 probably
downregulate IGF1 and
IGF2 expression in endometriosis

ADAMTS9- AS1 Ectopic and eutopic qRT-PCR Through the miRNA/GPX4 axis, Wan et al. (2022)
endometrium of patients and ADAMTS9- ASI controls ferroptosis
murine model resistance in endometriosis,
Primary murine endometrial promoting the proliferation of
stromal cells from eutopic and endometrial stromal cells and
ectopic tissues. controlling miR- 6516-5p/GPX4-
dependent ferroptosis
UCAL, Tissue slices embedded in RT-qPCR H19 was the only IncRNA that Szaflik et al. (2022)

MALATI1 TC0101441 and H19 paraffin blocks from women

with and without endometriosis

LINC02381, IGFL2-AS1 Normal endometrium Ectopic
endometrium Eutopic

endometrium

Endometrial tissue
Ectopic tissue

LINC00339

H19, GS1-358P8.4, RP11-
96D1.10

Ectopic endometrium Eutopic
endometrium

acetylation, glycosylation, lipidation, ubiquitination, and SUMOylation
in Th1/Th2 and Th17/Treg imbalances through the key molecules
involved in their differentiation and function (Le Menn et al., 2022; Riaz
et al,, 2023). In instance, the major regulatory transcription factors such
as RORyt (retinoic acid-related orphan receptor gamma t) and Foxp3
(forkhead box P3) are directly regulated by PTMs (Le Menn et al., 2022;
Szukiewicz, 2022; Le Menn et al,, 2022; Szukiewicz, 2022). Regarding
inflammation, non-coding RNAs play pivotal role in inflammatory
responses and during activation of inflammasomes (Abbaszadeh
et al,, 2023).
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RNA-sequencing
RT-qPCR

RNA-sequencing qRT-PCR
In situ hybridization

RNA-seq data from the Gene
Expression Omnibus (GEO)
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demonstrated a significant association
with endometriosis
On the other hand, UCA1, MALAT]I,
and TC0101441 did not significantly
affect the risk of endometriosis

Endometriosis and normal
endometrial tissues showed
significantly different expressions of
IGFL2-AS1 and LINC02381

Yin et al. (2022)

Holdsworth-Carson
et al. (2021)

Immune defense pathway gene
expression was significantly affected
by manipulation of
LINCO00339 expression in endometrial
stromal cell lines

LncRNAs H19, GS1-358P8.4 and
RP11-96D1.10 are significantly
associated with ovarian endometriosis

Bai et al. (2021)

Findings have indicated that miRNAs in endometrial tissue play
a key role in modulating the expression of inflammatory mediators.
It has been reported that miR-199a was linked to the inhibition of
paramount regulator of inflammation NF-kB through the
downregulation of inhibitor of nuclear factor kappa B (IkBa)
(Abbaszadeh et al., 2023). miR-182 has also the potential of
inhibiting NF-kB pathway by targeting one of its related
transcriptional p65,
promoting the establishment
(Abbaszadeh et al., 2023).

factors inducing inflammation and

of endometriotic  lesions
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Aberrant function of almost all types of immune actors has been
reported in endometriosis, including altered T-cell and NK cytotoxicity
function, polyclonal B cells activation, enhanced peritoneal macrophages
recruitment, and inflammation (Osuga et al,, 2011; Ahn et al,, 2015; de
Barros et al., 2017; Riccio et al., 2018; Agostinis et al., 2021; Szukiewicz,
2022). Epigenetic reprogramming of T cells in endometriosis has now
been well recognized. In endometriosis, a significant decrease in
cytotoxic T cells frequency associated with impaired function has
been demonstrated. In T cells, the altered apoptotic pathways have
been suggested to be linked to DNA hypermethylation and chromatin
structure changes in the perforin gene regulatory elements (Lu et al,
2003; Szukiewicz, 2022). In the other hand, IL-6, upregulated in
endometriotic ~ stromal cells, plays a significant role in
Th2 differentiation. Recent findings show the IL-6 pathway
regulation by DNA methylation, miRNAs, and posttranslational
modifications (Candido et al., 2021; Lamprianidou et al., 2021).

According to Lin et al., endometriotic lesions show higher
miR-20a levels, with the potential of enhancing PGE2 production,
and thereby contributing to inflammation (Lin et al., 2012;
2022). It is noteworthy that PGE2 plays
significant role on immune cell functions, such as macrophages
and NK cells (Hsiao et al., 2014; Mei et al., 2018). In endometriosis,
Inflammation exacerbation can result from low levels of some
miRNAs, such let-7b and miR-215-5p and high levels of some
others, such as miR-20a and miR-125-5p, individuals compared to
the control group (Abbaszadeh et al., 2023).

The polarization of the macrophages into M2, through PI3K

Szukiewicz, a

signaling pathway, is another hallmark of endometriotic immune
microenvironment. In endometriosis, peritoneal fluid or medium
from cultured peritoneal macrophages exhibit higher IL-10 levels
(Ramirez-Pavez et al., 2021). It is well established that miR-301a-3p
and miR-887-5p promote M2 polarization and IL10 secretion (Suen
et al,, 2014; Huang et al., 2022a; 2022b).

Zheying Liu et al. have shown that along with reduced IncRNA
H19 levels, miR-342-3p show higher serum expression level.
Furthermore, miR-342-3p binds to the 3'UTR of Immediate early
response gene (IER3) to suppress its expression, ending up with high
level of TGF-B and RORyt, a master regulator of the Th17 cell
lineage (Liu et al., 2019; Ghafouri-Fard et al., 2020).

Supplementary Material summarizes differential expressed
miRNA and LncRNAs having roles in immune system response in
endometriosis. Future studies are required to analyze how aberrant
epigenetic modifications, notably PTMs can be a potential for failure
of immune system in clearing endometriotic cells.

3 Discussion

Endometriosis is typically one of the main causes of pelvic pain and
infertility, impacting women’s health worldwide (Kirk et al, 2024;
Skorupskaite and Bhandari, 2024). Although endometriosis is
common, the usual diagnostic delay is 7-10 years, making it a
serious public health concern. This delay is mostly caused by the
lack of accurate, accessible, and non-invasive diagnostic tools (De
Corte et al,, 2024). Epigenetic mechanisms play a key role in the
endometriosis pathophysiology and hold potential promise as
diagnostic biomarkers (Ducreux et al, 2025). In the recruiting
trial (NCT06572852), hypothesize that

clinical investigators
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differential methylation profiles, integrated with genetic, epigenetic,
and clinical data, can accurately classify endometriosis cases.

3.1 Epigenetic biomarkers and diagnostics

Compared to transcriptomic biomarkers, epigenetic
biomarkers present several advantages namely, a high stability
in multiple biological samples including fluids (plasma, serum,
urine, saliva, semen, and vaginal secretion), and tissues (fresh,
frozen, and FFPE tissues) (Garcia-Giménez et al., 2017).
offer

progression, making them valuable as biological fingerprints.

Epigenetic  biomarkers information on  disease
Moreover, epigenetic biomarkers can reflect environmental
and lifestyle influences (Garcia-Giménez al., 2017)
(Anastasiu et al., 2020) (Toiyama et al., 2014; Taryma-Les$niak
et al., 2020).

Currently, a significant body of research is dedicated to DNA
methylation and miRNAs (Toiyama et al., 2014). Regarding DNA

methylation, studies have reported that the methylome of cancer

et

cells are distinct from healthy cells. Given the tissue-specific DNA
methylation patterns, methylome can be used to distinguish between
various cancer types (Rendek et al., 2024). Its note emphasizing that
the methylome of cancer can be analyzed in different body fluids,
mainly blood liquid biopsy (Wang and Valent, 2009). Besides its
lower cost and minimally invasive nature, liquid biopsies exhibit the
ability to track the progression of malignant tumors, whether
primary or metastatic, and recognize the tumor recurrence
(Garcia-Saenz et al.,, 2017; Insua et al., 2017). Furthermore, the
DNA methylation Profile is transmitted with high fidelity to
daughter cells, making it advantageous for in vitro diagnostic
2020). DNA
methylation is preserved despite variations in clinical sample

tests (Taryma-Le$niak et al, Furthermore,
handling procedure and storage (Kristensen et al., 2009). Thus,
these features underscore the potential use of DNA methylation as
IVD assays in cancer. Currently, available methylation-based liquid
biopsy tests are designed for single cancer detection, applied for
colorectal cancer, lung cancer, bladder cancer and liver cancer, or
multi-cancer detection. Concerning colorectal cancer, almost
commercially available tests use stool samples as source of DNA,
namely, Colovantage (Warren et al., 2011), CologuardTM (Warren
etal, 2011; Onieva-Garcia et al., 2015), and ColoSureTM (Ned et al.,
2011). Few blood-based tests are available on the market, limited to
Epi proColon 2.0 CE, COLVERA and Nu.Q™ (Rendek et al., 2024).
In colorectal cancer, a study performed with 9,989 subjects have
demonstrated that Cologuard” has a sensitivity and a specificity for
colorectal cancer detection of 92.3% and 86.6%, respectively
(Imperiale et al., 2014). The Nu.Q® assay has also demonstrated a
sensitivity of 91.2% for Colorectal cancer and 83.0% for high risk
adenoma (Herzog et al., 2017).

In lung cancer the available validated epigenetic biomarker tests
are EarlyTect” and Epi ProLung Regarding multiple cancer
screening, Galleri® test, PanSeer, IvyGene and CancerRadar are
2024). More than 30 DNA

methylation-based assays to aid clinical decision making in

developped (Rendek et al,

cancer have reached the market, an unequivocal indicator of

DNA methylation-based test growing market size (Davalos and
Esteller, 2023).
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In the other hand, miRNAs stand out as a great candidate for
diagnostic applications. miRNAs have the particularity to be
protected from degradation by exosomes during migration out
of cells and into body fluids (Spada, 2021). Moreover, accessing
sequencing data from circulation is relatively simple, making the
detection of differentially expressed miRNAs, and correlation
with therapeutic response establishment possible (Condrat et al.,
2020; Hussen et al., 2021). Liquid biopsy markers include
circulating tumor cells, ctDNA, exosomes, free miRNA,
IncRNA, circRNA, proteins, and so on (Ma et al., 2024).
MiRNAs have been proven to be a good noninvasive cancer
biomarkers, namely, due to their enhanced expression levels in
patients and ease of detection. Furthermore, expression levels can
reflect treatment response and predict prognosis. In blood of
cancer patients, exosomal miRNAs are stable and correspond
closely to the expression profile in the tumor. It has been shown
that material extracted from liquid biopsy often carry higher
quality than that from a tissue biopsy. Hence, blood liquid biopsy
emerges as a potential diagnosis and prognosis tool, easy to
perform, minimally invasive, and can be repeated multiple
times (Heidrich et al., 2021; Jung et al., 2021; Bagheri et al., 2024).

Epigenetic biomarker development faces many challenges for
clinical application. One of these challenges is to discover potential
candidates with rigorous evaluation of their specificity and
sensibility in large scale validation trials (Wu et al, 2021).
MiRNAs use as biomarkers experience challenges linked to
several factors such as, appropriate control groups, sample sizes,
sample collection and processing methods, independent validation,
post-analysis of candidate biomarkers, and studies of differential
miRNA expression in body fluids. The potential confounding effects
of background factors needs to be taken into account (Takizawa
et al., 2022).

Moreover, the extraction and purification of miRNAs are
essential steps to accurately identify miRNAs (Garcia-Giménez
et al,, 2017). Thus, the standardization of these methods is a
critical step for the reproducibility and the replicability of studies.
The use of endogenous reference miRNAs in RT-qPCR to normalize
Cq values and minimize technical variations is an important step
(Faraldi et al., 2019).

Despite the extensive research in epigenetic modifications,
especially DNA methylation and miRNAs, only a small number
of biomarkers have reached clinical application. This points to a
efforts their
implementation. Thus, the standardization of pre-analytical

critical need to enhance toward clinical
techniques, improved assay methodologies, and an enhanced
understanding of the biological mechanisms underlying
epigenetic patterns efforts are fundamental to resolving
current challenges and advancing both foundational and

translational research.

3.2 Epigenetic of endometriosis

DNA methylation stands as the most frequent epigenetic
modification in the endometrium (Adamczyk et al., 2022). The
SE-1
hypomethylated in peritoneal endometriosis (Annisa et al,

gene promoter in endometriosis is specifically

2018). Meanwhile, in a previous study realized by Noél et al.,

Frontiers in Genetics

15

10.3389/fgene.2025.1597287

it has been shown that the SF-1 protein expression was
undetectable in all type of endometriosis; peritoneal, ovarian,
or deep infiltrating endometriosis (Noél et al., 2011). The
GATAG6 alone is essential in endometriosis pathogenesis but
not sufficient to confer an endometriosis phenotype (Bernardi
et al, 2019). In the same line, the cooperation between
GATAG6 and SF-1 is reported to be sufficient for endometriosis
development and persistence (Bernardi et al., 2019). In
endometriotic cells, Izawa et al. identified a specific region in
GATAG6 gene
et al., 2019).
Concerning hypermethylation, the most studied gene is
HOXA10 and several studies have shown the link between its
hypermethylation and endometriosis (Ji et al., 2017; Elias et al.,
2023). Patients with endometriosis have decreased expression of

(Izawa

body with hypomethylated CpGs

HOXA10 in the eutopic endometrium during the secretory phase
(Samadieh et al., 2019). The genes mentioned in Table 1 (SF-1,
GATA6, COX-2, ESR-2, HOXA10 and PR-B) are the most likely
to account for endometriosis onset and development. A recent
study by Lei and his colleagues, based on NGS profiling, have
identified
1,079 upregulated genes and 758 downregulated genes in the

1,837 differentially expressed genes, including
ectopic groups (Lei et al., 2023). Additional confirmation of the
highest-ranked genes involved in differential methylation
revealed that Transmembrane Protein 184A (TMEMI184A),
Stratifin  (SFN), Killer Cell Immunoglobulin Like Receptor
three Ig Domains X1 (KIR3DX1), Estrogen Receptor 1 (ESR1),
Phosphatidylinositol-4,5-bisphosphate
(PIK3CG)
member 1, pancreatic (RNASEl) were relevant candidate
genes in ovarian endometriosis (Lei et al., 2023). Furthermore,

3-kinase  Catalytic

subunit Gamma and Ribonuclease A family

this study stands out for having established a link between
the (HPV)
endometriosis. The study revealed that hypermethylated and

infection with human papillomavirus and
hypomethylated genes in ectopic environments were enriched
in HPV infected tissue (Lei et al., 2023).

their the

endometriosis are still unclear (Psilopatis et al.,, 2023). This gap

Histone modifications and contribution in
in knowledge results of the restricted set of research that have
worked on this component. In endometriosis, The most reported
histone modifications are acetylation and methylation (Bedrick
et 2024). phosphorylation

ubiquitination studies are still lacking. One of the pioneer studies

al, However, histone and
reported in endometriosis histone modifications profiling was
conducted in 2013 by Xiaomeng et al. (Xiaomeng et al.,, 2013).
First, they revealed low levels of histone H4 acetylation in eutopic
and ectopic endometrial tissues. Furthermore, the ectopic
endometrium showed a notable decrease in HDACI mRNA
levels, while in eutopic endometrial tissue, HDAC2 mRNA
expression was significantly increased (Xiaomeng et al., 2013). In
2019, Kim et al. found that infertile women with endometriosis had
reduced levels of HDAC3 in their eutopic endometrium (Kim et al.,
2019). In 2022, the same research team studied the role of NAD +
dependent class III HDAC Sirtuin 1, a stress-response and
chromatin-silencing factor, showing notable increase in Sirtuin
1 expression in epithelial and stromal cells from endometriosis
patients (Kim et al, 2022). Furthermore, high levels of Sirtuin
1 in endometriosis lesions appeared to cause further aggravation
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of endometriosis symptoms (Kim et al., 2022). As a final
consideration, histone modifications seem to have a greater
significance in endometriosis pathogenesis (Psilopatis et al,
2023). However, future studies should improve methodology and
investigate the specific mechanisms by which histone modifications
influence endometriosis pathogenesis.

Several studies using NGS technologies have recently attempted
to identify non-coding RNAs
endometriosis, not only for their potential clinical application as

differentially ~expressed in
diagnostic or prognostic biomarkers of the disease, but also to better
understand the pathogenesis of endometriosis (Hudson et al., 2021).
To date, several studies have demonstrated the role of non-coding
RNAs in the pathogenesis of endometriosis, especially miRNAs and
IncRNAs (Maier and Maier, 2021; Bendifallah et al., 2022a; Liang
et al, 2022; Abbaszadeh et al, 2023; Ravaggi et al, 2024;
Oghenemaro et al., 2025). IncRNA and miRNA expression
profiles have been investigated in various samples, endometrial
tissue, blood and saliva, collected from patients with
endometriosis (Petracco et al.,, 2019; Cui et al., 2021; Bendifallah
et al,, 2022a; 2022b; Cai and Lang, 2022) it is noteworthy that
functional interactions exist between these two sets of transcripts,
miRNAs and IncRNAs, with a number of miRNAs being inhibited
by IncRNAs (Meng et al., 2021; Gao et al., 2025). In instance, it has
been demonstrated that the IncRNA H19 acts as a molecular sponge
and reduces the availability of let-7 miRNA (Ghazal et al., 2015).
This let-7 downregulation increases the proliferation of endometrial
stromal cells through Insulin-like Growth Factor 1 Receptor
(IGFIR) overexpression (Ghazal et al., 2015). Evaluation of the
RNA interaction network in endometriosis has revealed the role of
miRNAs and IncRNAs associated with growth and apoptosis genes
regulation in endometrial stromal cells, namely, Cyclin-Dependent
Kinase 1 (CDK1) and Proliferating Cell Nuclear Antigen (PCNA)
(Zhang M. et al., 2020). In the microenvironment level, another
research group reported the importance of the H19/miR-342-3p/
IER3 pathway in reducing the risk of endometriosis through
suppressing Th17 cell differentiation (Liu et al., 2019). In ovarian
endometriosis, it has been shown that CDKN2B antisense RNA 1
(CDKN2B-AS1) regulates AKT serine/threonine kinase 3 (AKT3)
expression by sponging miR- 424-5p (Wang S. et al., 2021).

3.3 Environmental factors

The interplay between environmental factors and epigenetics is
increasingly established in endometriosis. Given that endometriosis is
an epigenetic disease, the influence of lifestyle factors such as smoking,
alcohol, dietary factors, phytoestrogens, physical activity, stress, and
infections, remains an area of ongoing investigation, with findings
varying depending on study populations and methodologies (Hemmert
etal., 2018; Coiplet et al., 2022). It has been demonstrated that perinatal
and childhood environmental exposures are positively linked to
endometriosis, including intrauterine tobacco exposure, low birth
weight, and pet exposure during childhood (Amazouz et al., 2025).
A recent umbrella review meta-analysis of 354 observational studies
with a population of over 5 million, has provided a detailed review and
critical analysis of environmental risk factors associated with
endometriosis (Zhang and Ma, 2021). In this study, a total of
40 risk factors, including lifestyle, reproductive factors, early life
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factors, race and ethnicity, and others were assessed for their
association with endometriosis (Zhang and Ma, 2021). Among these
factors, only alcohol intake and exposure to endocrine disrupting
chemicals showed a strong link to endometriosis (Zhang and Ma, 2021).

In the same line, endocrine disrupting chemicals, namely,
benzophenone and paraben families, harmful chemicals often
found in cosmetics and personal care products, have been linked
to heightened risk of endometriosis (Peinado et al., 2021).

In the current state of the fight against endometriosis in the
European Union, the European Parliament emphasized the high-
risk association of pollutants, namely, polychlorinated biphenyls,
organochlorine pesticides and dioxins with endometriosis
(Parliamentary question, 2023). Pointing that exposure to
polychlorinated biphenyls is associated with 70% increased
risk of developing endometriosis. Similarly, exposure to
risk by 65%,
organochlorine pesticides is linked to a 23% increase in risk

dioxins raises the while exposure to
(Parliamentary question, 2023). The complex nature of these
chemicals co-existing as mixtures in the environment makes risk
evaluation difficult (Bruner-Tran and Osteen, 2010; Yao et al,,
2017). Few Epigenetic studies carried out on the interplay
between environmental factors and epigenetic modifications,
highlighting the need for more well-designed, sufficiently

powered studies.

3.4 Epigenetic tools and databases

The expanding volume of epigenomic data calls for advanced
database that can store, standardize, and facilitate the exploration of
epigenomic patterns, namely, DNA methylation, histone modifications,
and non-coding RNAs. Among the key databases used in epigenetic
research is EpiFactors (http://epifactors.autosome.org), a manually
curated database, offering information about epigenetic regulators,
their molecular complexes, targets and products (Marakulina et al,
2023). The latest version of EpiFactors includes data on 902 proteins,
comprising 101 histones and protamines, along with a newly compiled
collection of 124 IncRNAs (Marakulina et al., 2023). Besides EpiFactors,
various open-access databases field are available. Regarding DNA
methylation, there are several databases that offer data on
methylation patterns obtained across normal and pathological
conditions, such as methDB (http://www.methdb.net/), NGSmethDB
(http://bioinfo2.ugr.es/NGSmethDB), MethBank (https://ngdc.cncb.ac.
cn/methbank/), MethHC (http://methhc.mbe.nctu.edu.tw), and The
Cancer Genome Atlas (TCGA) (Ghai et al., 2020; Shang et al., 2022;
Ragini et al,, 2023; Zhang et al., 2023). Nevertheless, a gap remains in
detailed knowledge about the proteins involved in establishing or
performing active DNA demethylation, especially when linked to
their expression in different cell types and conditions (Medvedeva
et al, 2015). Concerning histone modifications, database such as
Histone Modification Database (HHMD), Histone Database, and
Hilstome database are used (Medvedeva et al, 2015). About
miRNAs, the identification of miRNAs-target interaction (MTI) is
crucial for biological processes annotation and therapeutic strategies
development (Cui et al,, 2023). Numerous databases of miRNAs are
available, namely, HMDD (Human MicroRNA Disease Database),
which is a continuously updated by the
experimentally verified miRNA-disease associations (http://www.

integration  of
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cuilab.cn/hmdd).  Compiled from biomedical literature, HMDD
features 53,530 documented association between 1871 miRNAs and
2,360 distinct diseases (Cui et al., 2023; Cui et al, 2024). Expanded
miRNATissueAtlas2, is a database that compiles miRNAs expression
atlas based on 46,997 human tissue samples from 74 different organs,
including physiological tissues, cell lines and extracellular vesicles
(Rishik et al., 2025). A recent comprehensive database, TheMarker
contains diverse types of biomarkers used for therapy and monitoring,
including miRNAs (Cui et al., 2024; Zhang et al., 2024b). Launched in
2011, miRTarBase a database of experimentally validated MTIs has
been manually curated and updated ten times (Cui et al,, 2024). In its
latest update, miRTarBase extends its scope by integrating miRNA
regulatory networks associated with diseases, along with data on
miRNA  biomarkers, drug resistance, miRNA-targeted small
molecule inhibitors, and miRNA oxidation, providing an integrative
multidimensional database (Cui et al, 2024). With this update,
miRTarBase now features upwards of 3,817 550 validated MTIs
from 13,690 studies, representing a notable increase in data volume
and improvements in curation workflow (Cui et al., 2024).

The adoption of high-throughput transcriptome sequencing
technology, has made the identification of differentially
expressed genes in diseases easy, allowing to gain better
understanding of disease onset and guiding therapeutic
The of different
approaches, including HMDD and miRtarbase, have provided
unique insights into the underlying mechanisms of
endometriosis. Based on HMDD, 150 miRNAs have been

(Ye et 2022).
endometriosis-induced

decisions. use bioinformatic analysis

found associated with endometriosis al.,
the of
repeated pregnancy loss were discovered to be connected to
the PI3K/AKT signaling pathway and platelet activation (Ye
et al., 2022). Thus, miRNAs databases seem to be valuable in

constructing miRNAs-mRNAs regulatory networks associated

Furthermore, mechanisms

with different conditions, allowing precise targeting of the
transcriptome and epigenome.

3.5 Endometriosis research, still a challenge

While previously cited studies have provided valuable insights,
the reproducibility remains a major hindering and limiting factor in
endometriosis research. Discrepancies in results need to be treated
with caution since the majority of studies have limitations. Study
weaknesses include monocentricity of the majority of studies, small
sample size, and high heterogeneity in samples collected during
different phases cycle. The
heterogeneity is an additional limiting factor whose importance is

of the menstrual intra-lesion
generally underestimated. Study designs overlook key aspects such
as (1) endometriosis type and severity; superficial peritoneal
endometriosis, ovarian endometrioma and deep infiltrating
endometriosis, (2) endometriosis stages; minimal, mild, moderate,
and severe, and (3) anatomic distribution of endometriotic lesions;
utero sacral ligaments, pouch of Douglas, ovarian fossa. Regarding
in vitro models, they have severe limitations. Primary cells used in
endometriosis research lack purity and are not phenotypically
characterized, and cell lines are not genotypically authenticated
(Romano et al, 2020). The analysis of sparse and incomplete
medical data is a significant challenge in endometriosis research.
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Complete medical and clinical history, especially hormonal
treatment, other illness conditions, past surgical history, and
family history of endometriosis, are often missing which
introduce biases and affect the generalizability of research
findings. Finally, clinical trial landscape in endometriosis is
advancing on multiple fronts, with numerous epigenetic focused
ongoing trials, namely, micro-RNAs; RC 2.6.2022 (NCT05680350),
ADOmIARN (NCT05928442), ENDOmiARN (NCT04728152),
FR-21-001 (NCT05244668), STUDY00009584 (NCT05331053),
ENDOmiRNA (NCT06414720), EMPOWER (NCT04598698),
ENDMET  (NCT06168097), 35,617/8/22  (NCT05556213),
Pro00009633 (NCT02253251). However, to epigenetic
clinical trials are challenging, no epigenetic blockbuster drug for

due

endometriosis seems to be on the horizon yet. One of the challenges
that needs to be overcome is associated with the precise localization
and targeted activity of epigenetics-targeted drugs. For instance,
histone-modifying enzymes are found both in the nucleus and the
cytoplasm. On the other hand, the function of ncRNAs depends on
their
compartments. Hence, a deeper understanding of the intracellular

localization ~and  distribution  within  intracellular
trafficking of epigenetic modifiers is warranted. It is noteworthy that
resistance to epigenetic drugs is another limiting factor for
epigenetic drug application (Dai et al., 2024). Continued research
into the biological and pathological roles of targets for epigenetic

drugs is essential.

4 Conclusion

Endometriosis is a multifactorial disease involving hormonal,
immune, genetic and epigenetic factors that interact in intricate
ways to drive endometriosis initiation and progression. Given the
heterogeneity inherent in endometriosis, understanding the intricate
interplay between these factors could pave the way for developing
innovative approaches for accurate diagnosis. Epigenetics plays a
central role in the genesis of endometriosis, influencing steroid
the
microenvironment. The use of non-invasive methods based on

hormone  signaling and  modulating immune
epigenetic abnormalities such as DNA methylation, histone
modifications and ncRNAs, especially miRNAs and IncRNAs,
hold great potential as valuable diagnostic and prognostic
biomarkers. Epigenetic biomarkers can further improve timely
diagnosis, reduce the cost of diagnosis and treatment, and
enhance social wellbeing of women. Unlike DNA methylation,
still

inheritance and call for more extensive research. Much current

histone modifications lack a defined mechanism of
focus is on the role played by non-coding RNAs in endometriosis.

Epigenetic research in endometriosis is expected to advance
rapidly in the coming years, focusing on developing diagnosis
biomarkers and targeted therapies. Much attention must be paid
to study designs to avoid non-reproducibility of conclusions from
different studies.

Author contributions

HE: Conceptualization, Formal Analysis, Methodology,

Resources, Software, Visualization, Writing - original draft. AEG:

frontiersin.org


http://www.cuilab.cn/hmdd
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Methodology, Resources, Writing - review and editing. NL:
Investigation, Writing — review and editing. MB: Investigation,
Writing - review and editing. FEM: Data curation, Methodology,
Writing - review and editing. MZ: Investigation, Writing — review
and editing. BG: Conceptualization, Data curation, Methodology,
Project administration, Supervision, Validation, Writing - review
and editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Abbaszadeh, M., Karimi, M., and Rajaei, S. (2023). The landscape of non-coding
RNAs in the immunopathogenesis of Endometriosis. Front. Immunol. 14, 1223828.
doi:10.3389/fimmu.2023.1223828

Adamczyk, M., Wender-Ozegowska, E., and Kedzia, M. (2022). Epigenetic factors in
eutopic endometrium in women with endometriosis and infertility. Int. J. Mol. Sci. 23,
3804. doi:10.3390/1JMS23073804

Adilbayeva, A., and Kunz, J. (2024). Pathogenesis of endometriosis and
endometriosis-associated cancers. Int. J. Mol. Sci. 25, 7624-7625. doi:10.3390/
1JMS25147624

Agostinis, C., Balduit, A., Mangogna, A., Zito, G., Romano, F., Ricci, G,, et al. (2021).
Immunological basis of the endometriosis: the complement system as a potential
therapeutic target. Front. Immunol. 11, 599117. doi:10.3389/fimmu.2020.599117

Ahn, S. H., Monsanto, S. P., Miller, C,, Singh, S. S., Thomas, R., and Tayade, C. (2015).
Pathophysiology and immune dysfunction in endometriosis. Biomed. Res. Int. 2015,
795976. doi:10.1155/2015/795976

Allfrey, V. G,, Faulkner, R., and Mirsky, A. E. (1964). Acetylation and methylation of
histones and their possible role in the regulation of rna synthesis. Proc. Natl. Acad. Sci.
U. S. A. 51, 786-794. doi:10.1073/PNAS.51.5.786

Altschul, S. F., Gish, W., Miller, W., Myers, E. W, and Lipman, D.J. (1990). Basic local
alignment search tool. J. Mol. Biol. 215, 403-410. doi:10.1016/50022-2836(05)80360-2

Amazouz, H., Gouesbet, S., Bourhis, L., Hercberg, S., Bellicha, A., Touvier, M., et al.
(2025). Early-life environmental exposures and the risk of endometriosis/adenomyosis
in the NutriNet-Santé cohort. Sci. Total Environ. 968, 178790. doi:10.1016/].
SCITOTENV.2025.178790

Annisa, N. G., Febri, R. R., Darmawi, Kinasih, T., Muharam, R., and Asmarinah,
(2018). Analysis of the methylation profiles of the steroidogenic factor-1 (SF-1) gene in
peritoneal and ovarian endometriosis. J. Phys. Conf. Ser. 1073, 032080. doi:10.1088/
1742-6596/1073/3/032080

Antonio, L. G. L., Meola, J., Rosa-e-Silva, A. C.J. de S., Nogueira, A. A., Candido dos
Reis, F. J., Poli-Neto, O. B., et al. (2023). Altered differential expression of genes and
microRNAs related to adhesion and apoptosis pathways in patients with different
phenotypes of endometriosis. Int. . Mol. Sci. 24, 4434. doi:10.3390/TJMS24054434

Attar, E., Tokunaga, H., Imir, G., Yilmaz, M. B,, Redwine, D., Putman, M., et al.
(2009). Prostaglandin E2 via steroidogenic factor-1 coordinately regulates transcription
of steroidogenic genes necessary for estrogen synthesis in endometriosis. J. Clin.
Endocrinol. Metab. 94, 623-631. doi:10.1210/JC.2008-1180

Bafort, C., Beebeejaun, Y., Tomassetti, C., Bosteels, J., and Duffy, J. M. N. (2020).
Laparoscopic surgery for endometriosis. Cochrane Database Syst. Rev. 2020, CD011031.
doi:10.1002/14651858.CD011031.PUB3

Bagci, H., and Fisher, A. G. (2013). DNA demethylation in pluripotency and
reprogramming: the role of tet proteins and cell division. Cell Stem Cell 13,
265-269. doi:10.1016/].STEM.2013.08.005

Bagheri, R,, Ghorbian, M., and Ghorbian, S. (2024). Tumor circulating biomarkers in
colorectal cancer. Cancer Treat. Res. Commun. 38, 100787. doi:10.1016/].CTARC.2023.100787

Frontiers in Genetics

18

10.3389/fgene.2025.1597287

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2025.1597287/
full#supplementary-material

Bai, J., Wang, B, Wang, T., and Ren, W. (2021). Identification of functional IncRNAs
associated with ovarian endometriosis based on a ceRNA network. Front. Genet. 12.
doi:10.3389/fgene.2021.534054

Baldi, A., Rosendo-Chalma, P., Nicolds Diaz-Landy, E., Antonio-Véjar, V., Gerardo
Ortiz Tejedor, J., Reytor-Gonzélez, C., et al. (2025). Endometriosis: challenges in clinical
molecular diagnostics and treatment. Int. J. Mol. Sci. 26, 3979-26. doi:10.3390/
1JMS26093979

Bannister, A. J., and Kouzarides, T. (2011). Regulation of chromatin by histone
modifications. Cell Res. 213, 381-395. do0i:10.1038/cr.2011.22

Banu, S. K., Lee, J., Speights, V. O., Starzinski-Powitz, A., and Arosh, J. A. (2008).
Cyclooxygenase-2 regulates survival, migration, and invasion of human endometriotic
cells through multiple mechanisms. Endocrinology 149, 1180-1189. doi:10.1210/EN.
2007-1168

Bao, Q., Zheng, Q., Wang, S., Tang, W., and Zhang, B. (2022). LncRNA
HOTAIR regulates cell invasion and migration in endometriosis through miR-
519b-3p/PRRG4 pathway. Front. Oncol. 12, 953055. doi:10.3389/FONC.2022.
953055

Bartel, D. P., and Chen, C. Z. (2004). Micromanagers of gene expression: the
potentially widespread influence of metazoan microRNAs. Nat. Rev. Genet. 2004 55
(5), 396-400. doi:10.1038/nrg1328

Bedaiwy, M. A., Dahoud, W., Skomorovska-Prokvolit, Y., Yi, L., Liu, J. H., Falcone, T, et al.
(2015). Abundance and localization of progesterone receptor isoforms in endometrium in
women with and without endometriosis and in peritoneal and ovarian endometriotic
implants. Reprod. Sci. 22, 1153-1161. doi:10.1177/1933719115585145

Bedrick, B. S., Courtright, L., Zhang, J., Snow, M., Sampaio Amendola, I. L., Nylander,
E., etal. (2024). A systematic review of epigenetics of endometriosis. F&~S Rev. 5,100070.
doi:10.1016/].XFNR.2024.01.003

Beloshevski, B., Shimshy-Kramer, M., Yekutiel, M., Levinsohn-Tavor, O., Eisenberg,
N., and Smorgick, N. (2024). Delayed diagnosis and treatment of adolescents and young
women with suspected endometriosis. J. Gynecol. Obstet. Hum. Reprod. 53, 102737.
doi:10.1016/].JOGOH.2024.102737

Bendifallah, S., Dabi, Y., Suisse, S., Jornea, L., Bouteiller, D., Touboul, C., et al. (2022a).
MicroRNome analysis generates a blood-based signature for endometriosis. Sci. Rep. 12,
4051. doi:10.1038/S41598-022-07771-7

Bendifallah, S., Suisse, S., Puchar, A., Delbos, L., Poilblanc, M., Descamps, P., et al.
(2022b). Salivary MicroRNA signature for diagnosis of endometriosis. J. Clin. Med. 11,
612. doi:10.3390/JCM 11030612

Bernardi, L. A., Dyson, M. T., Tokunaga, H., Sison, C., Oral, M., Robins, J. C., et al.
(2019). The essential role of GATA6 in the activation of estrogen synthesis in
endometriosis. Reprod. Sci. 26, 60-69. doi:10.1177/1933719118756751

Biyik, I., Kalkan, U., and Simsek, S. (2021). The deep infiltrating endometriosis tissue
has lower T-cadherin, E-cadherin, progesterone receptor and oestrogen receptor than
endometrioma tissue. Taiwan. J. Obstet. Gynecol. 60, 1059-1065. doi:10.1016/].TJOG.
2021.09.017

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2025.1597287/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2025.1597287/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1223828
https://doi.org/10.3390/IJMS23073804
https://doi.org/10.3390/IJMS25147624
https://doi.org/10.3390/IJMS25147624
https://doi.org/10.3389/fimmu.2020.599117
https://doi.org/10.1155/2015/795976
https://doi.org/10.1073/PNAS.51.5.786
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/J.SCITOTENV.2025.178790
https://doi.org/10.1016/J.SCITOTENV.2025.178790
https://doi.org/10.1088/1742-6596/1073/3/032080
https://doi.org/10.1088/1742-6596/1073/3/032080
https://doi.org/10.3390/IJMS24054434
https://doi.org/10.1210/JC.2008-1180
https://doi.org/10.1002/14651858.CD011031.PUB3
https://doi.org/10.1016/J.STEM.2013.08.005
https://doi.org/10.1016/J.CTARC.2023.100787
https://doi.org/10.3389/fgene.2021.534054
https://doi.org/10.3390/IJMS26093979
https://doi.org/10.3390/IJMS26093979
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1210/EN.2007-1168
https://doi.org/10.1210/EN.2007-1168
https://doi.org/10.3389/FONC.2022.953055
https://doi.org/10.3389/FONC.2022.953055
https://doi.org/10.1038/nrg1328
https://doi.org/10.1177/1933719115585145
https://doi.org/10.1016/J.XFNR.2024.01.003
https://doi.org/10.1016/J.JOGOH.2024.102737
https://doi.org/10.1038/S41598-022-07771-7
https://doi.org/10.3390/JCM11030612
https://doi.org/10.1177/1933719118756751
https://doi.org/10.1016/J.TJOG.2021.09.017
https://doi.org/10.1016/J.TJOG.2021.09.017
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Blakey, C. A, and Litt, M. D. (2015). Epigenetic gene expression—an introduction.
Epigenetic Gene Expr. Regul., 1-19. doi:10.1016/B978-0-12-799958-6.00001-9

Bonavina, G., and Taylor, H. S. (2022). Endometriosis-associated infertility: from
pathophysiology to tailored treatment. Front. Endocrinol. (Lausanne). 13, 1020827.
doi:10.3389/FENDO.2022.1020827

Boovarahan, S. R., AlAsmari, A. F., Ali, N.,, Khan, R, and Kurian, G. A. (2022).
Targeting DNA methylation can reduce cardiac injury associated with ischemia
reperfusion: one step closer to clinical translation with blood-borne assessment.
Front. Cardiovasc. Med. 9, 1021909. doi:10.3389/fcvm.2022.1021909

Borghese, B., Mondon, F., Noél, J. C,, Fayt, I, Mignot, T. M., Vaiman, D., et al. (2008).
Gene expression profile for ectopic versus eutopic endometrium provides new insights
into endometriosis oncogenic potential. Mol. Endocrinol. 22, 2557-2562. doi:10.1210/
ME.2008-0322

Borisov, E., Knyazeva, M., Novak, V., Zabegina, L., Prisyazhnaya, T., Karizkiy, A.,
et al. (2020). Analysis of reciprocally dysregulated miRNAs in eutopic endometrium is a
promising approach for low invasive diagnostics of adenomyosis. Diagnostics 10, 782.
doi:10.3390/DIAGNOSTICS10100782

Brady, P., Yousif, A., Sasamoto, N., Vitonis, A. F., Fendler, W., Stawiski, K., et al.
(2024). Plasma microRNA expression in adolescents and young adults with
endometriosis: the importance of hormone use. Front. Reprod. Heal. 6, 1360417.
doi:10.3389/frph.2024.1360417

Brosnan, C. A, and Voinnet, O. (2009). The long and the short of noncoding RNAs.
Curr. Opin. Cell Biol. 21, 416-425. doi:10.1016/].CEB.2009.04.001

Bruner-Tran, K. L., and Osteen, K. G. (2010). Dioxin-like PCBs and endometriosis.
Syst. Biol. Reprod. Med. 56, 132-146. doi:10.3109/19396360903381023

Bulun, S. E., Lin, Z., Imir, G., Amin, S., Demura, M., Yilmaz, B., et al. (2005).
Regulation of aromatase expression in estrogen-responsive breast and uterine disease:
from bench to treatment. Pharmacol. Rev. 57, 359-383. doi:10.1124/PR.57.3.6

Bulun, S. E,, Utsunomiya, H., Lin, Z., Yin, P., Cheng, Y. H., Pavone, M. E,, et al. (2009).
Steroidogenic factor-1 and endometriosis. Mol. Cell. Endocrinol. 300, 104-108. doi:10.
1016/].MCE.2008.12.012

Bulun, S. E., Cheng, Y. H., Pavone, M. E,, Yin, P, Imir, G., Utsunomiya, H., et al.
(2010). 17Beta-hydroxysteroid dehydrogenase-2 deficiency and progesterone
resistance in endometriosis. Semin. Reprod. Med. 28, 44-50. doi:10.1055/S-
0029-1242992

Bulun, S. E., Monsivais, D., Kakinuma, T., Furukawa, Y., Bernardi, L., Pavone, M. E.,
et al. (2015). Molecular biology of endometriosis: from aromatase to genomic
abnormalities. Semin. Reprod. Med. 33, 220-224. doi:10.1055/S-0035-1554053

Bulun, S. E., Yilmaz, B. D, Sison, C., Miyazaki, K., Bernardi, L., Liu, S., et al. (2019).
Endometriosis. Endocr. Rev. 40, 1048-1079. doi:10.1210/ER.2018-00242

Bulun, S. E. (2009). Endometriosis. N. Engl. J. Med. 360, 268-279. doi:10.1056/
NEJMRA0804690

Burns, K. A, Thomas, S. Y., Hamilton, K. J., Young, S. L., Cook, D. N., and Korach, K.
S. (2018). Early endometriosis in females is directed by immune-mediated estrogen
receptor a and IL-6 cross-talk. Endocrinology 159, 103-118. doi:10.1210/EN.2017-
00562

Cai, H,, and Lang, J. (2022). Long non-coding RNA LINC01960-201 hinders
decidualization of endometrial stromal cell in endometriosis: relevance to
endometrial receptivity. Mol. Med. Rep. 26, 366-15. doi:10.3892/mmr.2022.12883

Candido, S., Tomasello, B. M. R, Lavoro, A., Falzone, L., Gattuso, G., and Libra, M.
(2021). Novel insights into epigenetic regulation of il6 pathway: in silico perspective on
inflammation and cancer relationship. Int. J. Mol Sci. 22, 10172. doi:10.3390/
ijms221810172

Chantalat, E., Valera, M. C., Vaysse, C., Noirrit, E., Rusidze, M., Weyl, A., et al. (2020).
Estrogen receptors and endometriosis. Int. J. Mol Sci. 21, 2815. doi:10.3390/
1JMS21082815

Chen, L. L., and Kim, V. N. (2024). Small and long non—cnding RNAs: past, present,
and future. Cell 187, 6451-6485. doi:10.1016/].CELL.2024.10.024

Chen, H., Malentacchi, F., Fambrini, M., Harrath, A. H., Huang, H., and Petraglia, F.
(2020). Epigenetics of estrogen and progesterone receptors in endometriosis. Reprod.
Sci. 27, 1967-1974. doi:10.1007/S43032-020-00226-2

Cho, S., Park, S. H., Choi, Y. S., Seo, S. K., Kim, H. Y., Park, K. H., et al. (2010).
Expression of cyclooxygenase-2 in eutopic endometrium and ovarian endometriotic
tissue in women with severe endometriosis. Gynecol. Obstet. Invest. 69, 93-100. doi:10.
1159/000261017

Chopyak, V. V., Koval, H. D., Havrylyuk, A. M., Lishchuk-Yakymovych, K. A,
Potomkina, H. A, and Kurpisz, M. K. (2022). Immunopathogenesis of
endometriosis — a novel look at an old problem. Cent. Eur. ]. Immunol. 47,
109-116. doi:10.5114/CEJ1.2022.113830

Coiplet, E., Courbiere, B., Agostini, A., Boubli, L., Bretelle, F., and Netter, A. (2022).
Endometriosis and environmental factors: a critical review. J. Gynecol. Obstet. Hum.
Reprod. 51, 102418. doi:10.1016/].JOGOH.2022.102418

Colén-Diaz, M., Bdez-Vega, P., Garcia, M., Ruiz, A., Monteiro, J. B., Fourquet, J., et al.
(2012). HDAC1 and HDAC? are differentially expressed in endometriosis. Reprod. Sci.
19, 483-492. doi:10.1177/1933719111432870

Frontiers in Genetics

19

10.3389/fgene.2025.1597287

Condrat, C. E., Thompson, D. C,, Barbu, M. G., Bugnar, O. L., Bobog, A., Cretoiu, D.,
et al. (2020). miRNAs as biomarkers in disease: latest findings regarding their role in
diagnosis and prognosis. Cells 9, 276. doi:10.3390/CELLS9020276

Convissar, S. M., Bennett, J., Baumgarten, S. C., Lydon, J. P., DeMayo, F. J., and
Stocco, C. (2015). GATA4 and GATAG6 knockdown during luteinization inhibits
progesterone production and gonadotropin responsiveness in the corpus luteum of
female mice. Biol. Reprod. 93, 133-134. doi:10.1095/BIOLREPROD.115.132969

Cui, L., Chen, S., Wang, D., and Yang, Q. (2021). LINC01116 promotes proliferation
and migration of endometrial stromal cells by targeting FOXP1 via sponging miR-9-5p
in endometriosis. J. Cell. Mol. Med. 25, 2000-2012. doi:10.1111/JCMM.16039

Cui, C, Zhong, B, Fan, R, and Cui, Q. (2023). HMDD v4.0: a database for
experimentally supported human microRNA-disease associations. Nucleic Acids Res.
52, D1327-D1332. doi:10.1093/NAR/GKAD717

Cui, S, Yu, S, Huang, H. Y., Lin, Y. C. D,, Huang, Y., Zhang, B., et al. (2024).
miRTarBase 2025: updates to the collection of experimentally validated
microRNA-target interactions. Nucleic Acids Res. 53, D147-D156. doi:10.1093/
NAR/GKAE1072

Dabi, Y., Suisse, S., Puchar, A., Delbos, L., Poilblanc, M., Descamps, P., et al. (2023).
Endometriosis-associated infertility diagnosis based on saliva microRNA signatures.
Reprod. Biomed. Online 46, 138-149. doi:10.1016/].RBM0.2022.09.019

Dai, W,, Qiao, X, Fang, Y., Guo, R,, Bai, P,, Liu, S,, et al. (2024). Epigenetics-targeted
drugs: current paradigms and future challenges. Signal Transduct. Target. Ther. 91 (9),
332-371. doi:10.1038/s41392-024-02039-0

Daily, K. P, Badr, A, Eltobgy, M., Estfanous, S., Whitham, O., Tan, M. H., et al.
(2023). DNA hypomethylation promotes the expression of CASPASE-4 which
exacerbates neuroinflammation and amyloid-p deposition in Alzheimer’s disease the
Ohio State University College of Medicine. bioRxiv 08 (30), 2023.08.30.555526. doi:10.
1101/2023.08.30.555526

Darmawi, Marwali, M. L. S., Febri, R. R.,, Muharam, R,, Hestiantoro, A., and
Asmarinah, (2018). DNA methylation of the progesterone receptor B (PR-B) gene
promoter in human eutopic endometrium, ectopic peritoneum, and ovarian
endometriosis. J. Phys. Conf. Ser. 1073, 032079. doi:10.1088/1742-6596/1073/3/032079

Davalos, V., and Esteller, M. (2023). Cancer epigenetics in clinical practice. Ca. Cancer
J. Clin. 73, 376-424. doi:10.3322/CAAC.21765

de Barros, I. B. L., Malvezzi, H., Gueuvoghlanian-Silva, B. Y., Piccinato, C. A., Rizzo, L.
V., and Podgaec, S. (2017). What do we know about regulatory T cells and
endometriosis? A systematic review. J. Reprod. Immunol. 120, 48-55. doi:10.1016/].
JRI1.2017.04.003

De Corte, P., Klinghardt, M., von Stockum, S., and Heinemann, K. (2024). Time to
diagnose endometriosis: current status, challenges and regional characteristics—a
systematic literature review. Bjog 132, 118-130. doi:10.1111/1471-0528.17973

Dragkovi¢, T., and Hauptman, N. (2024). Discovery of novel DNA methylation
biomarker panels for the diagnosis and differentiation between common
adenocarcinomas and their liver metastases. Sci. Rep. 14, 3095-25. doi:10.1038/
$41598-024-53754-1

Ducreux, B., Patrat, C., Firmin, J., Ferreux, L., Chapron, C., Marcellin, L., et al.
(2025). Systematic review on the DNA methylation role in endometriosis: current
evidence and perspectives. Clin. Epigenetics 17, 32-22. doi:10.1186/S13148-025-
01828-W

Dyson, M. T., Roqueiro, D., Monsivais, D., Ercan, C. M., Pavone, M. E., Brooks, D. C.,
et al. (2014). Genome-wide DNA methylation analysis predicts an epigenetic switch for
GATA factor expression in endometriosis. PLoS Genet. 10, €1004158. doi:10.1371/
JOURNAL.PGEN.1004158

Ehrlich, M. (2019). DNA hypermethylation in disease: mechanisms and clinical
relevance. Epigenetics 14, 1141-1163. doi:10.1080/15592294.2019.1638701

Ekanayake, D. L., Matopolska, M. M., Schwarz, T., Tuz, R, and Bartlewski, P. M.
(2022). The roles and expression of HOXA/Hoxal0 gene: a prospective marker of
mammalian female fertility? Reprod. Biol. 22, 100647. doi:10.1016/].REPBIO.2022.
100647

Elias, M. H., Lazim, N., Sutaji, Z., Abu, M. A., Abdul Karim, A. K., Ugusman, A, et al.
(2023). HOXA10 DNA methylation level in the endometrium women with
endometriosis: a systematic review. Biol (Basel). 12, 474. doi:10.3390/
BIOLOGY12030474

Esteller, M. (2002). CpG island hypermethylation and tumor suppressor genes: a
booming present, a brighter future. Oncogene 21, 5427-5440. doi:10.1038/SJ.ONC.
1205600

Faki, Y., and Er, A. (2021). Different chemical structures and physiological/
pathological roles of cyclooxygenases. Rambam Maimonides Med. ]. 12, e0003.
doi:10.5041/RMM].10426

Faraldi, M., Gomarasca, M., Sansoni, V., Perego, S., Banfi, G., and Lombardi, G.
(2019). Normalization strategies differently affect circulating miRNA profile associated
with the training status. Sci. Rep. 201991 (9), 1584-13. doi:10.1038/s41598-019-38505-x

Farsimadan, M., Ismail Haje, M., Khudhur Mawlood, C. Arabipour, I,
Emamvirdizadeh, A., Takamoli, S., et al. (2021). MicroRNA variants in
endometriosis and its severity. Br. J. Biomed. Sci. 78, 206-210. doi:10.1080/
09674845.2021.1889157

frontiersin.org


https://doi.org/10.1016/B978-0-12-799958-6.00001-9
https://doi.org/10.3389/FENDO.2022.1020827
https://doi.org/10.3389/fcvm.2022.1021909
https://doi.org/10.1210/ME.2008-0322
https://doi.org/10.1210/ME.2008-0322
https://doi.org/10.3390/DIAGNOSTICS10100782
https://doi.org/10.3389/frph.2024.1360417
https://doi.org/10.1016/J.CEB.2009.04.001
https://doi.org/10.3109/19396360903381023
https://doi.org/10.1124/PR.57.3.6
https://doi.org/10.1016/J.MCE.2008.12.012
https://doi.org/10.1016/J.MCE.2008.12.012
https://doi.org/10.1055/S-0029-1242992
https://doi.org/10.1055/S-0029-1242992
https://doi.org/10.1055/S-0035-1554053
https://doi.org/10.1210/ER.2018-00242
https://doi.org/10.1056/NEJMRA0804690
https://doi.org/10.1056/NEJMRA0804690
https://doi.org/10.1210/EN.2017-00562
https://doi.org/10.1210/EN.2017-00562
https://doi.org/10.3892/mmr.2022.12883
https://doi.org/10.3390/ijms221810172
https://doi.org/10.3390/ijms221810172
https://doi.org/10.3390/IJMS21082815
https://doi.org/10.3390/IJMS21082815
https://doi.org/10.1016/J.CELL.2024.10.024
https://doi.org/10.1007/S43032-020-00226-2
https://doi.org/10.1159/000261017
https://doi.org/10.1159/000261017
https://doi.org/10.5114/CEJI.2022.113830
https://doi.org/10.1016/J.JOGOH.2022.102418
https://doi.org/10.1177/1933719111432870
https://doi.org/10.3390/CELLS9020276
https://doi.org/10.1095/BIOLREPROD.115.132969
https://doi.org/10.1111/JCMM.16039
https://doi.org/10.1093/NAR/GKAD717
https://doi.org/10.1093/NAR/GKAE1072
https://doi.org/10.1093/NAR/GKAE1072
https://doi.org/10.1016/J.RBMO.2022.09.019
https://doi.org/10.1038/s41392-024-02039-0
https://doi.org/10.1101/2023.08.30.555526
https://doi.org/10.1101/2023.08.30.555526
https://doi.org/10.1088/1742-6596/1073/3/032079
https://doi.org/10.3322/CAAC.21765
https://doi.org/10.1016/J.JRI.2017.04.003
https://doi.org/10.1016/J.JRI.2017.04.003
https://doi.org/10.1111/1471-0528.17973
https://doi.org/10.1038/s41598-024-53754-1
https://doi.org/10.1038/s41598-024-53754-1
https://doi.org/10.1186/S13148-025-01828-W
https://doi.org/10.1186/S13148-025-01828-W
https://doi.org/10.1371/JOURNAL.PGEN.1004158
https://doi.org/10.1371/JOURNAL.PGEN.1004158
https://doi.org/10.1080/15592294.2019.1638701
https://doi.org/10.1016/J.REPBIO.2022.100647
https://doi.org/10.1016/J.REPBIO.2022.100647
https://doi.org/10.3390/BIOLOGY12030474
https://doi.org/10.3390/BIOLOGY12030474
https://doi.org/10.1038/SJ.ONC.1205600
https://doi.org/10.1038/SJ.ONC.1205600
https://doi.org/10.5041/RMMJ.10426
https://doi.org/10.1038/s41598-019-38505-x
https://doi.org/10.1080/09674845.2021.1889157
https://doi.org/10.1080/09674845.2021.1889157
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Felsenfeld, G. (2014). A brief history of epigenetics. Cold Spring Harb. Perspect. Biol. 6,
2018200. doi:10.1101/CSHPERSPECT.A018200

Feng, Y., and Tan, B. Z. (2020). LncRNA MALAT]1 inhibits apoptosis of endometrial
stromal cells through miR-126-5p-CREBI axis by activating PI3K-AKT pathway. Mol.
Cell. Biochem. 475, 185-194. doi:10.1007/S11010-020-03871-Y

Friedman, R. C., Farh, K. K. H,, Burge, C. B., and Bartel, D. P. (2009). Most
mammalian mRNAs are conserved targets of microRNAs. Genome Res. 19, 92-105.
doi:10.1101/GR.082701.108

Gagnidze, K., and Pfaff, D. W. (2021). Epigenetic mechanisms: DNA methylation and
histone protein modification. Neurosci. 21st Century, 1-40. doi:10.1007/978-1-4614-
6434-1_69-3

Gao, ., Cahill, C. M., Huang, X,, Roffman, J. L., Lamon-Fava, S., Fava, M., et al. (2018).
S-adenosyl methionine and transmethylation pathways in neuropsychiatric diseases
throughout life. Neurotherapeutics 15, 156-175. doi:10.1007/S13311-017-0593-0

Gao, Y., Takenaka, K., Xu, S. M., Cheng, Y., and Janitz, M. (2025). Recent advances in
investigation of circRNA/IncRNA-miRNA-mRNA networks through RNA sequencing
data analysis. Brief. Funct. Genomics 24, elaf005. doi:10.1093/BFGP/ELAF005

Garcia-Giménez, J. L., Seco-Cervera, M., Tollefsbol, T. O., Rom4-Mateo, C., Peir6-
Chova, L., Lapunzina, P., et al. (2017). Epigenetic biomarkers: current strategies and
future challenges for their use in the clinical laboratory. Crit. Rev. Clin. Lab. Sci. 54,
529-550. doi:10.1080/10408363.2017.1410520

Garcia-Saenz, J. A, Ayll(’)n, P, Laig, M., Acosta-Eyzaguirre, D., Garcia-Esquinas, M.,
Montes, M., et al. (2017). Tumor burden monitoring using cell-free tumor DNA could
be limited by tumor heterogeneity in advanced breast cancer and should be evaluated
together with radiographic imaging. BMC Cancer 17, 1-8. doi:10.1186/512885-017-
3185-9/FIGURES/2

Gerkowicz, S. A., Curtis, S. W., Knight, A. K., Cobb, D. O., Spencer, J. B., Conneely, K.
N., et al. (2020). Endometriosis, endocrine disrupters, and epigenetics: an investigation
into the complex interplay in women with polybrominated biphenyl exposure and
endometriosis. J. Assist. Reprod. Genet. 37, 427-436. doi:10.1007/S10815-020-01695-9

Ghafouri-Fard, S., Shoorei, H., and Taheri, M. (2020). Role of non-coding RNAs in
the pathogenesis of endometriosis. Front. Oncol. 10, 1370. doi:10.3389/fonc.2020.01370

Ghai, M., Naidoo, N., Evans, D. L., and Kader, F. (2020). Identification of novel semen
and saliva specific methylation markers and its potential application in forensic analysis.
Forensic Sci. Int. Genet. 49, 102392. doi:10.1016/].FSIGEN.2020.102392

Ghazal, S., McKinnon, B., Zhou, J., Mueller, M., Men, Y., Yang, L., et al. (2015).
H19 IncRNA alters stromal cell growth via IGF signaling in the endometrium of women
with endometriosis. EMBO Mol. Med. 7, 996-1003. doi:10.15252/EMMM.201505245

Gil, N., and Ulitsky, I. (2020). Regulation of gene expression by cis-acting long non-
coding RNAs. Nat. Rev. Genet. 21, 102-117. doi:10.1038/S41576-019-0184-5

Gogacz, M., Winkler, I, Bojarska-Junak, A., Tabarkiewicz, J., Semczuk, A.,
Rechberger, T., et al. (2016). Increased percentage of Th17 cells in peritoneal fluid
is associated with severity of endometriosis. J. Reprod. Immunol. 117, 39-44. doi:10.
1016/].JR1.2016.04.289

Gu, L., Ni, J,, Sheng, S., Zhao, K., Sun, C., and Wang, J. (2020). Microarray analysis of
long non-coding RNA expression profiles in Marfan syndrome. Exp. Ther. Med. 20,
3615-3624. doi:10.3892/ETM.2020.9093

Han, S. ], Lee, J. E., Cho, Y. J., Park, M. J.,, and O’Malley, B. W. (2019). Genomic
function of estrogen receptor {8 in endometriosis. Endocrinology 160, 2495-2516. doi:10.
1210/EN.2019-00442

He, S, Li, J., Ma, D,, Liu, Z., and Lv, N. (2022). MicroRNA-148a targets ADAMTS5 to
inhibit proliferation of endometriosis cells. Pak. J. Pharm. Sci. 35 (1), 335-341. doi:10.
36721/PJPS.2022.35.1.SP.335-341

Heidrich, I, Ac¢kar, L., Mossahebi Mohammadi, P., and Pantel, K. (2021). Liquid
biopsies: potential and challenges. Int. J. Cancer 148, 528-545. doi:10.1002/IJC.33217

Hemmert, R., Schliep, K. C., Willis, S., Peterson, C. M., Louis, G. B., Allen-Brady, K.,
et al. (2018). Modifiable lifestyle factors and risk for incident endometriosis. Paediatr.
Perinat. Epidemiol. 33, 19-25. doi:10.1111/PPE.12516

Herzog, M., Eccleston, M., Micallef, J., Pamart, D., Cuvelier, B., Josseaux, E., et al.
(2017). Validation of Nu.Q™ colorectal cancer screening triage test to identify FIT
positive individuals at low risk of screen relevant neoplasia. Ann. Oncol. 28, iiil46.
doi:10.1093/annonc/mdx262.021

Hirata, T., Osuga, Y., Hamasaki, K., Yoshino, O., Ito, M., Hasegawa, A., et al. (2008).
Interleukin (IL)-17A stimulates IL-8 secretion, cyclooxygensase-2 expression, and cell
proliferation of endometriotic stromal cells. Endocrinology 149, 1260-1267. doi:10.
1210/EN.2007-0749

Hsiao, K. Y., Wu, M. H,, and Tsai, S. J. (2014). Roles of prostaglandin E2 in
endometriosis. Endometr. Pathog. Treat., 125-146. doi:10.1007/978-4-431-54421-0_9

Hsiao, K. Y., Wu, M. H,, Chang, N,, Yang, S. H., Wu, C. W,, Sun, H. S, et al. (2015).
Coordination of AUF1 and miR-148a destabilizes DNA methyltransferase 1 mRNA
under hypoxia in endometriosis. Mol. Hum. Reprod. 21, 894-904. doi:10.1093/
MOLEHR/GAV054

Hsiao, K. Y., Wu, M. H,, and Tsai, S. J. (2017). Epigenetic regulation of the
pathological process in endometriosis. Reprod. Med. Biol. 16, 314-319. doi:10.1002/
RMB2.12047

Frontiers in Genetics

10.3389/fgene.2025.1597287

Hu, L, Zhang, J., Lu, Y., Fu, B., and Hu, W. (2022). Estrogen receptor beta promotes
endometriosis progression by upregulating CD47 expression in ectopic endometrial
stromal cells. J. Reprod. Immunol. 151, 103513. doi:10.1016/J.JR1.2022.103513

Hu, Y., Chen, H,, Jin, L., Chi, X, Zhao, J., and Cao, Q. (2025). Hypomethylation of
IL6ST promotes development of endometriosis by activating JAK2/STAT3 signaling
pathway. PLoS One 20, €0317569. d0i:10.1371/JOURNAL.PONE.0317569

Huang, Z. Hao, Du, Y. Ping, Wen, J. Tao, Lu, B. Feng, and Zhao, Y. (2022c). snoRNAs:
functions and mechanisms in biological processes, and roles in tumor pathophysiology.
Cell Death Discov. 81 (8), 259-10. doi:10.1038/s41420-022-01056-8

Hudson, Q. J., Proestling, K., Perricos, A., Kuessel, L., Husslein, H., Wenzl, R, et al.
(2021). The role of long non-coding rnas in endometriosis. Int. J. Mol. Sci. 22, 11425.
doi:10.3390/ijms222111425

Hussen, B. M., Hidayat, H. J., Salihi, A., Sabir, D. K., Taheri, M., and Ghafouri-Fard, S.
(2021). MicroRNA: a signature for cancer progression. Biomed. Pharmacother. 138,
111528. doi:10.1016/J.BIOPHA.2021.111528

Imperiale, T. F., Ransohoff, D. F., Itzkowitz, S. H., Levin, T. R,, Lavin, P., Lidgard, G.
P., et al. (2014). Multitarget stool DNA testing for colorectal-cancer screening. N. Engl.
J. Med. 370, 1287-1297. doi:10.1056/NEJMoal311194

Insua, Y. V., de la Cdmara, J., Vazquez, E. B., Ferndndez, A., Rivera, F. V., Silva, M.
J. V., etal. (2017). Predicting outcome and therapy response in mCRC patients using an
indirect method for CTCs detection by a multigene expression panel: a multicentric
prospective validation study. Int. J. Mol. Sci. 18, 1265-18. doi:10.3390/]JMS18061265

Turova, M. V., BnagumuposHa, I0. M., Eldarov, C. M., Makcynosuy, J1. y., Bobrov,
M. Y., I0pseBuy, 6. M., et al. (2022). Expression of exosomal microRNA in high-grade
ovarian cancer and ovarian endometriotic cysts. Obstet. Gynecol. 0 3_2022, 68-79.
doi:10.18565/2ig.2022.3.68-79

Izawa, M., Taniguchi, F., and Harada, T. (2019). GATAG6 expression promoted by an
active enhancer may become a molecular marker in endometriosis lesions. Am.
J. Reprod. Immunol. 81, €13078. doi:10.1111/AJ1.13078

Janna, A., Davarinejad, H., Joshi, M., and Couture, J. F. (2020). Structural paradigms
in the recognition of the nucleosome core particle by histone lysine methyltransferases.
Front. Cell Dev. Biol. 8, 600. doi:10.3389/fcell.2020.00600

Javaid, N., and Choi, S. (2017). Acetylation- and methylation-related epigenetic
proteins in the context of their targets. Genes 8, 196-198. doi:10.3390/GENES8080196

Ji, F., Yang, X,, He, Y., Wang, H,, Aili, A,, and Ding, Y. (2017). Aberrant endometrial
DNA methylome of homeobox AIO and catechol-O-methyltransferase in
endometriosis. J. Assist. Reprod. Genet. 34, 409-415. doi:10.1007/S10815-016-0862-6

Jiang, L., and Yang, Q. (2022). HOXA10 enhances cell proliferation and suppresses
apoptosis in esophageal cancer via activating p38/ERK signaling pathway. Open Med.
17, 1750-1759. doi:10.1515/med-2022-0558

Jung, E., Choi, J., Kim, J. S., and Han, T. S. (2021). MicroRNA-based therapeutics for
drug-resistant colorectal cancer. Pharm 14, 136-14. doi:10.3390/PH14020136

Kadam, A., Shilo, S., Naor, H., Wainstein, A., Brilon, Y., Feldman, T., et al. (2024).
Utilizing insights of DNA repair machinery to discover MMEJ deletions and novel
mechanisms. Nucleic Acids Res. 52, €106. doi:10.1093/NAR/GKAE1132

Kamrani, S., Amirchaghmaghi, E., Ghaffari, F., Shahhoseini, M., and Ghaedi, K.
(2022). Altered gene expression of VEGF, IGFs and H19 IncRNA and epigenetic profile
of HI9-DMR region in endometrial tissues of women with endometriosis. Reprod.
Health 19, 100. doi:10.1186/512978-022-01406-W

Kaspute, G., Bareikiene, E., Prentice, U., Uzieliene, I, Ramasauskaite, D., and
Ivaskiene, T. (2024). A comprehensive review of advanced diagnostic techniques for
endometriosis: new approaches to improving women’s well-being. Med. B. Aires 60,
1866. doi:10.3390/MEDICINA60111866

Keck, K. M., and Pemberton, L. F. (2012). Histone chaperones link histone nuclear
import and chromatin assembly. Biochim. Biophys. Acta - Gene Regul. Mech. 1819,
277-289. doi:10.1016/j.bbagrm.2011.09.007

Kim, T. H., Yoo, J. Y., Choi, K. C,, Shin, J. H., Leach, R. E., Fazleabas, A. T., et al.
(2019). Loss of HDAC3 results in nonreceptive endometrium and female infertility. Sci.
Transl. Med. 11, eaaf7533. doi:10.1126/SCITRANSLMED.AAF7533

Kim, T. H., Young, S. L, Sasaki, T., Deaton, J. L., Schammel, D. P., Palomino, W. A,, et al.
(2022). Role of SIRT1 and progesterone resistance in normal and abnormal endometrium.
J. Clin. Endocrinol. Metab. 107, 788-800. doi:10.1210/CLINEM/DGAB753

Kirk, U. B,, Bank-Mikkelsen, A. S., Rytter, D., Hartwell, D., Marschall, H., Nyegaard,
M., et al. (2024). Understanding endometriosis underfunding and its detrimental
impact on awareness and research. npj Women’s Heal 2, 45-4. doi:10.1038/s44294-
024-00048-6

Kocas, H. D., Rubin, L. R, and Lobel, M. (2023). Stigma and mental health in
endometriosis. Eur. J. Obstet. Gynecol. Reprod. Biol. X 19, 100228. doi:10.1016/].
EUROX.2023.100228

Koike, N., Higashiura, Y., Akasaka, J., Uekuri, C., Ito, F., and Kobayashi, H. (2015).
Epigenetic dysregulation of endometriosis susceptibility genes (Review). Mol. Med. Rep.
12, 1611-1616. doi:10.3892/mmr.2015.3635

Kozomara, A., Birgaocanu, M., and Griffiths-Jones, S. (2019). miRBase: from
microRNA sequences to function. Nucleic Acids Res. 47, D155-D162-D162. doi:10.
1093/NAR/GKY1141

frontiersin.org


https://doi.org/10.1101/CSHPERSPECT.A018200
https://doi.org/10.1007/S11010-020-03871-Y
https://doi.org/10.1101/GR.082701.108
https://doi.org/10.1007/978-1-4614-6434-1_69-3
https://doi.org/10.1007/978-1-4614-6434-1_69-3
https://doi.org/10.1007/S13311-017-0593-0
https://doi.org/10.1093/BFGP/ELAF005
https://doi.org/10.1080/10408363.2017.1410520
https://doi.org/10.1186/S12885-017-3185-9/FIGURES/2
https://doi.org/10.1186/S12885-017-3185-9/FIGURES/2
https://doi.org/10.1007/S10815-020-01695-9
https://doi.org/10.3389/fonc.2020.01370
https://doi.org/10.1016/J.FSIGEN.2020.102392
https://doi.org/10.15252/EMMM.201505245
https://doi.org/10.1038/S41576-019-0184-5
https://doi.org/10.1016/J.JRI.2016.04.289
https://doi.org/10.1016/J.JRI.2016.04.289
https://doi.org/10.3892/ETM.2020.9093
https://doi.org/10.1210/EN.2019-00442
https://doi.org/10.1210/EN.2019-00442
https://doi.org/10.36721/PJPS.2022.35.1.SP.335-341
https://doi.org/10.36721/PJPS.2022.35.1.SP.335-341
https://doi.org/10.1002/IJC.33217
https://doi.org/10.1111/PPE.12516
https://doi.org/10.1093/annonc/mdx262.021
https://doi.org/10.1210/EN.2007-0749
https://doi.org/10.1210/EN.2007-0749
https://doi.org/10.1007/978-4-431-54421-0_9
https://doi.org/10.1093/MOLEHR/GAV054
https://doi.org/10.1093/MOLEHR/GAV054
https://doi.org/10.1002/RMB2.12047
https://doi.org/10.1002/RMB2.12047
https://doi.org/10.1016/J.JRI.2022.103513
https://doi.org/10.1371/JOURNAL.PONE.0317569
https://doi.org/10.1038/s41420-022-01056-8
https://doi.org/10.3390/ijms222111425
https://doi.org/10.1016/J.BIOPHA.2021.111528
https://doi.org/10.1056/NEJMoa1311194
https://doi.org/10.3390/IJMS18061265
https://doi.org/10.18565/aig.2022.3.68-79
https://doi.org/10.1111/AJI.13078
https://doi.org/10.3389/fcell.2020.00600
https://doi.org/10.3390/GENES8080196
https://doi.org/10.1007/S10815-016-0862-6
https://doi.org/10.1515/med-2022-0558
https://doi.org/10.3390/PH14020136
https://doi.org/10.1093/NAR/GKAE1132
https://doi.org/10.1186/S12978-022-01406-W
https://doi.org/10.3390/MEDICINA60111866
https://doi.org/10.1016/j.bbagrm.2011.09.007
https://doi.org/10.1126/SCITRANSLMED.AAF7533
https://doi.org/10.1210/CLINEM/DGAB753
https://doi.org/10.1038/s44294-024-00048-6
https://doi.org/10.1038/s44294-024-00048-6
https://doi.org/10.1016/J.EUROX.2023.100228
https://doi.org/10.1016/J.EUROX.2023.100228
https://doi.org/10.3892/mmr.2015.3635
https://doi.org/10.1093/NAR/GKY1141
https://doi.org/10.1093/NAR/GKY1141
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Kreibich, E., Kleinendorst, R., Barzaghi, G., Kaspar, S., Krebs Correspondence, A. R,,
and Krebs, A. R. (2023). Single-molecule footprinting identifies context-dependent
regulation of enhancers by DNA methylation. Mol. Cell 83, 787-802.€9. doi:10.1016/j.
molcel.2023.01.017

Kristensen, L. S., Wojdacz, T. K., Thestrup, B. B., Wiuf, C., Hager, H., and
Hansen, L. L. (2009). Quality assessment of DNA derived from up to 30 years old
formalin fixed paraffin embedded (FFPE) tissue for PCR-based methylation
analysis using SMART-MSP and MS-HRM. BMC Cancer 9, 453. doi:10.1186/
1471-2407-9-453

Krolevets, M., Cate, V. ten, Prochaska, J. H., Schulz, A., Rapp, S., Tenzer, S., et al.
(2023). DNA methylation and cardiovascular disease in humans: a systematic review
and database of known CpG methylation sites. Clin. Epigenetics 15, 56-16. doi:10.1186/
S13148-023-01468-Y

Kriiger, J., and Rehmsmeier, M. (2006). RNAhybrid: microRNA target prediction
easy, fast and flexible. Nucleic Acids Res. 34, W451-W454. doi:10.1093/NAR/
GKL243

Kumari, P., Khan, S., Wani, I. A,, Gupta, R, Verma, S., Alam, P., et al. (2022).
Unravelling the role of epigenetic modifications in development and reproduction of
angiosperms: a critical appraisal. Front. Genet. 13, 819941. doi:10.3389/fgene.2022.
819941

Lai, Z. Z., Yang, H. L, Ha, S. Y., Chang, K. K., Mei, J., Zhou, W. ], et al. (2019).
Cyclooxygenase-2 in endometriosis. Int. J. Biol. Sci. 15, 2783-2797. doi:10.7150/IJBS.
35128

Lala, D. S, Rice, D. A., and Parker, K. L. (1992). Steroidogenic factor I, a key regulator
of steroidogenic enzyme expression, is the mouse homolog of fushi tarazu-factor 1. Mol.
Endocrinol. 6, 1249-1258. doi:10.1210/MEND.6.8.1406703

Lamprianidou, E., Kordella, C., Kazachenka, A., Zoulia, E., Bernard, E., Filia, A., et al.
(2021). Modulation of IL-6/STAT3 signaling axis in CD4+FOXP3— T cells represents a
potential antitumor mechanism of azacitidine. Blood Adv. 5, 129-142. doi:10.1182/
BLOODADVANCES.2020002351

Le Menn, G., Jabloniska, A., and Chen, Z. (2022). The effects of post-translational
modifications on Th17/Treg cell differentiation. Biochim. Biophys. Acta - Mol. Cell Res.
1869, 119223. doi:10.1016/].BBAMCR.2022.119223

Lee, H. T., Oh, S., Ro, D. H,, Yoo, H., and Kwon, Y. W. (2020). The key role of DNA
methylation and histone acetylation in epigenetics of atherosclerosis. J. Lipid
Atheroscler. 9, 419-434. doi:10.12997/JLA.2020.9.3.419

Lei, L., Xu, X,, Gong, C,, Lin, B., and Li, F. (2023). Integrated analysis ofgenome—wide
gene expression and DNA methylation profiles reveals candidate genes in ovary
endometriosis. Front. Endocrinol. (Lausanne). 14, 1093683. doi:10.3389/fend0.2023.
1093683

Lev Maor, G., Yearim, A., and Ast, G. (2015). The alternative role of DNA
methylation in splicing regulation. Trends Genet. 31, 274-280. doi:10.1016/].TIG.
2015.03.002

Li, Y., An, D, Guan, Y. X,, and Kang, S. (2017). Aberrant methylation of the
E-cadherin gene promoter region in endometrium and ovarian endometriotic cysts
of patients with ovarian endometriosis. Gynecol. Obstet. Invest. 82, 78-85. doi:10.1159/
000445293

Li, R,, Wang, X,, Huang, Z., Balaji, J., Kim, T. H., Wang, T., et al. (2021). The role of
epithelial progesterone receptor isoforms in embryo implantation. iScience 24, 103487.
doi:10.1016/].1SCI.2021.103487

Li, N,, Song, K., Chen, H.,, and Dai, M. (2025). Advance and challenge of DNA
methylation as cancer biomarkers for risk stratification, screening and early detection.
J. Natl. Cancer Cent. 5, 108-112. doi:10.1016/].JNCC.2024.12.007

Lialios, P., and Alimperti, S. (2025). Role of E-cadherin in epithelial barrier dysfunction:
implications for bacterial infection, inflammation, and disease pathogenesis. Front. Cell. Infect.
Microbiol. 15, 1506636. doi:10.3389/fcimb.2025.1506636

Liang, Z., Wu, Q., Wang, H,, Tan, J., Wang, H., Gou, Y, et al. (2022). Silencing of
IncRNA MALAT1 facilitates erastin-induced ferroptosis in endometriosis through
miR-145-5p/MUC1 signaling. Cell Death Discov. 81 (8), 190-11. doi:10.1038/
541420-022-00975-w

Liao, Z., Liu, W., Wang, L., Xie, W., Yao, C., Huang, Q,, et al. (2025). The role of non-
coding RNA regulates stem cell programmed death in disease therapy. Non-coding RNA
Res. 13, 57-70. doi:10.1016/].NCRNA.2025.04.005

Lin, D., Huang, Q., Wu, R,, Dai, S., Huang, Z., Ren, L., et al. (2019). Long non-
coding RNA AFAP1-AS1 promoting epithelial-mesenchymal transition of
endometriosis is correlated with transcription factor ZEB1. Am. J. Reprod.
Immunol. 81, e13074. doi:10.1111/AJ1.13074

Liu, J., Jennings, S. F., Tong, W., Hong, H,, Liu, ], Jennings, S. F., et al. (2011). Next
generation sequencing for profiling expression of miRNAs: technical progress and
applications in drug development. J. Biomed. Sci. Eng. 4, 666-676. doi:10.4236/JBISE.
2011.410083

Liu, Y., Huang, X, Lu, D.,, Feng, Y, Xu, R, Li, X, et al. (2020). LncRNA
SNHG4 promotes the increased growth of endometrial tissue outside the uterine
cavity via regulating c-Met mediated by miR-148a-3p. Mol. Cell. Endocrinol. 514,
110887. doi:10.1016/J.MCE.2020.110887

Frontiers in Genetics

21

10.3389/fgene.2025.1597287

Liu, J., Heraud, C., Véron, V., Laithier, J., Burel, C., Prézelin, A, et al. (2022a).
Hepatic global DNA hypomethylation phenotype in rainbow trout fed diets
varying in carbohydrate to protein ratio. J. Nutr. 152, 29-39. doi:10.1093/JN/
NXAB343

Liu, S., Qiu, J,, Tang, X, Li, Q, and Shao, W. (2022b). Estrogen regulates the
expression and function of IncRNA-H19 in ectopic endometrium. Int. J. Womens.
Health 14, 821. doi:10.2147/[JWH.S365943

Liu, M,, Liu, S., Li, F., Li, C,, Chen, S., Gao, X, et al. (2023). The miR-124-3p regulates
the allergic airway inflammation and remodeling in an ovalbumin-asthmatic mouse
model by inhibiting S100A4. Immun. Inflamm. Dis. 11, e730. doi:10.1002/1ID3.730

Lorenz, R., Bernhart, S. H., Héner zu Siederdissen, C., Tafer, H., Flamm, C., Stadler, P.
F, et al. (2011). ViennaRNA package 2.0. Algorithms Mol. Biol. 6, 1-14. doi:10.1186/
1748-7188-6-26/TABLES/2

Lu, Q., Wu, A, Ray, D,, Deng, C., Attwood, J., Hanash, S., et al. (2003). DNA
methylation and chromatin structure regulate T cell perforin gene expression.
J. Immunol. 170, 5124-5132. doi:10.4049/JIMMUNOL.170.10.5124

Lu, Y., Chan, Y. T, Tan, H. Y, Li, S,, Wang, N., and Feng, Y. (2020). Epigenetic
regulation in human cancer: the potential role of epi-drug in cancer therapy. Mol.
Cancer 19, 79-16. doi:10.1186/512943-020-01197-3

Lu, R, Zhu, J,, Li, X, Zeng, C., Huang, Y., Peng, C., et al. (2024). ERB-activated
LINC01018 promotes endometriosis development by regulating the CDC25C/CDK1/
CyclinB1 pathway. J. Genet. Genomics 51, 617-629. doi:10.1016/].JGG.2023.12.012

Lu, Y., Zhang, Y, Yao, J., Bai, W., and Li, K. (2025). Histone modifications: potential
therapeutic targets for diabetic retinopathy. Biomol 15, 575-15. doi:10.3390/
BIOM15040575

Lucidi, R. S., Witz, C. A., Chrisco, M., Binkley, P. A, Shain, S. A., and Schenken, R. S.
(2005). A novel in vitro model of the early endometriotic lesion demonstrates that
attachment of endometrial cells to mesothelial cells is dependent on the source of
endometrial cells. Fertil. Steril. 84, 16-21. do0i:10.1016/]. FERTNSTERT.2004.10.058

Luppino, G., Wasniewska, M., Coco, R., Pepe, G., Morabito, L. A., Li Pomi, A, et al.
(2024). Role of NR5A1 gene mutations in disorders of sex development: molecular and
clinical features. Curr. Issues Mol. Biol. 46, 4519-4532. doi:10.3390/CIMB46050274

Ma, L., Guo, H., Zhao, Y., Liu, Z, Wang, C,, By, J,, et al. (2024). Liquid biopsy in
cancer current: status, challenges and future prospects. Signal Transduct. Target. Ther. 9,
336. doi:10.1038/541392-024-02021-W

Macer, M. L., and Taylor, H. S. (2012). Endometriosis and infertility: a review of the
pathogenesis and treatment of endometriosis-associated infertility. Obstet. Gynecol.
Clin. North Am. 39, 535-549. doi:10.1016/J.0GC.2012.10.002

Maekawa, R, Mihara, Y., Sato, S., Okada, M., Tamura, I, Shinagawa, M., et al. (2019).
Aberrant DNA methylation suppresses expression of estrogen receptor 1 (ESR1) in
ovarian endometrioma. J. Ovarian Res. 12, 14. doi:10.1186/S13048-019-0489-1

Maier, I. M., and Maier, A. C. (2021). miRNAs and IncRNAs: potential non-invasive
biomarkers for endometriosis. Biomed 9, 1662-1669. doi:10.3390/
BIOMEDICINES9111662

Mani, S. K., and Oyola, M. G. (2012). Progesterone signaling mechanisms in brain and
behavior. Front. Endocrinol. (Lausanne). 3, 7. doi:10.3389/fend0.2012.00007

Mao, H., Zhang, X., Yin, L, Ji, X., Huang, C., and Wu, Q. (2023). Silencing of circ_
0007299 suppresses proliferation, migration, and invasiveness and promotes apoptosis
of ectopic endometrial stromal cells in endometriosis via miR-424-5p-dependent
modulation of CREB1. Arch. Gynecol. Obstet. 307, 149-161. doi:10.1007/S00404-
022-06650-W

Marakulina, D., Vorontsov, I. E., Kulakovskiy, I. V., Lennartsson, A., Drables, F., and
Medvedeva, Y. A. (2023). EpiFactors 2022: expansion and enhancement of a curated
database of human epigenetic factors and complexes. Nucleic Acids Res. 51, D564-D570.
doi:10.1093/NAR/GKAC989

Mariadas, H., Chen, J. H., and Chen, K. H. (2025). The molecular and cellular
mechanisms of endometriosis: from basic pathophysiology to clinical implications. Int.
J. Mol. Sci. 26, 2458-26. doi:10.3390/1]MS26062458

Martin, E. M., and Fry, R. C. (2018). Environmental influences on the epigenome:
exposure- associated DNA methylation in human populations. Annu. Rev. Public
Health 39, 309-333. doi:10.1146/ANNUREV-PUBLHEALTH-040617-014629

Mathyk, B. A., Cetin, E., Youssef, Y., Imudia, A. N., Encalada Soto, D., Mikhail, E.,
et al. (2024). Beyond the surface: does stage I-II endometriosis impact fertility?
Exploring the challenges of mild disease. Best. Pract. Res. Clin. Obstet. Gynaecol. 96,
102501. doi:10.1016/].BPOBGYN.2024.102501

Matsuzaki, S., and Darcha, C. (2012). Epithelial to mesenchymal transition-like and
mesenchymal to epithelial transition-like processes might be involved in the
pathogenesis of pelvic endometriosis. Hum. Reprod. 27, 712-721. doi:10.1093/
HUMREP/DER442

Mattick, J. S., Amaral, P. P., Carninci, P., Carpenter, S., Chang, H. Y., Chen, L. L, et al.
(2023). Long non-coding RNAs: definitions, functions, challenges and recommendations.
Nat. Rev. Mol. Cell Biol. 2023 24, 430-447. doi:10.1038/s41580-022-00566-8

Medvedeva, Y. A, Lennartsson, A., Ehsani, R., Kulakovskiy, I. V., Vorontsov, I. E.,
Panahandeh, P., et al. (2015). EpiFactors: a comprehensive database of human

frontiersin.org


https://doi.org/10.1016/j.molcel.2023.01.017
https://doi.org/10.1016/j.molcel.2023.01.017
https://doi.org/10.1186/1471-2407-9-453
https://doi.org/10.1186/1471-2407-9-453
https://doi.org/10.1186/S13148-023-01468-Y
https://doi.org/10.1186/S13148-023-01468-Y
https://doi.org/10.1093/NAR/GKL243
https://doi.org/10.1093/NAR/GKL243
https://doi.org/10.3389/fgene.2022.819941
https://doi.org/10.3389/fgene.2022.819941
https://doi.org/10.7150/IJBS.35128
https://doi.org/10.7150/IJBS.35128
https://doi.org/10.1210/MEND.6.8.1406703
https://doi.org/10.1182/BLOODADVANCES.2020002351
https://doi.org/10.1182/BLOODADVANCES.2020002351
https://doi.org/10.1016/J.BBAMCR.2022.119223
https://doi.org/10.12997/JLA.2020.9.3.419
https://doi.org/10.3389/fendo.2023.1093683
https://doi.org/10.3389/fendo.2023.1093683
https://doi.org/10.1016/J.TIG.2015.03.002
https://doi.org/10.1016/J.TIG.2015.03.002
https://doi.org/10.1159/000445293
https://doi.org/10.1159/000445293
https://doi.org/10.1016/J.ISCI.2021.103487
https://doi.org/10.1016/J.JNCC.2024.12.007
https://doi.org/10.3389/fcimb.2025.1506636
https://doi.org/10.1038/s41420-022-00975-w
https://doi.org/10.1038/s41420-022-00975-w
https://doi.org/10.1016/J.NCRNA.2025.04.005
https://doi.org/10.1111/AJI.13074
https://doi.org/10.4236/JBISE.2011.410083
https://doi.org/10.4236/JBISE.2011.410083
https://doi.org/10.1016/J.MCE.2020.110887
https://doi.org/10.1093/JN/NXAB343
https://doi.org/10.1093/JN/NXAB343
https://doi.org/10.2147/IJWH.S365943
https://doi.org/10.1002/IID3.730
https://doi.org/10.1186/1748-7188-6-26/TABLES/2
https://doi.org/10.1186/1748-7188-6-26/TABLES/2
https://doi.org/10.4049/JIMMUNOL.170.10.5124
https://doi.org/10.1186/S12943-020-01197-3
https://doi.org/10.1016/J.JGG.2023.12.012
https://doi.org/10.3390/BIOM15040575
https://doi.org/10.3390/BIOM15040575
https://doi.org/10.1016/J.FERTNSTERT.2004.10.058
https://doi.org/10.3390/CIMB46050274
https://doi.org/10.1038/S41392-024-02021-W
https://doi.org/10.1016/J.OGC.2012.10.002
https://doi.org/10.1186/S13048-019-0489-1
https://doi.org/10.3390/BIOMEDICINES9111662
https://doi.org/10.3390/BIOMEDICINES9111662
https://doi.org/10.3389/fendo.2012.00007
https://doi.org/10.1007/S00404-022-06650-W
https://doi.org/10.1007/S00404-022-06650-W
https://doi.org/10.1093/NAR/GKAC989
https://doi.org/10.3390/IJMS26062458
https://doi.org/10.1146/ANNUREV-PUBLHEALTH-040617-014629
https://doi.org/10.1016/J.BPOBGYN.2024.102501
https://doi.org/10.1093/HUMREP/DER442
https://doi.org/10.1093/HUMREP/DER442
https://doi.org/10.1038/s41580-022-00566-8
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

epigenetic factors and complexes. Database 2015, bav067. doi:10.1093/DATABASE/
BAV067

Mei, J., Li, M. Q., Ding, D., Li, D.],, Jin, L. P, Hu, W. G,, et al. (2013). Indoleamine 2,3-
dioxygenase-1 (Idol) enhances survival and invasiveness of endometrial stromal cells
via the activation of JNK signaling pathway. Int. J. Clin. Exp. Pathol. 6, 431-444.

Mei, J., Zhou, W.J,, Zhu, X. Y., Lu, H., Wu, K, Yang, H. L,, et al. (2018). Suppression
of autophagy and HCK signaling promotes PTGS2high FCGR3— NK cell differentiation
triggered by ectopic endometrial stromal cells. Autophagy 14, 1376-1397. doi:10.1080/
15548627.2018.1476809

Meissner, A., Mikkelsen, T. S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A., et al.
(2008). Genome-scale DNA methylation maps of pluripotent and differentiated cells.
Nature 454, 766-770. doi:10.1038/NATURE(07107

Meng, X,, Li, A,, Yu, B,, and Li, S. (2021). Interplay between miRNAs and
IncRNAs: mode of action and biological roles in plant development and stress
adaptation. Comput. Struct. Biotechnol. J. 19, 2567-2574. d0i:10.1016/].CSBJ.2021.
04.062

Meng, Y., Meng, Y., Li, L, Li, Y., He, J,, and Shan, Y. (2024). The role of DNA
methylation in placental development and its implications for preeclampsia. Front. Cell
Dev. Biol. 12, 1494072. doi:10.3389/fcell.2024.1494072

Meyer, J. L., Zimbardi, D., Podgaec, S., Amorim, R. L., Abrdo, M. S., and Rainho, C. A.
(2014). DNA methylation patterns of steroid receptor genes ESR1, ESR2 and PGR in
deep endometriosis compromising the rectum. Int. J. Mol. Med. 33, 897-904. doi:10.
3892/ijmm.2014.1637

Miller, J. L., and Grant, P. A. (2013). The role of DNA methylation and histone
modifications in transcriptional regulation in humans. Subcell. Biochem. 61, 289-317.
doi:10.1007/978-94-007-4525-4_13

Misir, S., Hepokur, C., Oksasoglu, B., Yildiz, C., Yanik, A., and Aliyazicioglu, Y.
(2021). Circulating serum miR-200c and miR-34a-5p as diagnostic biomarkers for
endometriosis. J. Gynecol. Obstet. Hum. Reprod. 50, 102092. doi:10.1016/].JOGOH.
2021.102092

Miziak, P., Baran, M., Blaszczak, E., Przybyszewska-Podstawka, A., Katafut, J., Smok-
Kalwat, J., et al. (2023). Estrogen receptor signaling in breast cancer. Cancers 15,
4689-15. doi:10.3390/CANCERS15194689

Molefi, T., Mabonga, L., Hull, R., Sebitloane, M., and Dlamini, Z. (2025). From genes
to clinical practice: exploring the genomic underpinnings of endometrial cancer.
Cancers 17, 320-17. doi:10.3390/CANCERS17020320

Molkentin, J. D. (2000). The zinc finger-containing transcription factors GATA-4, -5,
and -6. Ubiquitously expressed regulators of tissue-specific gene expression. J. Biol.
Chem. 275, 38949-38952. doi:10.1074/JBC.R000029200

Monteiro, J. B., Colén-Diaz, M., Garcia, M., Gutierrez, S., Colén, M., Seto, E., et al.
(2014). Endometriosis is characterized by a distinct pattern of histone 3 and histone
4 lysine modifications. Reprod. Sci. 21, 305-318. doi:10.1177/1933719113497267

Moore, L. D, Le, T., and Fan, G. (2012). DNA methylation and its basic function.
Neuropsychopharmacol 38, 23-38. doi:10.1038/npp.2012.112

Mortlock, S., Houshdaran, S., Kosti, I., Rahmioglu, N., Nezhat, C., Vitonis, A.
F., et al. (2023). Global endometrial DNA methylation analysis reveals
insights into mQTL regulation and associated endometriosis disease risk and
endometrial function. Commun. Biol. 2023 61 (6), 780-17. doi:10.1038/s42003-
023-05070-z

Moustafa, S., Burn, M., Mamillapalli, R., Nematian, S., Flores, V., and Taylor, H. S.
(2020). Accurate diagnosis of endometriosis using serum microRNAs. Am. J. Obstet.
Gynecol. 223, 557.e1-557. d0i:10.1016/].AJOG.2020.02.050

Muharam, R., Harzif, A. K., Catherine, A., and Wiweko, B. (2016). A preliminary
communication: ongoing study on HOXA10 methylation profile of endometriosis
patients with infertility. J. Endometr. Pelvic Pain Disord. 8, 106-110. doi:10.5301/JE.
5000247

Munro, S. K., Farquhar, C. M., Mitchell, M. D., and Ponnampalam, A. P. (2010).
Epigenetic regulation of endometrium during the menstrual cycle. Mol. Hum. Reprod.
16, 297-310. doi:10.1093/MOLEHR/GAQ010

Nabiel, Y., Elshahawy, H., and Mosbah, A. (2020). Intrauterine bacterial colonization
and endometrial MicroRNA-17-5p levels in association to endometriosis: a study in an
Egyptian population. Immunol. Invest. 49, 611-621. doi:10.1080/08820139.2019.
1693592

Nasu, K., Kawano, Y., Tsukamoto, Y., Takano, M., Takai, N., Li, H., et al. (2011).
Aberrant DNA methylation status of endometriosis: epigenetics as the pathogenesis,
biomarker and therapeutic target. J. Obstet. Gynaecol. Res. 37, 683-695. doi:10.1111/].
1447-0756.2011.01663.X

Nazarenko, T. A, Kalinina, E. A., Knyazeva, E. A, Kiselev, V. L, Smolnikova, V. Y.,
and Sukhikh, G. T. (2019). The role of abnormal hypermethylation of the HOXA10 and
HOXA11 promoters in implantation failures in IVF programs. Gynecol. Endocrinol. 35,
31-34. doi:10.1080/09513590.2019.1632087

Ned, R. M., Melillo, S., and Marrone, M. (2011). Fecal DNA testing for colorectal
cancer screening: the ColoSure™ test. PLoS Curr. 3, RRN1220. doi:10.1371/
CURRENTS.RRN1220

Frontiers in Genetics

10.3389/fgene.2025.1597287

Newell-Price, J., Clark, A. J. L., and King, P. (2000). DNA methylation and silencing of
gene expression. Trends Endocrinol. Metab. 11, 142-148. doi:10.1016/51043-2760(00)
00248-4

Noél, J. C., Borghese, B., Vaiman, D., Fayt, I, Anaf, V., and Chapron, C. (2010).
Steroidogenic factor-1 expression in ovarian endometriosis. Appl. Immunohistochem.
Mol. Morphol. AIMM 18, 258-261. doi:10.1097/PALOB013E3181C06948

Noél, J. C., Anaf, V., Borghese, B., Vaiman, D., Fayt, I, and Chapron, C. (2011). The
steroidogenic factor-1 protein is not expressed in various forms of endometriosis but is
strongly present in ovarian cortical or medullary mesenchymatous cells adjacent to
endometriotic foci. Fertil. Steril. 95, 2655-2657. doi:10.1016/].FERTNSTERT.2011.
01.131

Ochoa Bernal, M. A., and Fazleabas, A. T. (2024). The known, the unknown and the
future of the pathophysiology of endometriosis. Int. J. Mol. Sci. 25, 5815. doi:10.3390/
ijms25115815

Oghenemaro, E. F,, Hjazi, A., Altalbawy, F. M. A, Kyada, A., Nathiya, D., Kaur,
P., et al. (2025). Unraveling the role of IncRNA in Endometriosis-Associated
immune system Dysregulation: exploring the intricate immunological changes and
disrupted signaling pathways. Hum. Immunol. 86, 111248. doi:10.1016/].
HUMIMM.2025.111248

Onieva-Garcia, M. A., Llanos-Méndez, A., Baios-Alvarez, E., and Isabel-Gémez, R.
(2015). A systematic review of the clinical validity of the Cologuard™ genetic test for
screening colorectal cancer. Rev. Clin. Esp. 215, 527-536. doi:10.1016/].RCE.2015.
08.002

Orioli, D., and Dellambra, E. (2018). Epigenetic regulation of skin cells in natural
aging and premature aging diseases. Cells 7, 268. doi:10.3390/CELLS7120268

Osuga, Y., Koga, K., Hirota, Y., Hirata, T., Yoshino, O., and Taketani, Y. (2011).
Lymphocytes in endometriosis. Am. J. Reprod. Immunol. 65, 1-10. doi:10.1111/].1600-
0897.2010.00887.X

Papari, E., Noruzinia, M., Kashani, L., and Foster, W. G. (2020). Identification of
candidate microRNA markers of endometriosis with the use of next-generation
sequencing and quantitative real-time polymerase chain reaction. Fertil. Steril. 113,
1232-1241. doi:10.1016/].FERTNSTERT.2020.01.026

Pappalardo, X. G., and Barra, V. (2021). Losing DNA methylation at repetitive
elements and breaking bad. Epigenetics Chromatin 14 (2), 25-21. doi:10.1186/S13072-
021-00400-Z

Parasar, P., Ozcan, P, and Terry, K. L. (2017). Endometriosis: epidemiology,
diagnosis and clinical management. Curr. Obstet. Gynecol. Rep. 6, 34-41. doi:10.
1007/513669-017-0187-1

Parliamentary question (2023). Tackling the environmental factors that cause
endometriosis | E-000541/2023. France: European Parliament. Available online at:
https://www.europarl.europa.eu/doceo/document/E-9-2023-000541_EN.htm]
(Accessed May 26, 2025).

Pathak, R,, Singh, P., Ananthakrishnan, S., Adamczyk, S., Schimmel, O., and Govind,
C. K. (2018). Acetylation-dependent recruitment of the FACT complex and its role in
regulating pol II occupancy genome-wide in Saccharomyces cerevisiae. Genetics 209,
743-756. doi:10.1534/GENETICS.118.300943

Peinado, F. M., Océn-Herndndez, O., Iribarne-Durdn, L. M., Vela-Soria, F.,
Ubina, A., Padilla, C., et al. (2021). Cosmetic and personal care product use,
urinary levels of parabens and benzophenones, and risk of endometriosis: results
from the EndEA study. Environ. Res. 196, 110342. doi:10.1016/].ENVRES.2020.
110342

Perricos, A., Proestling, K., Husslein, H., Kuessel, L., Hudson, Q. J., Wenzl, R.,
et al. (2022). Hsa-mir-135a shows potential as A putative diagnostic biomarker in
saliva and plasma for endometriosis. Biomolecules 12, 1144. doi:10.3390/
BIOM12081144

Petracco, R, Dias, A. C. D. O,, Taylor, H. S., Petracco, A., Badalotti, M., Michelon,
J. D. R, et al. (2019). Evaluation of miR-135a/b expression in endometriosis lesions.
Biomed. Rep. 11, 181-187. doi:10.3892/br.2019.1237

Pogribny, I. P., and Beland, F. A. (2009). DNA hypomethylation in the origin and
pathogenesis of human diseases. Cell. Mol. Life Sci. C 66, 2249-2261. doi:10.1007/
S00018-009-0015-5

Pogribny, I. P, and Rusyn, I. (2014). Role of epigenetic aberrations in the
development and progression of human hepatocellular carcinoma. Cancer Lett. 342,
223-230. doi:10.1016/].CANLET.2012.01.038

Pokrovenko, D. A., Vozniuk, V., and Medvediev, M. V. (2021). MicroRNA let-7: a
promising non-invasive biomarker for diagnosing and treating external genital
endometriosis. Turk. J. Obstet. Gynecol. 18, 291-297. doi:10.4274/TJOD.GALENOS.
2021.07277

Psilopatis, L., Vrettou, K., Fleckenstein, F. N., and Theocharis, S. (2023). The impact of
histone modifications in endometriosis highlights new therapeutic opportunities. Cells
12, 1227. doi:10.3390/CELLS12091227

Pu, D,, Yin, L., Huang, L., Qin, C,, Zhou, Y., Wu, Q,, et al. (2021). Cyclooxygenase-2
inhibitor: a potential combination strategy with immunotherapy in cancer. Front.
Oncol. 11, 637504. doi:10.3389/fonc.2021.637504

frontiersin.org


https://doi.org/10.1093/DATABASE/BAV067
https://doi.org/10.1093/DATABASE/BAV067
https://doi.org/10.1080/15548627.2018.1476809
https://doi.org/10.1080/15548627.2018.1476809
https://doi.org/10.1038/NATURE07107
https://doi.org/10.1016/J.CSBJ.2021.04.062
https://doi.org/10.1016/J.CSBJ.2021.04.062
https://doi.org/10.3389/fcell.2024.1494072
https://doi.org/10.3892/ijmm.2014.1637
https://doi.org/10.3892/ijmm.2014.1637
https://doi.org/10.1007/978-94-007-4525-4_13
https://doi.org/10.1016/J.JOGOH.2021.102092
https://doi.org/10.1016/J.JOGOH.2021.102092
https://doi.org/10.3390/CANCERS15194689
https://doi.org/10.3390/CANCERS17020320
https://doi.org/10.1074/JBC.R000029200
https://doi.org/10.1177/1933719113497267
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/s42003-023-05070-z
https://doi.org/10.1038/s42003-023-05070-z
https://doi.org/10.1016/J.AJOG.2020.02.050
https://doi.org/10.5301/JE.5000247
https://doi.org/10.5301/JE.5000247
https://doi.org/10.1093/MOLEHR/GAQ010
https://doi.org/10.1080/08820139.2019.1693592
https://doi.org/10.1080/08820139.2019.1693592
https://doi.org/10.1111/J.1447-0756.2011.01663.X
https://doi.org/10.1111/J.1447-0756.2011.01663.X
https://doi.org/10.1080/09513590.2019.1632087
https://doi.org/10.1371/CURRENTS.RRN1220
https://doi.org/10.1371/CURRENTS.RRN1220
https://doi.org/10.1016/S1043-2760(00)00248-4
https://doi.org/10.1016/S1043-2760(00)00248-4
https://doi.org/10.1097/PAI.0B013E3181C06948
https://doi.org/10.1016/J.FERTNSTERT.2011.01.131
https://doi.org/10.1016/J.FERTNSTERT.2011.01.131
https://doi.org/10.3390/ijms25115815
https://doi.org/10.3390/ijms25115815
https://doi.org/10.1016/J.HUMIMM.2025.111248
https://doi.org/10.1016/J.HUMIMM.2025.111248
https://doi.org/10.1016/J.RCE.2015.08.002
https://doi.org/10.1016/J.RCE.2015.08.002
https://doi.org/10.3390/CELLS7120268
https://doi.org/10.1111/J.1600-0897.2010.00887.X
https://doi.org/10.1111/J.1600-0897.2010.00887.X
https://doi.org/10.1016/J.FERTNSTERT.2020.01.026
https://doi.org/10.1186/S13072-021-00400-Z
https://doi.org/10.1186/S13072-021-00400-Z
https://doi.org/10.1007/S13669-017-0187-1
https://doi.org/10.1007/S13669-017-0187-1
https://www.europarl.europa.eu/doceo/document/E-9-2023-000541_EN.html
https://doi.org/10.1534/GENETICS.118.300943
https://doi.org/10.1016/J.ENVRES.2020.110342
https://doi.org/10.1016/J.ENVRES.2020.110342
https://doi.org/10.3390/BIOM12081144
https://doi.org/10.3390/BIOM12081144
https://doi.org/10.3892/br.2019.1237
https://doi.org/10.1007/S00018-009-0015-5
https://doi.org/10.1007/S00018-009-0015-5
https://doi.org/10.1016/J.CANLET.2012.01.038
https://doi.org/10.4274/TJOD.GALENOS.2021.07277
https://doi.org/10.4274/TJOD.GALENOS.2021.07277
https://doi.org/10.3390/CELLS12091227
https://doi.org/10.3389/fonc.2021.637504
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Qi, Q., Li, Y., Chen, Z., Luo, Z.,, Zhou, T., Zhou, J., et al. (2025). Update on the
pathogenesis of endometriosis-related infertility based on contemporary evidence.
Front. Endocrinol. (Lausanne). 16, 1558271. doi:10.3389/fend0.2025.1558271

Ragini, S., Mani, I, and Singh, V. (2023). Applications of bioinformatics in
epigenetics. Prog. Mol. Biol. Transl. Sci. 198, 1-13. doi:10.1016/BS.PMBTS.2023.
03.023

Ramirez-Pavez, T. N., Martinez-Esparza, M., Ruiz-Alcaraz, A. J., Marin-Sanchez, P.,
Machado-Linde, F., and Garcia-Pefarrubia, P. (2021). The role of peritoneal
macrophages in endometriosis. Int. J. Mol Sci. 22, 10792-22. doi:10.3390/
1JMS221910792

Rauluseviciute, I, Drables, F., and Rye, M. B. (2020). DNA hypermethylation
associated with upregulated gene expression in prostate cancer demonstrates the
diversity of epigenetic regulation. BMC Med. Genomics 13, 1-15. doi:10.1186/
$12920-020-0657-6/FIGURES/6

Ravaggi, A., Bergamaschi, C., Galbiati, C., Zanotti, L., Fabricio, A. S. C., Gion,
M., et al. (2024). Circulating serum micro-RNA as non-invasive diagnostic
biomarkers of endometriosis. Biomedicines 12, 2393. doi:10.3390/
biomedicines12102393

Razi, M. H., Eftekhar, M., Ghasemi, N., Sheikhha, M. H., and Firoozabadi, A. D.
(2020). Expression levels of circulatory mir-185-5p, vascular endothelial growth factor,
and platelet-derived growth factor target genes in endometriosis. Int. J. Reprod. Biomed.
18, 347-358. doi:10.18502/IJRM.V1315.7155

Rendek, T., Pos, O., Duranova, T., Saade, R, Budis, J., Repiska, V., et al. (2024).
Current challenges of methylation-based liquid biopsies in cancer diagnostics. Cancers
(Basel) 16, 2001. doi:10.3390/cancers16112001

Retis-Resendiz, A. M., Gonzélez-Garcfa, I. N., Ledn-Juédrez, M., Camacho—Armyo, I,
Cerb6n, M., and Vizquez-Martinez, E. R. (2021). The role of epigenetic mechanisms in
the regulation of gene expression in the cyclical endometrium. Clin. Epigenetics 13, 116.
doi:10.1186/S13148-021-01103-8

Riaz, F., Huang, Z., and Pan, F. (2023). Targeting post-translational modifications of
Foxp3: a new paradigm for regulatory T cell-specific therapy. Front. Immunol. 14,
1280741. doi:10.3389/FIMMU.2023.1280741

Riccio, L., da, G. C,, Santulli, P., Marcellin, L., Abriao, M. S., Batteux, F., et al. (2018).
Immunology of endometriosis. Best. Pract. Res. Clin. Obstet. Gynaecol. 50, 39-49.
doi:10.1016/].BPOBGYN.2018.01.010

Rishik, S., Hirsch, P., Grandke, F., Fehlmann, T., and Keller, A. (2025).
miRNATissueAtlas 2025: an update to the uniformly processed and annotated
human and mouse non-coding RNA tissue atlas. Nucleic Acids Res. 53, D129-D137.
doi:10.1093/NAR/GKAE1036

Rocha-Junior, C. V., Da Broi, M. G., Miranda-Furtado, C. L., Navarro, P. A,, Ferriani,
R. A, and Meola, J. (2019). Progesterone receptor B (PGR-B) is partially methylated in
eutopic endometrium from infertile women with endometriosis. Reprod. Sci. 26,
1568-1574. doi:10.1177/1933719119828078

Rodenhiser, D., and Mann, M. (2006). Epigenetics and human disease:
translating basic biology into clinical applications. CMAJ 174, 341-348. doi:10.
1503/CMAJ.050774

Romano, A., Xanthoulea, S., Giacomini, E., Delvoux, B., Alleva, E., and Vigano,
P. (2020). Endometriotic cell culture contamination and authenticity: a source of
bias in in vitro research? Hum. Reprod. 35, 364-376. doi:10.1093/HUMREP/
DEZ266

Rouzer, C. A., and Marnett, L. J. (2009). Cyclooxygenases: structural and functional
insights. J. Lipid Res. 50, $29-S34. doi:10.1194/JLR.R800042-JLR200

Saare, M., Rekker, K., Laisk-Podar, T., Rahmioglu, N., Zondervan, K., Salumets, A.,
et al. (2017). Challenges in endometriosis miRNA studies — from tissue heterogeneity
to disease specific miRNAs. BBA - Mol. Basis Dis. 1863, 2282-2292. doi:10.1016/j.
bbadis.2017.06.018

Saini, H. K., Griffiths-Jones, S., and Enright, A. J. (2007). Genomic analysis of human
microRNA transcripts. Proc. Natl. Acad. Sci. U. S. A. 104, 17719-17724. doi:10.1073/
PNAS.0703890104

Salone, V., and Rederstorff, M. (2015). Stem-loop RT-PCR based quantification
of small non-coding RNAs. Methods Mol. Biol. 1296, 103-108. d0i:10.1007/978-1-
4939-2547-6_10

Samadieh, Y., Favaedi, R., Ramezanali, F., Afsharian, P., Aflatoonian, R., and
Shahhoseini, M. (2019). Epigenetic dynamics of HOXA10 gene in infertile
women with endometriosis. Reprod. Sci. 26, 88-96. doi:10.1177/
1933719118766255

Samartzis, E. P., Noske, A., Samartzis, N., Fink, D., and Imesch, P. (2013). The
expression of histone deacetylase 1, but not other class I histone deacetylases, is
significantly increased in endometriosis. Reprod. Sci. 20, 1416-1422. doi:10.1177/
1933719113488450

Saunders, P. T. K., and Horne, A. W. (2021). Endometriosis: etiology, pathobiology,
and therapeutic prospects. Cell 184, 2807-2824. doi:10.1016/].CELL.2021.04.041

Schimmer, B. P., and White, P. C. (2010). Minireview: steroidogenic factor 1: its roles
in differentiation, development, and disease. Mol. Endocrinol. 24, 1322-1337. doi:10.
1210/ME.2009-0519

Frontiers in Genetics

10.3389/fgene.2025.1597287

Schuermann, D., Weber, A. R, and Schir, P. (2016). Active DNA demethylation by
DNA repair: facts and uncertainties. DNA Repair (Amst) 44, 92-102. doi:10.1016/].
DNAREP.2016.05.013

Setiawan, A., Anwar, R,, Syamsunarno, M. R. A. A, Mose, J. C., Santoso, B., Maskoen,
A. M, et al. (2023). Epigenetic regulation interplays with endometriosis pathogenesis in
low-birth-weight patients via the progesterone receptor B-VEGF-DNMT1 Axis. Diagn.
Basel, Switz. 13, 2085. doi:10.3390/DIAGNOSTICS13122085

Shang, Y., Jiang, T., Ran, L., Hu, W., Wu, Y., Ye, ], et al. (2022). TET2-BCLAF1
transcription repression complex epigenetically regulates the expression of colorectal
cancer gene Ascl2 via methylation of its promoter. J. Biol. Chem. 298, 102095. doi:10.
1016/].JBC.2022.102095

Shi, J., Xu, Q., Yu, S., and Zhang, T. (2025). Perturbations of the endometrial
immune microenvironment in endometriosis and adenomyosis: their impact on
reproduction and pregnancy. Semin. Immunopathol. 47, 16. doi:10.1007/S00281-
025-01040-1

Shu, J., Zhang, K., Zhang, M., Yao, A., Shao, S., Du, F,, et al. (2015). GATA family
members as inducers for cellular reprogramming to pluripotency. Cell Res. 25, 169-180.
doi:10.1038/cr.2015.6

Shu, F., Xiao, H., Li, Q. N, Ren, X. S., Liu, Z. G., Hu, B. W, et al. (2023).
Epigenetic and post-translational modifications in autophagy: biological functions
and therapeutic targets. Signal Transduct. Target. Ther. 81 (8), 32-23. doi:10.1038/
541392-022-01300-8

Siddika, T., and Heinemann, I. U. (2021). Bringing MicroRNAs to light: methods for
MicroRNA quantification and visualization in live cells. Front. Bioeng. Biotechnol. 8,
619583. doi:10.3389/FBIOE.2020.619583

Simko, S., and Wright, K. N. (2022). The future of diagnostic laparoscopy - cons.
Reprod. Fertil. 3, R91-R95. doi:10.1530/RAF-22-0007

Skorupskaite, K., and Bhandari, H. M. (2024). Endometriosis and fertility. Obstet.
Gynaecol. Reprod. Med. 34, 319-325. doi:10.1016/].OGRM.2024.08.006

Song, C., Han, Y., Luo, H,, Qin, Z., Chen, Z,, Liu, Y., et al. (2019). HOXA10 induces
BCL2 expression, inhibits apoptosis, and promotes cell proliferation in gastric cancer.
Cancer Med. 8, 5651-5661. doi:10.1002/CAM4.2440

Song, D., He, H., Indukuri, R., Huang, Z., Stepanauskaite, L., Sinha, L, et al. (2022).
ERa and ERB homodimers in the same cellular context regulate distinct transcriptomes
and functions. Front. Endocrinol. (Lausanne). 13, 930227. doi:10.3389/fend0.2022.
930227

Spada, S. (2021). Study of microRNAs carried by exosomes. Methods Cell Biol. 165,
187-197. doi:10.1016/BS.MCB.2021.02.006

Suen, J. L., Chang, Y., Chiu, P. R, Hsieh, T. H., Hsi, E., Chen, Y. C,, et al. (2014). Serum
level of IL-10 is increased in patients with endometriosis, and IL-10 promotes the
growth of lesions in a murine model. Am. J. Pathol. 184, 464-471. doi:10.1016/].
AJPATH.2013.10.023

Suszczyk, D., Skiba, W., Pawlowska-Lachut, A., Dymanowska-Dyjak, I, Wlodarczyk,
K., Paduch, R,, et al. (2024). Immune checkpoints in endometriosis—a new insight in
the pathogenesis. Int. J. Mol. Sci. 25, 6266-25. doi:10.3390/IJMS25116266

Szaflik, T., Romanowicz, H., Szylo, K., Kotacinski, R., Michalska, M. M., Samulak, D.,
et al. (2022). Analysis of long non-coding RNA (IncRNA) UCA1l, MALATI,
TC0101441, and H19 expression in endometriosis. Int. J. Mol. Sci. 23, 11583. doi:10.
3390/1JMS231911583

Szaflik, T., Romanowicz, H., Szylo, K., and Smolarz, B. (2023). Long non-coding
RNA SNHG4 expression in women with endometriosis: a pilot study. Genes (Basel) 14,
152. doi:10.3390/GENES14010152

Szukiewicz, D. (2022). Epigenetic regulation and T-cell responses in
endometriosis — something other than autoimmunity. Front. Immunol. 13, 943839.
doi:10.3389/fimmu.2022.943839

Takizawa, S., Matsuzaki, J., and Ochiya, T. (2022). Circulating microRNAs: challenges
with their use as liquid biopsy biomarkers. Cancer Biomark. 35, 1-9. doi:10.3233/CBM-
210223

Tanaka, Y., Mori, T., Ito, F., Koshiba, A., Takaoka, O., Kataoka, H., et al. (2017).
Exacerbation of endometriosis due to regulatory T-cell dysfunction. J. Clin. Endocrinol.
Metab. 102, 3206-3217. doi:10.1210/JC.2017-00052

Taryma-Le$niak, O., Sokolowska, K. E., and Wojdacz, T. K. (2020). Current status of
development of methylation biomarkers for in vitro diagnostic IVD applications. Clin.
Epigenetics 12, 1-16. doi:10.1186/S13148-020-00886-6/TABLES/1

Taylor, H. S., Arici, A, Olive, D., and Igarashi, P. (1998). HOXA10 is expressed in
response to sex steroids at the time of implantation in the human endometrium. J. Clin.
Invest. 101, 1379-1384. doi:10.1172/JCI1057

Taylor, H. S., Kotlyar, A. M., and Flores, V. A. (2021). Endometriosis is a chronic
systemic disease: clinical challenges and novel innovations. Lancet London, Engl. 397,
839-852. doi:10.1016/S0140-6736(21)00389-5

Terzic, M., Aimagambetova, G., Kunz, J., Bapayeva, G., Aitbayeva, B., Terzic, S.,
et al. (2021). Molecular basis of endometriosis and endometrial cancer: current
knowledge and future perspectives. Int. J. Mol. Sci. 22, 9274-22. d0i:10.3390/
1JMS22179274

frontiersin.org


https://doi.org/10.3389/fendo.2025.1558271
https://doi.org/10.1016/BS.PMBTS.2023.03.023
https://doi.org/10.1016/BS.PMBTS.2023.03.023
https://doi.org/10.3390/IJMS221910792
https://doi.org/10.3390/IJMS221910792
https://doi.org/10.1186/S12920-020-0657-6/FIGURES/6
https://doi.org/10.1186/S12920-020-0657-6/FIGURES/6
https://doi.org/10.3390/biomedicines12102393
https://doi.org/10.3390/biomedicines12102393
https://doi.org/10.18502/IJRM.V13I5.7155
https://doi.org/10.3390/cancers16112001
https://doi.org/10.1186/S13148-021-01103-8
https://doi.org/10.3389/FIMMU.2023.1280741
https://doi.org/10.1016/J.BPOBGYN.2018.01.010
https://doi.org/10.1093/NAR/GKAE1036
https://doi.org/10.1177/1933719119828078
https://doi.org/10.1503/CMAJ.050774
https://doi.org/10.1503/CMAJ.050774
https://doi.org/10.1093/HUMREP/DEZ266
https://doi.org/10.1093/HUMREP/DEZ266
https://doi.org/10.1194/JLR.R800042-JLR200
https://doi.org/10.1016/j.bbadis.2017.06.018
https://doi.org/10.1016/j.bbadis.2017.06.018
https://doi.org/10.1073/PNAS.0703890104
https://doi.org/10.1073/PNAS.0703890104
https://doi.org/10.1007/978-1-4939-2547-6_10
https://doi.org/10.1007/978-1-4939-2547-6_10
https://doi.org/10.1177/1933719118766255
https://doi.org/10.1177/1933719118766255
https://doi.org/10.1177/1933719113488450
https://doi.org/10.1177/1933719113488450
https://doi.org/10.1016/J.CELL.2021.04.041
https://doi.org/10.1210/ME.2009-0519
https://doi.org/10.1210/ME.2009-0519
https://doi.org/10.1016/J.DNAREP.2016.05.013
https://doi.org/10.1016/J.DNAREP.2016.05.013
https://doi.org/10.3390/DIAGNOSTICS13122085
https://doi.org/10.1016/J.JBC.2022.102095
https://doi.org/10.1016/J.JBC.2022.102095
https://doi.org/10.1007/S00281-025-01040-1
https://doi.org/10.1007/S00281-025-01040-1
https://doi.org/10.1038/cr.2015.6
https://doi.org/10.1038/s41392-022-01300-8
https://doi.org/10.1038/s41392-022-01300-8
https://doi.org/10.3389/FBIOE.2020.619583
https://doi.org/10.1530/RAF-22-0007
https://doi.org/10.1016/J.OGRM.2024.08.006
https://doi.org/10.1002/CAM4.2440
https://doi.org/10.3389/fendo.2022.930227
https://doi.org/10.3389/fendo.2022.930227
https://doi.org/10.1016/BS.MCB.2021.02.006
https://doi.org/10.1016/J.AJPATH.2013.10.023
https://doi.org/10.1016/J.AJPATH.2013.10.023
https://doi.org/10.3390/IJMS25116266
https://doi.org/10.3390/IJMS231911583
https://doi.org/10.3390/IJMS231911583
https://doi.org/10.3390/GENES14010152
https://doi.org/10.3389/fimmu.2022.943839
https://doi.org/10.3233/CBM-210223
https://doi.org/10.3233/CBM-210223
https://doi.org/10.1210/JC.2017-00052
https://doi.org/10.1186/S13148-020-00886-6/TABLES/1
https://doi.org/10.1172/JCI1057
https://doi.org/10.1016/S0140-6736(21)00389-5
https://doi.org/10.3390/IJMS22179274
https://doi.org/10.3390/IJMS22179274
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Toiyama, Y., Okugawa, Y., and Goel, A. (2014). DNA methylation and
microRNA biomarkers for noninvasive detection of gastric and colorectal
cancer. Biochem. Biophys. Res. Commun. 455, 43-57. doi:10.1016/].BBRC.2014.
08.001

T6th, D. M., Szeri, F., Ashaber, M., Muazu, M., Székvélgyi, L., and Aranyi, T. (2025).
Tissue-specific roles of de novo DNA methyltransferases. Epigenetics Chromatin 18,
5-16. doi:10.1186/S13072-024-00566-2

Tremblay, J. J., and Viger, R. S. (2003). Novel roles for GATA transcription factors in
the regulation of steroidogenesis. J. Steroid Biochem. Mol. Biol. 85, 291-298. doi:10.
1016/50960-0760(03)00211-5

Tsankova, N., Renthal, W., Kumar, A., and Nestler, E. J. (2007). Epigenetic
regulation in psychiatric disorders. Nat. Rev. Neurosci. 8, 355-367. doi:10.1038/
NRN2132

Tyagi, A., Kamal, M. A., and Poddar, N. K. (2020). Integrated pathways of COX-2 and
mTOR: roles in cell sensing and alzheimer’s disease. Front. Neurosci. 14, 693. doi:10.
3389/fnins.2020.00693

Utsunomiya, H., Cheng, Y. H., Lin, Z., Reierstad, S., Yin, P., Attar, E., et al.
(2008). Upstream stimulatory factor-2 regulates steroidogenic factor-1
expression in endometriosis. Mol. Endocrinol. 22, 904-914. doi:10.1210/ME.
2006-0302

Vanhie, A., Dorien, O., Peterse, D., Beckers, A., Cuéllar, A., Fassbender, A., et al.
(2019). Plasma miRNAs as biomarkers for endometriosis. Hum. Reprod. 34, 1650-1660.
doi:10.1093/HUMREP/DEZ116

Vasquez, Y. M., Wu, S. P, Anderson, M. L., Hawkins, S. M., Creighton, C.J., Ray,
M., et al. (2016). Endometrial expression of steroidogenic factor 1 promotes cystic
glandular morphogenesis. Mol. Endocrinol. 30, 518-532. doi:10.1210/ME.2015-
1215

Wan, Y., Gu, C,, Kong, J., Sui, J., Zuo, L., Song, Y., et al. (2022). Long noncoding RNA
ADAMTS9-ASI represses ferroptosis of endometrial stromal cells by regulating the
miR-6516-5p/GPX4 axis in endometriosis. Sci. Rep. 12, 2618-11. doi:10.1038/s41598-
022-04963-z

Wang, X, and Valent, B. (2009). Advances in genetics, genomics and control of rice
blast disease. Available online at: https://books.google.com/books?hl=fr&Ir=&id=q_
5H8WelziEC&oi=fnd&pg=PA1&ots=D7ITAxfvh2&sig=
DryvWuGSyG3c2HvLZPK6Co0aGdUs (Accessed May 29, 2025).

Wang, W, Taylor, R. N., Bagchi, I. C., and Bagchi, M. K. (2012a). Regulation of
human endometrial stromal proliferation and differentiation by C/EBP{ involves
cyclin E-cdk2 and STAT3. Mol. Endocrinol. 26, 2016-2030. doi:10.1210/ME.2012-
1169

Wang, D. B,, Chen, Q., Zhang, C,, Ren, F., and Li, T. (2012b). DNA hypomethylation
of the COX-2 gene promoter is associated with up-regulation of its mRNA expression in
eutopic endometrium of endometriosis. Eur. J. Med. Res. 17, 12. doi:10.1186/2047-
783X-17-12/TABLES/2

Wang, Y. W., Zhang, W., and Ma, R. (2018a). Bioinformatic identification of
chemoresistance-associated microRNAs in breast cancer based on microarray data.
Oncol. Rep. 39, 1003-1010. doi:10.3892/OR.2018.6205

Wang, S., Yi, M., Zhang, X., Zhang, T., Jiang, L., Cao, L., et al. (2021a). Effects of
CDKN2B-AS1 on cellular proliferation, invasion and AKT3 expression are attenuated
by miR-424-5p in a model of ovarian endometriosis. Reprod. Biomed. Online 42,
1057-1066. doi:10.1016/].RBMO.2021.02.004

Wang, D., Cui, L, Yang, Q, and Wang, J. (2021b). Circular RNA
circZFPM2 promotes epithelial-mesenchymal transition in endometriosis by
regulating miR-205-5p/ZEB1 signalling pathway. Cell. Signal. 87, 110145. doi:10.
1016/].CELLSIG.2021.110145

Warren, J. D., Xiong, W., Bunker, A. M., Vaughn, C. P, Furtado, L. V., Roberts, W. L.,
etal. (2011). Septin 9 methylated DNA is a sensitive and specific blood test for colorectal
cancer. BMC Med. 9, 133-139. doi:10.1186/1741-7015-9-133

Weick, E. M., and Miska, E. A. (2014). piRNAs: from biogenesis to function.
Development 141, 3458-3471. doi:10.1242/DEV.094037

Willenbrock, H., Salomon, J., Sekilde, R., Barken, K. B., Hansen, T. N., Nielsen, F.
C., et al. (2009). Quantitative miRNA expression analysis: comparing
microarrays with next-generation sequencing. RNA 15, 2028-2034. doi:10.1261/
RNA.1699809

Wood, K. H., and Zhou, Z. (2016). Emerging molecular and biological functions
of MBD2, a reader of DNA methylation. Front. Genet. 7, 93. doi:10.3389/fgene.
2016.00093

Wu, Y., Strawn, E., Basir, Z., Halverson, G., and Guo, S. W. (2006). Promoter
hypermethylation of progesterone receptor isoform B (PR-B) in endometriosis.
Epigenetics 1, 106-111. doi:10.4161/EP1.1.2.2766

Wu, Y., Strawn, E., Basir, Z., Halverson, G., and Guo, S. W. (2007). Aberrant
expression of deoxyribonucleic acid methyltransferases DNMT1, DNMT3A, and
DNMT3B in women with endometriosis. Fertil. Steril. 87, 24-32. doi:10.1016/].
FERTNSTERT.2006.05.077

Wu, J., Huang, H., Huang, W., Wang, L., Xia, X., and Fang, X. (2020). Analysis of
exosomal IncRNA, miRNA and mRNA expression profiles and ceRNA network

Frontiers in Genetics

10.3389/fgene.2025.1597287

construction in endometriosis. Epigenomics 12,1193-1213. doi:10.2217/EPI-2020-
0084

Wu, ], Fang, X., Huang, H., Huang, W., Wang, L., and Xia, X. (2021). Construction
and topological analysis of an endometriosis-related exosomal circRNA-miRNA-
mRNA regulatory network. Aging (Albany NY) 13, 12607-12630. doi:10.18632/
AGING.202937

Xiaomeng, X., Ming, Z., Jiezhi, M., and Xiaoling, F. (2013). Aberrant histone
acetylation and methylation levels in woman with endometriosis. Arch. Gynecol.
Obstet. 287, 487-494. doi:10.1007/S00404-012-2591-0

Xu, Z., Shi, J., Chen, Q., Yang, S., Wang, Z., Xiao, B., et al. (2025). Regulation of
de novo and maintenance DNA methylation by DNA methyltransferases in
postimplantation embryos. J. Biol. Chem. 301, 107990. doi:10.1016/j.jbc.2024.
107990

Xue, Q.,, Lin, Z., Yin, P,, Milad, M. P., Cheng, Y. H., Confino, E., et al. (2007).
Transcriptional activation of steroidogenic factor-1 by hypomethylation of the 5> CpG
island in endometriosis. J. Clin. Endocrinol. Metab. 92, 3261-3267. doi:10.1210/]JC.
2007-0494

Xue, Q.,Xu, Y., Yang, H., Zhang, L., Shang, J., Zeng, C., et al. (2014). Methylation
of a novel CpG island of intron 1 is associated with steroidogenic factor
1 expression in endometriotic stromal cells. Reprod. Sci. 21, 395-400. doi:10.
1177/1933719113497283

Yang, X. J., and Seto, E. (2007). HATs and HDACs: from structure, function and
regulation to novel strategies for therapy and prevention. Oncogene 26, 5310-5318.
doi:10.1038/S].ONC.1210599

Yang, S. C, Park, M., Hong, K. H., La, H, Park, C., Wang, P., et al. (2023).
CFP1 governs uterine epigenetic landscapes to intervene in progesterone responses
for uterine physiology and suppression of endometriosis. Nat. Commun. 2023 14,
3220-15. doi:10.1038/s41467-023-39008-0

Yao, M., Hu, T., Wang, Y., Du, Y., Hu, C, and Wu, R. (2017). Polychlorinated
biphenyls and its potential role in endometriosis. Environ. Pollut. 229, 837-845. doi:10.
1016/]. ENVPOL.2017.06.088

Yao, R. W.,, Wang, Y., and Chen, L. L. (2019). Cellular functions of long noncoding
RNAs. Nat. Cell Biol. 21, 542-551. doi:10.1038/541556-019-0311-8

Ye, Z., Meng, Q., Zhang, W., He, J., Zhao, H., Yu, C,, et al. (2022). Exploration of
the shared gene and molecular mechanisms between endometriosis and
recurrent pregnancy loss. Front. Vet. Sci. 9, 867405. doi:10.3389/fvets.2022.
867405

Yilmaz, B. D., and Bulun, S. E. (2019). Endometriosis and nuclear receptors. Hum.
Reprod. Update 25, 473-485. doi:10.1093/HUMUPD/DMZ005

Yu, X, Xu, ], Song, B., Zhu, R,, Liu, J., Liu, Y. F,, et al. (2024). The role of epigenetics in
women’s reproductive health: the impact of environmental factors. Front. Endocrinol.
(Lausanne) 15, 1399757. doi:10.3389/fend0.2024.1399757

Zeng, Y., Rong, H,, Xu, ], Cao, R,, Li, S., Gao, Y., et al. (2022). DNA methylation: an
important biomarker and therapeutic target for gastric cancer. Front. Genet. 13, 823905.
doi:10.3389/fgene.2022.823905

Zhang, Y., and Ma, N. Y. (2021). Environmental risk factors for endometriosis:
an umbrella review of a meta-analysis of 354 observational studies with
over 5 million populations. Front. Med. 8, 680833. doi:10.3389/fmed.2021.
680833

Zhang, P., and Wang, G. (2023). Progesterone resistance in endometriosis: current
evidence and putative mechanisms. Int. J. Mol. Sci. 24, 6992-24. doi:10.3390/
1JMS24086992

Zhang, Y., Chen, J, Wu, S. S, Lv, M. ], Yu, Y. S, Tang, Z. H, et al. (2019a).
HOXA10 knockdown inhibits proliferation, induces cell cycle arrest and apoptosis in
hepatocellular carcinoma cells through HDACI. Cancer Manag. Res. 11, 7065-7076.
doi:10.2147/CMAR.S199239

Zhang, M., Wang, S., Tang, L., Wang, X., Zhang, T., Xia, X,, et al. (2019b).
Downregulated circular RNA  hsa_circ_0067301 regulates epithelial-
mesenchymal transition in endometriosis via the miR-141/Notch signaling
pathway. Biochem. Biophys. Res. Commun. 514, 71-77. doi:10.1016/].BBRC.
2019.04.109

Zhang, M, Li, J., Duan, S, Fang, Z., Tian, J., Yin, H., et al. (2020a). Comprehensive
characterization of endometrial competing endogenous RNA network in infertile
women of childbearing age. Aging (Albany NY) 12, 4204-4221. doi:10.18632/
AGING.102874

Zhang, Q., Li, T., Wang, Z., Kuang, X., Shao, N, and Lin, Y. (2020b).
IncRNA NR2F1-AS1 promotes breast cancer angiogenesis through activating
IGF-1/IGF-1R/ERK pathway. J. Cell. Mol. Med. 24, 8236-8247. doi:10.1111/
JCMM.15499

Zhang, Y., Sun, Z,, Jia, ], Du, T., Zhang, N., Tang, Y., et al. (2021). Overview of
histone modification. Adv. Exp. Med. Biol. 1283, 1-16. doi:10.1007/978-981-15-
8104-5_1

Zhang, M., Zong, W., Zou, D., Wang, G., Zhao, W., Yang, F., et al. (2023). MethBank
4.0: an updated database of DNA methylation across a variety of species. Nucleic Acids
Res. 51, D208-D216. doi:10.1093/NAR/GKAC969

frontiersin.org


https://doi.org/10.1016/J.BBRC.2014.08.001
https://doi.org/10.1016/J.BBRC.2014.08.001
https://doi.org/10.1186/S13072-024-00566-2
https://doi.org/10.1016/S0960-0760(03)00211-5
https://doi.org/10.1016/S0960-0760(03)00211-5
https://doi.org/10.1038/NRN2132
https://doi.org/10.1038/NRN2132
https://doi.org/10.3389/fnins.2020.00693
https://doi.org/10.3389/fnins.2020.00693
https://doi.org/10.1210/ME.2006-0302
https://doi.org/10.1210/ME.2006-0302
https://doi.org/10.1093/HUMREP/DEZ116
https://doi.org/10.1210/ME.2015-1215
https://doi.org/10.1210/ME.2015-1215
https://doi.org/10.1038/s41598-022-04963-z
https://doi.org/10.1038/s41598-022-04963-z
https://books.google.com/books?hl=fr&lr=&id=q_5H8WeIziEC&oi=fnd&pg=PA1&ots=D7ITAxfvh2&sig=DryvWuGSyG3c2HvLZPK6CoaGdUs
https://books.google.com/books?hl=fr&lr=&id=q_5H8WeIziEC&oi=fnd&pg=PA1&ots=D7ITAxfvh2&sig=DryvWuGSyG3c2HvLZPK6CoaGdUs
https://books.google.com/books?hl=fr&lr=&id=q_5H8WeIziEC&oi=fnd&pg=PA1&ots=D7ITAxfvh2&sig=DryvWuGSyG3c2HvLZPK6CoaGdUs
https://doi.org/10.1210/ME.2012-1169
https://doi.org/10.1210/ME.2012-1169
https://doi.org/10.1186/2047-783X-17-12/TABLES/2
https://doi.org/10.1186/2047-783X-17-12/TABLES/2
https://doi.org/10.3892/OR.2018.6205
https://doi.org/10.1016/J.RBMO.2021.02.004
https://doi.org/10.1016/J.CELLSIG.2021.110145
https://doi.org/10.1016/J.CELLSIG.2021.110145
https://doi.org/10.1186/1741-7015-9-133
https://doi.org/10.1242/DEV.094037
https://doi.org/10.1261/RNA.1699809
https://doi.org/10.1261/RNA.1699809
https://doi.org/10.3389/fgene.2016.00093
https://doi.org/10.3389/fgene.2016.00093
https://doi.org/10.4161/EPI.1.2.2766
https://doi.org/10.1016/J.FERTNSTERT.2006.05.077
https://doi.org/10.1016/J.FERTNSTERT.2006.05.077
https://doi.org/10.2217/EPI-2020-0084
https://doi.org/10.2217/EPI-2020-0084
https://doi.org/10.18632/AGING.202937
https://doi.org/10.18632/AGING.202937
https://doi.org/10.1007/S00404-012-2591-0
https://doi.org/10.1016/j.jbc.2024.107990
https://doi.org/10.1016/j.jbc.2024.107990
https://doi.org/10.1210/JC.2007-0494
https://doi.org/10.1210/JC.2007-0494
https://doi.org/10.1177/1933719113497283
https://doi.org/10.1177/1933719113497283
https://doi.org/10.1038/SJ.ONC.1210599
https://doi.org/10.1038/s41467-023-39008-0
https://doi.org/10.1016/J.ENVPOL.2017.06.088
https://doi.org/10.1016/J.ENVPOL.2017.06.088
https://doi.org/10.1038/S41556-019-0311-8
https://doi.org/10.3389/fvets.2022.867405
https://doi.org/10.3389/fvets.2022.867405
https://doi.org/10.1093/HUMUPD/DMZ005
https://doi.org/10.3389/fendo.2024.1399757
https://doi.org/10.3389/fgene.2022.823905
https://doi.org/10.3389/fmed.2021.680833
https://doi.org/10.3389/fmed.2021.680833
https://doi.org/10.3390/IJMS24086992
https://doi.org/10.3390/IJMS24086992
https://doi.org/10.2147/CMAR.S199239
https://doi.org/10.1016/J.BBRC.2019.04.109
https://doi.org/10.1016/J.BBRC.2019.04.109
https://doi.org/10.18632/AGING.102874
https://doi.org/10.18632/AGING.102874
https://doi.org/10.1111/JCMM.15499
https://doi.org/10.1111/JCMM.15499
https://doi.org/10.1007/978-981-15-8104-5_1
https://doi.org/10.1007/978-981-15-8104-5_1
https://doi.org/10.1093/NAR/GKAC969
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Zhang, Y., Sun, X,, Li, Z, Han, X,, Wang, W., Xu, P,, et al. (2024a). Interactions
between miRNAs and the Wnt/f-catenin signaling pathway in endometriosis. Biomed.
Pharmacother. 171, 116182. doi:10.1016/].BIOPHA.2024.116182

Zhang, Y., Zhou, Y., Zhou, Y., Yu, X, Shen, X, Hong, Y., et al. (2024b). TheMarker: a
comprehensive database of therapeutic biomarkers. Nucleic Acids Res. 52,
D1450-D1464. doi:10.1093/NAR/GKAD862

Zhao, H., Zhou, L., Shangguan, A. J., and Bulun, S. E. (2016). Aromatase expression
and regulation in breast and endometrial cancer. . Mol. Endocrinol. 57, R19-R33.
doi:10.1530/JME-15-0310

Zhao, F., Dong, J., Guo, J., and Bi, L. (2020). Inhibiting role of long non-coding
RNA LINCO01197 in inflammation in rheumatoid arthritis through the
microRNA-150/THBS2 axis. Exp. Cell Res. 394, 112136. doi:10.1016/].YEXCR.
2020.112136

Frontiers in Genetics

25

10.3389/fgene.2025.1597287

Zhou, G., Gui, X., Qu, W, and Zhang, X. (2024). Expressions and clinical significance
of CCN5 and E-cadherin in primary and recurrent lesions of breast cancer. Front. Genet.
15, 1404515. doi:10.3389/fgene.2024.1404515

Zidan, H. E,, Rezk, N. A, Alnemr, A. A. A, and Abd el Ghany, A. M. (2015). COX-2 gene
promoter DNA methylation status in eutopic and ectopic endometrium of Egyptian women
with endometriosis. J. Reprod. Immunol. 112, 63-67. doi:10.1016/J.JR1.2015.06.093

Zubrzycka, A., Zubrzycki, M., Perdas, E., and Zubrzycka, M. (2020). Genetic,
epigenetic, and steroidogenic modulation mechanisms in endometriosis. J. Clin.
Med. 9, 1309-9. doi:10.3390/JCM9051309

Zubrzycka, A., Migdalska-Sek, M., Jedrzejczyk, S., and Brzezianska-Lasota, E. (2023).
The expression of TGF-B1, SMAD3, ILK and miRNA-21 in the ectopic and eutopic
endometrium of women with endometriosis. Int. J. Mol. Sci. 24, 2453. doi:10.3390/
1JMS24032453

frontiersin.org


https://doi.org/10.1016/J.BIOPHA.2024.116182
https://doi.org/10.1093/NAR/GKAD862
https://doi.org/10.1530/JME-15-0310
https://doi.org/10.1016/J.YEXCR.2020.112136
https://doi.org/10.1016/J.YEXCR.2020.112136
https://doi.org/10.3389/fgene.2024.1404515
https://doi.org/10.1016/J.JRI.2015.06.093
https://doi.org/10.3390/JCM9051309
https://doi.org/10.3390/IJMS24032453
https://doi.org/10.3390/IJMS24032453
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1597287

Erraji et al.

Glossary

Al Artificial Intelligence

AKT3 AKT serine/threonine kinase 3

BST2 Bone Marrow Stromal Cell Antigen 2

CDK1 Cyclin-Dependent Kinase

CDKN2B CDKN2B antisense RNA1

ceRNA Competing endogenous RNA

COX-2 Cyclo-oxygenase 2

CYP17A1 Cytochrome P450 family 17 subfamily A member 1

CYP19A1 Aromatase

DNMT1 DNA methyltransferase 1

DNMT3A DNA (cytosine-5)-methyltransferase 3 beta

DNMT3B DNA (cytosine-5)-methyltransferase 3 beta

ER Estrogen Receptors

ESC Endometrial Stromal Cell

ESR1 Estrogen receptor a

GATA6 GATA-binding factor 6

GREM2 Gremlin 2, DAN Family BMP Antagonist

HAT Histone AcetylTransferase

HDAC Histone Deacetylase

HOXA10 Homeobox A10;

HPGD 15-hydroxyprostaglandin dehydrogenase

HPV Human Papillomavirus

HSD3B2 3b-hydroxysteroid dehydrogenase type 2

IDO1 Indoleamine 2, 3- dioxygenase

IER3 Immediate Early Response 3

IL-10 Interleukin-10

KIR3DX1 Killer Cell Immunoglobulin Like Receptor, Three Ig Domains X1

LIF Leukaemia inhibitory factor

IncRNA Long non-coding RNAs

miRNA microRNA

ML Machine Learning

mRNA Messenger RNAs

NF-IL6 Nuclear Factor for Interleukin-6 expression

NGS Next-Generation Sequencing

NoEM Normal endometrial stromal cell

NR5A1 Nuclear receptor subfamily 5, group A, member 1

PCNA Proliferating Cell Nuclear Antigen

PGE2 Prostaglandin E2

PGR Progesterone Receptor

PIK3CG Phosphatidylinositol-4,5- bisphosphate 3-kinase catalytic
subunit gamma

PiRNA PIWI-interacting RNAs

PR-B Progesterone Receptor B
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qPCR
RNASEL

SCC

siRNA
StAR
TGE-p

TMEM184A
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Quantitative Polymerase Chain Reaction
Ribonuclease A family member 1, pancreatic
Side-Chain Cleavage

Steroidogenic Factor 1

Stratifin

small interfering RNA

Steroidogenic Regulatory Protein
Transforming Growth Factor-beta

Transmembrane Protein 184A.
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