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Abstract: The human endometrium is a unique tissue undergoing important changes through
the menstrual cycle. Under the exposure of different risk factors in a woman’s lifetime, normal
endometrial tissue can give rise to multiple pathologic conditions, including endometriosis and
endometrial cancer. Etiology and pathophysiologic changes behind such conditions remain largely
unclear. This review summarizes the current knowledge of the pathophysiology of endometriosis
and its potential role in the development of endometrial cancer from a molecular perspective. A
better understanding of the molecular basis of endometriosis and its role in the development of
endometrial pathology will improve the approach to clinical management.

Keywords: endometriosis; endometrial cancer; ovarian cancer; molecular basis of endometriosis

1. Morphological Features of the Human Endometrium

The uterine endometrium is an inner mucosal layer of the uterine cavity with the
unique ability to regenerate or shed depending on the phases of the menstrual cycle and
hormonal levels [1,2]. The human endometrium consists of two layers: functional (stra-
tum functionalis) and basal (stratum basalis). The endometrium undergoes structural
modification and changes in specialized cells in response to fluctuations of estrogen and
progesterone during the menstrual cycle [3]. The basal layer of the endometrium is re-
sponsible for the regeneration of functional layer during the proliferative phase [4–6]. A
hypothesis on the regeneration process of the endometrium suggests that the functional
layer quality depends on endometrial progenitors/stem cells located in the basal layer [7–9].
However, understanding of the regenerative mechanism of the endometrium during the
menstrual cycle and the location of endometrial progenitor/stem cells have not been fully
elucidated [10–12]. The traditional morphological theory of the endometrium describes it as
two-dimensional (2D) histological structure [13–15]. However, due to the complexity of the
morphology of the endometrial glands, the technical characteristics of 2D histopathological
imaging have been found to be insufficient [4].

It was hypothesized that clonal genomic alterations in histologically normal endome-
trial glands may change the stereoscopic structure of the endometrial glands. Three-
dimensional (3D) pathological morphology of tissue affected by adenomyosis and 3D
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morphology of the normal endometrial glands was compared using 3D full-thickness im-
ages of the human uterine endometrium with microscopy [4]. 3D imaging revealed a more
complex network of endometrial glands in human endometrium than was observed with
traditional 2-dimensional (2D) imaging [4]. Using 3D imaging, Yamaguchi and co-authors
(2021) found specific morphological features of human endometrial glands, including
occluded glands, the plexus of the basal glands, and the gland-sharing plexus with other
glands, which were not observed in the past using 2D histological methods [4]. The 3D
analysis of the endometrial layers clarified that the plexus structure of the glands expanded
horizontally along the muscular layer. Furthermore, these morphological features were
detected regardless of age or phase of the menstrual cycle, suggesting that they are basic
components of the normal human endometrium [4]. These novel findings suggest that
2D histology, which has been in use for more than 100 years, does not adequately depict
the morphology of the endometrium. A clearer picture of the structure of the human
could develop our understanding of various endometrial conditions and the etiology of
endometriosis and endometrial cancer (EC). These diseases significantly affect reproduc-
tive age women and impact their quality of life [16–18]. Understanding the pathogenesis,
immunohistochemical and molecular mechanisms of these conditions could improve the
management of patients with endometriosis and EC [19–22].

2. Endometriosis
2.1. Definition, Epidemiology and Classification

Endometriosis is an estrogen-dependent inflammatory disorder of the endometrium
that is characterized by the presence of functionally active endometrial tissue, stroma and
glands outside the uterine cavity [21,23–26]. This condition estimated to affect up to 11% of
women in reproductive age (or ∼200 million women) worldwide and up to 50% of women
with pelvic pain or infertility [21,24,25,27,28]. The etiology of endometriosis is largely
unknown. Previous research has shown that endometriosis is prevalent after menarche and
dramatically drops after menopause, which has led researchers to believe that the disorder
is estrogen- and progesterone-dependent [26,27,29].

There are different classifications of endometriosis based on staging and types (Table 1) [30].
According to the revised American Society for Reproductive Medicine (ASRM) scoring
system [31,32], endometriosis is classified into four stages based on the localization and
extension of the implants. The disease is classified as peritoneal, ovarian, or deep infiltrating
endometriosis, which can be roughly described as the presence of endometrial tissue
expanding to a depth of more than 5 mm below the peritoneum [22,32,33]. The classification
includes four stages based on the severity, quantity, location, depth, and size of growths,
those stages being stage I (minimal disease), stage II (mild disease), stage III (moderate
disease), and stage IV (severe disease) [26,33,34]. This classification, however, has not been
shown to be a reliable predictor of clinical outcomes.

As the supplement to the ASRM classification, and in order to provide a morphologi-
cally descriptive classification of deep infiltrating endometriosis, the ENZIAN classification
was developed (Table 1) [30]. It takes into account retroperitoneal structures.

The Endometriosis Fertility Index (EFI) is another attempt to improve the endometrio-
sis classification (Table 1). The EFI aims to predict pregnancy rates in patients with surgi-
cally documented endometriosis who attempt non-IVF conception. The EFI classification
is a scoring system that includes assessment of factors related to a patient’s history at
the time of surgery, of adnexal function at conclusion of surgery, and of the extension of
endometriosis [30].
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Table 1. Classification of endometriosis.

Classification

American Society for Reproductive Medicine (ASRM)
Staging Points

Stage 1—Minimal Endometriosis 1–5
Stage 2—Mild Endometriosis 6–15

Stage 3—Moderate Endometriosis 16–40
Stage 4—Severe Endometriosis >40

ENZIAN (supplement to ASRM)
Compartments

Compartment A: vagina, recto-vaginal septum;
Compartment B: uterosacral ligaments to the pelvic wall

(BB: bilateral involvement);
Compartment C: rectum and sigmoid colon.

Disease severity Invasion
Grade 1: <1 cm
Grade 2: 1–3 cm
Grade 3: >3 cm

Deep endometriosis invasion
beyond the pelvis

FA: adenomyosis
FB: bladder invasion
FU: intrinsic ureteral

endometriosis;
FI: bowel disease cranial to the

sigmoid colon
F0: other locations

The Endometriosis Fertility Index (EFI)
Historical factor Years Points

Patient age
≤35 2

36–39 1
≥40 0

Duration of infertility ≤3 1
>3 0

Prior pregnancy Yes 1
No 0

Score Description
4 Normal
3 Mild
2 Moderate
1 Severe
0 Absent or nonfunctional

Following another classification, endometriosis is subdivided into three types: super-
ficial peritoneal disease, ovarian endometrioma, and deep endometriotic lesions [35,36].
Adenomyosis, as “internal” uterine endometriosis, is characterized by the presence of
endometrial glands and stromas within the myometrium that causes myometrial inflam-
mation and hypertrophy [35,37,38]. Adenomyosis can be classified in several different
subtypes: (a) intrinsic adenomyosis, (b) extrinsic adenomyosis, (c) adenomyosis externa,
and (d) focal adenomyosis located in the outer myometrium [35,37,38]. Although there are
many studies supporting this new classification, international consensus has not yet been
achieved [35].

A major disadvantage of all existing classifications is that no one of them links the
severity of the pain with the findings (imaging, laparoscopic) [39]. Some patients who are
classified as “severe” by ASRM experience little pain but have associated infertility. Others,
with only superficial red and blue lesions and minor adhesions, may experience severe
pain and consequently a low quality of life [39–41].
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Abrao and Miller recently proposed a new classification system [42]. They propose
that a classification should (1) clearly describe the sites and extent of disease; (2) provide
a close correlation with the symptoms of endometriosis; (3) reflect the surgical difficulty
encountered relative to the disease location; (4) be user-friendly with tools that are con-
ducive to support a surgeon’s busy practice by enabling completion of documentation
immediately upon procedure conclusion; (5) be validated for both pain and infertility;
(6) create a comprehensive universal language that is meaningful for clinical practitioners
and researchers [39,42].

2.2. Risk Factors of Endometriosis

A number of modifiable and non-modifiable risk factors have been reported to
be both positively and negatively associated with the development of endometriosis
(Figure 1) [27,28,43,44]. Non-modifiable risk factors known to be associated with en-
dometriosis are the following: genetic, endocrine, immunological, and ethnicity [21,45].
There are also modifiable factors, the effect of which could be decreased substantially
by lifestyle changes. Those factors are microbiotic, environmental factors (exposure to
endocrine-disrupting chemicals), alcohol/caffeine intake, smoking, and physical activ-
ity [27]. Those factors may influence estrogen levels and contribute to the development of
endometriosis [27].

Figure 1. Risk factors for endometriosis and endometrial cancer. Created at BioRender.com (accessed
on 15 July 2021).

The risk of endometriosis has been strongly linked to ethnicity. Many researchers have
reported a nine-fold increase in risk of endometriosis development among women of Asian
ethnicity if compared with the European-American Caucasian female population [27,43,46].
Among other factors, prolonged estrogen exposure (e.g., early age at menarche, shorter
menstrual cycles, nulliparity) [47], low body mass index, and uterine outlet obstruction [48]
have been suggested as predisposing to endometriosis.

It is well known that endometriosis has a strong genetic predisposition [25,43]. The
evidence for an association between genetic polymorphisms and risk of endometriosis is ro-
bust [43]. Together with the strong link to hereditary factors, development of endometriosis
is also affected by environmental exposures [26]. Environmental factors such as elevated
levels of phthalate esters, persistent organochlorine pollutants, perfluorochemicals, and
exposure to cigarette smoke can increase risk of developing endometriosis by inducing
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oxidative stress, altering hormonal homeostasis, or by changing immune responses [43].
Maternal exposure to diethylstilbestrol (DES) has been associated with a greater risk of
endometriosis in female offspring [28].

Modifiable risk factors such as caffeine intake have been hypothesized to be influ-
ential in the pathology of gynecological disease due to its ability to influence estradiol
levels [27,49]. Much like caffeine, alcohol intake and tobacco smoking are hypothesized
to alter reproductive hormones due to the activation of aromatases leading to increased
conversion of testosterone to estrogens [27]. Moreover, tobacco smoking may also increase
the inflammatory response. Physical activity has been shown to reduce the risk of develop-
ing many gynecological diseases [27,50]. Other risk factors, such as the presence of lower
genital tract infections, have also been proposed as risk factors. [43,51].

Some genetic factors have been found to serve as risk factors for endometriosis.
Genome-wide association studies have, to date, identified 19 independent single-nucleotide
polymorphisms (SNPs) as being significantly associated with endometriosis [52]. Moreover,
the authors found a significant genetic overlap between endometriosis and EC in a genetic
correlation analysis, which found 13 SNPs that appeared to be involved in development of
both conditions [52].

2.3. Pathophysiology of Endometriosis

To date, the etiology and pathogenesis of endometriosis remains controversial. Multi-
ple theories have been proposed to explain the pathogenesis of endometriosis [24,25,38].
Among the most recognized and reasonable are retrograde menstrual blood flow, coelomic
metaplasia, and Müllerian remnants theories [21,24,39,53,54]. Amongst the various hy-
potheses, the one that has the greatest consensus is Sampsons’ retrograde menstruation.
Retrograde menstruation is the process in which endometrial cells and fragments of the
tissue shed during menstrual bleeding and are transported into the peritoneal cavity due
to the retroperistaltic movements of the fallopian tubes [21,24,53]. Implantation of these
particles and subsequent proliferation during the menstrual cycle leads to the damage
of pelvic organs at positions of implantation [21]. However, the hypothesis about the
retrograde menstruation as a potential cause of endometriosis does not explain localization
of endometrial tissue that can be found in rare cases of extragonadal endometriosis and
endometriosis in male patients [26]. Another theory suggests that endometriosis develops
due to endometrial cells transferred through the lymphatic system to other parts of the
body, where they further grow and proliferate [21,24,26]. Additionally, it has been proposed
that circulating blood cells originating from bone marrow differentiate into endometriotic
tissue at various body sites [24,55]. Distant organ endometriosis, such as lung and brain
endometriosis, is very rarely described and might be explained by vascular spread [21,24].

Meyer’s hypothesis about coelomic metaplasia suggests development of endometrio-
sis from the visceral epithelium, which can be converted to endometrial tissue by metaplas-
tic processes [21,39].

More recent studies suggest that endometriosis is a pelvic inflammatory condition,
so called “peritonitis without germs” [39,53]. This is based on the fact that the peritoneal
fluid has an increased concentration of activated macrophages and an inflammatory pro-
file in the cytokine/chemokine axis [39,56]. Cousins and Gargett in 2018 proposed that
the human endometrium regenerates cyclically every month mediated by endometrial
stem/progenitor cells such as CD140b+, CD146+, or SUSD2+ endometrial mesenchymal
stem cells (eMSCs) [57]. N-cadherin + endometrial epithelial progenitor cells and side
population cells may also contribute to the pathogenesis of the disease. They hypothesized
that the eMSCs may have a role in the generation of progesterone-resistant phenotype
endometrial stromal fibroblasts [39,57]. According to the other recent theories, deregula-
tion of genes and the Wingless-related integration site (Wnt)/β-catenin signaling pathway
would produce an aberration and the axial extension of the identity of the anterior-posterior
patterning, whilst a deregulation of Hox genes and cofactor pre-B-cell leukemia home-
obox 1 (Pbx1) produces an aberration in the segmentation of the mesoderm [21]. This
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may cause aberrant placement of stem cells with endometrial phenotype and maintain
them in a quiescent niche. Transcriptional activity induces the expression of vascular
endothelial growth factor (VEGF) that stimulates the vascular endothelial cell. On the
other hand, Müllerian inhibiting factor (MIF) induces endometrial cell mitosis, whose
survival is supported by the activation of antiapoptotic gene B-cell lymphoma 2 (Bcl-2),
by the degradation of the extracellular matrix by matrix metalloproteinases (MMPs) via
intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1),
creating the conditions for differentiation, adhesion, proliferation, and survival of ectopic
endometrial cells [21]. This will lead to decreased apoptosis of ectopic endometrial-like
cells [58–60], which escape from immune surveillance, and subsequently implant and
proliferate. According to a recent review by Patel and colleagues, there is growing evidence
that hormonal and immune factors create a pro-inflammatory microenvironment that
support the persistence of endometriosis [61]. It is clear there is still much to learn about
the nature and pathophysiology of endometriosis, and development of these theories could
contribute to a greater understanding of the disease.

2.4. Clinical Presentation and Diagnostic Tools

Endometriosis is difficult to diagnose for many reasons: lack of clear understanding of
etiologic factors, diversity of hypotheses for pathogenesis, different clinical presentation of
the disease, and existence of asymptomatic cases [62]. Careful patient interview including
family history, detailed examination, and additional imaging work-up are required for
diagnosis [63,64].

Most women diagnosed with endometriosis present with multiple diverse symp-
toms [25]. Commonly reported complaints include chronic pelvic pain, dysmenorrhea,
dyspareunia, dyschezia, and infertility/subfertility [25,33,39].

Chronic pelvic pain accounts for 10% of outpatient gynecologic visits, while local pain
or tenderness on pelvic examination is associated with pelvic disease in 97% of patients
and with endometriosis in 66% of patients [65]. Dysmenorrhea and general pelvic pain are
common symptoms of endometriosis, regardless of age at diagnosis [66]. Pelvic pain due to
endometriosis is usually chronic (lasting ≥6 months) and is associated with dysmenorrhea
(in 50 to 90% of cases), dyspareunia, deep pelvic pain, and lower abdominal pain with or
without back and loin pain [65]. Most women experience pain of different severity: from
mild or moderate pain (pain usually requiring medication) to severe pain (pain requiring
medications and bed rest) during menses over the lifetime [66]. Pain in endometriosis
has a complex mechanism. Increased systemic and local proinflammatory cytokines
and growth factors due to the chronic inflammation in endometriosis contribute to the
mechanism of chronic pain development through persistent noxious stimulation, chronic
inflammation, and nerve injury, which will alter pain processing and result in central
sensitization [25,62]. Surgical treatment in many cases increases central sensitization, and
patients often report worsening of symptoms after surgery [25,67]. The severity of pain
is often associated with the depth of endometriotic infiltration rather than the size of the
lesion or cyst [25,62,68]. Dyspareunia is another common symptom that is closely related
to pain and nerve sensitization [25].

Some patients may experience gastrointestinal (nausea and vomiting, more frequent
bowel movements accompanying pelvic pain) and urinary (frequent urination when expe-
riencing menstrual pain) symptoms [65,66].

Infertility and subfertility are other important issues related to endometriosis. In cases
of severe and deep infiltrating endometriosis [22,33,69], the mechanism of infertility is the
alteration of normal anatomy of the reproductive organs [25]. However, in cases of a small
ectopic endometrial implants/lesions, the mechanism of infertility is not clear yet. The
authors suggested an endometrial defect as the explanation of implantation impairment
in endometriosis. This hypothesis is supported by numerous studies showing decreased
expression of several biomarkers of implantation [25,69].
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Following the key steps during the initial clinical examination in the diagnosis of
women with endometriosis, imaging investigations should be done in order to confirm the
condition. Some biological tests invented currently have little or no merit in the diagnosis
of endometriosis, and no biomarker tests have been identified to be conclusive [26,62,70,71].
In contrast, imaging techniques led to substantial improvements in the diagnosis of en-
dometriosis [25,62,72]. The most helpful tools are transvaginal ultrasound (TVUS) [73,74]
and MRI [62,72]. In addition, sigmoid, ileocecal, and urological lesions can be detected
with supplementary radiological techniques such as transrectal sonography (TRS), rec-
tal endoscopic sonography (RES) [75,76], multidetector CT scan with retrograde colonic
opacification and late urography, and/or uro-MRI [62,77]. However, a recent Cochrane
meta-analysis reported inconclusive data from TRS and RES studies [77]. If using these
methods, it is important to remember that TRS (5 MHz frequency) enables a limited anal-
ysis of the rectosigmoid colon, whereas RES (7.5–12 MHz) provides an overview of the
whole sigmoid and rectosigmoid colon with higher spatial resolution [72].

3. Endometrial Cancer
3.1. Definition, Epidemiology and Classification

Endometrial cancer is a malignant disease of the inner layer of the uterus (endome-
trium) [3,78]. It is one of the most common gynecological malignant tumors in developed
countries [3,78–80]. In 2012, 527,600 women worldwide were diagnosed with EC, and the
mortality rate was 1.7 to 2.4 per 100,000 women [81]. According to the American Cancer
Society (ACS), in 2021, there will be an estimated 66,570 new cases of the uterine body
cancer diagnosed in the United States and more than 12,940 deaths [82]. These calculations
include both EC and uterine sarcomas. Up to 10% of uterine body cancers are sarcomas, so
the actual numbers for EC cases and deaths are slightly lower than these estimates [82].

Nowadays, worldwide, EC is the seventh most common malignant disorder, but
incidence varies among regions [3]. In less developed countries, risk factors are less
common and EC is rare, although specific mortality is higher. Uterine corpus cancer is the
6th leading cause of cancer death among women in the United States and the 8th leading
cause of cancer-related death amongst European women [83]. The incidence is ten times
higher in North America and Europe than in less developed countries; in these regions,
this cancer is the most common of the female genital organs and the 4th most common site
after breast, lung, and colorectal cancers [3,83].

During the past two decades, the incidence and mortality rate for EC has increased
by more than 100% [80,84,85]. Moreover, the incidence varies ~10-fold worldwide, with
estimated age-standardized rates of 15 per 100,000 women and higher in 2018 in Europe
and North America (developed countries) [84,85].

EC affects mainly post-menopausal women [86]. The average age of women diagnosed
with EC is 60. It is uncommon in women under the age of 45 [82].

ECs are classified into various histological subtypes, including endometrioid EC,
serous EC, clear-cell EC, mixed EC, and uterine carcinosarcoma (UCS), which differ in their
frequency, clinical presentation, prognosis, and associated epidemiological risk factors [82,83].

Most EC are adenocarcinomas, and endometrioid cancer is the most common type
of adenocarcinoma [82]. Endometrioid cancers arise from the glandular cells of the en-
dometrium, and they look like the normal endometrium. There are many variants (or
sub-types) of endometrioid cancers including adenocarcinoma (with squamous differen-
tiation), adenoacanthoma, adenosquamous (or mixed cell), secretory carcinoma, ciliated
carcinoma, and villoglandular adenocarcinoma [82].

Endometrioid ECs constitute more than 80% of newly diagnosed EC cases [83]. These
cancers with its subtypes are generally estrogen-dependent and have a mean age at diag-
nosis of 62 years [83]. In contrast, serous ECs and clear-cell ECs are relatively uncommon,
accounting for ~10% and 3% of newly diagnosed ECs, are generally estrogen-independent,
and are diagnosed later in life (mean of 66.5 and 65.6 years, respectively) [82,83].
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The prognosis for most newly diagnosed EC patients is good, with a relative 5-year
survival rate of 81.1% (2008–2014) [83,87]. The generally high survival rate for EC is largely
driven by the frequent early detection of endometrioid ECs, coupled with the effectiveness
of surgery for treating many early-stage, low-grade EECs.

3.2. Risk and Protective Factors of Endometrial Cancer

Multiple genetic (non-modifiable) and non-genetic (modifiable) risk factors have been
associated with the development of EC (Figure 1) [78,88,89]. Genome-wide association
studies have found nine independent SNPs being significantly associated with EC [52].

Race is a non-modifiable, genetic factor that plays an important role in the develop-
ment of EC, as rates are highest in North America and northern Europe, lower in eastern
Europe and Latin America, and the lowest in Asia and Africa [79,84,90]. Age is another
non-modifiable risk factor. It is well-documented that EC primarily affects postmenopausal
women, with the average age of 60 at the time of diagnosis [90]. The peak age-specific
incidence is from 75 to 79 years, with 85% of cases occurring after the age of 50 and only
5% before the age of 40 [90]. Young, premenopausal women diagnosed with EC usually
have other factors, contributing to the risk of the disease.

Several non-genetic risk factors are linked with an increased risk of EC, particularly
for the most prevalent histological subtype of endometrioid EC [78]. These include obesity,
physical inactivity, excess of endogenous estrogens, insulin resistance, and polycystic ovary
syndrome [3,78,79,84,88]. In addition, conditions involving excess of exogenous estrogens
due to hormone replacement with unopposed estrogen (i.e., estrogen therapy without
progesterone) predispose women to endometrial cancer [88,90].

Tamoxifen (selective estrogen receptor modulator (SERM)) used for breast cancer
treatment approximately doubles the risk of both endometrioid and non-endometrioid
types of EC if administered for 5 years and longer [78,88]. The mechanism behind is
antiestrogenic effects in the breast and proestrogenic effects in the uterus [88,91].

The recent systematic review studying risk factors of EC concluded the presence of
strong evidence associating increased body mass index (BMI) and obesity with the risk of
EC development [78,85,90,92]. According to the US statistics, 57% of all ECs are attributable
to obesity [76,80,86]. In the United Kingdom (UK) almost half of all ECs are attributed
to overweight (BMI ≥ 25 kg/m2) and obesity (BMI ≥ 30 kg/m2) [93]. If compared with
all other cancers, EC has the strongest association with obesity [78,88,93]. Women with
a normal BMI have a much lower lifetime risk of EC (up to 3%), but for every 5-unit
increase in BMI, the risk of EC increases by more than 50% [88,93,94]. Although the average
age at diagnosis is 63 years, EC incidence is increasing among young obese women [88].
Specific lipid metabolites, including phospholipids and sphingolipids (sphingomyelins),
demonstrated good accuracy for the detection of EC [93]. The underling mechanisms
of the association of obesity with EC are not fully understood; however, they likely in-
clude higher estrogen levels in postmenopausal women due to aromatase activity and
adipose tissue conversion of androgens into estrogens, hyperinsulinemia, and chronic
inflammation [78,95,96].

As a condition closely associated with insulin resistance and obesity, highly suggestive
evidence that diabetes mellitus increases the risk of EC was reported in recent systematic
reviews [78,97]. Hyperinsulinemia, which is a common phenomenon prior to diabetes on-
set, likely has a causal association with EC through direct mitogenic effects or by increasing
the levels of bioavailable estrogen through a reduction in sex hormone binding globulin
levels [78,98].

However, there are some factors that have protective effect against EC [3,78,88]. Those
factors include parity (with an inverse association between parity and the risk of endome-
trial cancer) and oral contraceptive pills [88]. The recent systematic review studying risk
factors of EC found strong evidence for a 40% reduction in endometrial cancer incidence
among parous compared to nulliparous women [78]. Hormonal changes during pregnancy

8



Int. J. Mol. Sci. 2021, 22, 9274

may explain this association, usually featured by increased progesterone production with
protective effects on the endometrium [78].

Oral contraceptive use reduces the risk of endometrial cancer up to 40%. Moreover,
the longer the administration, the stronger the protective effect, which can persist even
decades after cessation [88,99]. Additionally, coffee consumption has been shown to be
inversely associated with EC [78,100,101].

Some researchers reported evidence that smoking reduced the risk of EC in cohort stud-
ies, although the evidence became strong when case–control studies were included [78,101].
The majority of the published cohort studies showed a reduction in risk of endometrial
cancer among current or former smokers compared to never smokers [78,92,102,103]. A
mechanism behind the link between decreased incidence of EC and smoking is the possible
anti-estrogenic effect of nicotine; however, it has limited direct evidence and requires
further investigations [78].

3.3. Pathophysiology of Endometrial Cancer

Based on epidemiology, histopathology, prognosis, and treatment, EC can appear
as type 1 (endometrioid), affecting approximately 80% of patients, and type 2 (non-
endometrioid), affecting approximately 20% of patients [78,85,88]. Type 1 tumors develop
from atypical glandular hyperplasia. This type is related to long-lasting unopposed estro-
gen stimulation and often preceded by endometrial hyperplasia [3,90]. The molecular basis
of this process is not clear yet [3].

Carcinomas of type 1 are associated with significant incidences of CTNNB1, KRAS, and
POLE oncogene mutations; phosphatase and tensin homolog (PTEN) tumor suppressor
gene; defects in deoxyribonucleic acid (DNA) mismatch repair; and near-diploid karyotype
(Table 2) [3,88,104]. From a molecular point of view, ECs resemble proliferative rather than
secretory endometrium [3,78]. Specific tumor suppressor gene, PTEN that is expressed
most highly in an estrogen-rich environment, could be responsible for the disease devel-
opment. Progestogens affect PTEN expression and promote involution of PTEN-mutated
endometrial cells in various histopathological settings [3,78]. This hypothesis can explain
therapeutic effect of progestogens in EC cases.

Table 2. Molecular mechanisms of endometrial cancer development.

Endometrial Cancer Type Molecular Factors/Genes Changes in Function Leading to
Endometrial Cancer

Type 1

CTNNB1 Mutation

POLE Mutation

KRAS Mutation

PTEN Loss

AKT Up-regulation

PI3KSA Up-regulation

G1/S cell cycle phase Progression

Bcl-2 Loss of down-regulation

MLH1/MSH6 Instability

DNA Mismatch

Type 2

TP53 Mutation

ERBB-2 (HER2/neu) Overexpression

p-16 Inactivation

E-cadherin Reduction
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Type 2 tumors include predominantly unspecified EC, clear-cell, carcinosarcoma and
high-grade EC, and mixed (typically endometrioid and a high-grade non-endometrioid
pattern) variants [103]. Type 2 tumors are associated with mutations in TP53 and ERBB-2
(HER2/neu) overexpression (Table 2) [3]. The features of endometrial serous carcinomas
are the following: presence of TP53 mutations, an overall low mutation rate, and frequent
copy-number alterations [88].

For the majority of EC cases, sporadic mutations are responsible; however, approxi-
mately 5% of EC cases are caused by inherited genetic mutations. EC caused by genetic
predispositions typically occur 10 to 20 years before sporadic EC [90]. The following
syndromes are known to predispose to EC:

1. Lynch syndrome (LS), an autosomal dominant syndrome, results from a germline
mutation in one of four DNA mismatch repair genes—MLH1, MSH2, MSH6, or
PMS2 [90]. It is associated with significantly increased lifetime risk of colorectal, ECs
and some other cancers [90,105].

2. Cowden syndrome: Cowden syndrome is an autosomal dominant syndrome char-
acterized by PTEN mutations. It is associated with a 19% to 28% risk of EC by age
70 [90].

Currently, there is no approved effective screening program for EC. However, for
patients with genetic syndromes, because of the significantly increased risk of the disease
onset in reproductive age, the ACS recommends annual EC screening with endometrial
biopsies starting at age 35 [85,90,105].

3.4. Clinical Presentation and Diagnostic Tools

Nowadays, for the general population there are no approved screening programs for
the early detection of EC [90].

Patients’ evaluation should include thorough history taking, especially focusing on
family history and possible risk factors [90]. Symptoms of EC are non-specific; thus,
diagnosis of the condition is challenging in some cases. Abnormal uterine bleeding (AUB)
is the most common symptom of endometrial cancer and is present in 90% of affected
patients [3,84,85,90,106,107]. However, this symptom appears to be present in many other
female genital disorders. Furthermore, as AUB can also be a sign of EC in premenopausal
women, who comprise 20% of cases of EC, the approach to a patient with abnormal
uterine bleeding will depend on the age group this patient belongs to (reproductive or
postmenopausal) [79,84,85]. All postmenopausal women with AUB, especially if any
of the risk factors discussed above are present [108,109], should undergo endometrial
biopsy [3,79,84]. The risk of EC in postmenopausal women with uterine bleeding is up to
10% [3,84,90].

Women may also present with vague complaints of increased vaginal discharge or an
incidental finding of a thickened endometrium on imaging [90]. Patients with advanced
stages of the disease may complain of pelvic pain, abdominal distension, early satiety,
changes in bowel or bladder function, pain during intercourse, and dyspnea because of
pleural effusion [90]. However, it is important to keep in mind that up to 5% of patients
with EC are asymptomatic [3,90].

Transvaginal ultrasound (TVUS) is a widely used approach for further investiga-
tions in patients suffering from AUB [3,85]. After the thorough investigation via sonog-
raphy, the vast majority will undergo endometrial sampling [110,111]. The most use-
ful approach to diagnose and confirm EC is endometrial sampling with histological
examination [3,84,106,107].

The strategy with TVUS, followed by endometrial biopsy if an abnormality is detected,
is the most cost-effective; therefore, TVUS is considered as the first step in any woman
presenting with AUB [3,85,112,113].

Endometrial biopsy could be performed using different devices [84]. However, the
most popular are the following methods: dilation and curettage (D&C), Pipelle sampling
(Pipelle de Cornier prototype), and hysteroscopy with targeted biopsy. Histological ex-
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amination reports may include presence of endometrial cells, atypical glandular cell of
uncertain significance, or adenocarcinoma in situ [3,85,90].

4. Molecular Basis of Endometriosis and Endometrial Pathology
4.1. Genetic and Epigenetic Changes in Endometriosis
4.1.1. Genetic Association and Meta-Analyses Studies

Endometriosis is a complex disease with multiple genetic and environmental factors
contributing to disease pathology [114,115]. First evidence for the presence of a heritable
component contributing to endometriosis came from studies published as early as the
1950s [116] that demonstrated familial clustering of endometriosis [117–119]. These studies
showed that first-degree relatives of affected women have a five to seven times higher
risk of being diagnosed with endometriosis [117,118]. Familial endometriosis was further
shown to be associated with earlier age of symptom onset and a more severe disease
course [120]. The genetic predisposition to endometriosis was corroborated by twin studies
that showed an increased disease risk in monozygotic versus dizygotic twins, and the
estimated contribution of genetic factors to endometriosis was up to 51% [121].

Large-scale genetic linkage and meta-analyses represented an important means to
identify endometriosis susceptibility loci [122]. Most notable, family-based linkage studies
of endometriosis conducted by the International Endogene Consortium in two combined
cohorts of Australian and UK families identified two linkage regions that likely harbor rare
causal variants, one on chromosome 10q26 [123] and one on chromosome 7p13–15 [124].
A third region of suggestive linkage identified by Treloar et al. is located on chromosome
20p13 [123]. Chromosome 10q26 contains two genes that were previously implicated in
candidate gene mapping studies as potential endometriosis risk loci, EMX2 [125], which
encodes a transcription factor required for reproductive-tract development [126], and the
tumor suppressor gene PTEN, which encodes a phosphatidylinositol-3,4,5-triphosphate
3-phosphatase [88].

Both EMX2 and PTEN were previously reported to be aberrantly expressed in en-
dometrial lesions [125,127–130]. However, systematic resequencing of the region could not
confirm either gene as an endometriosis risk locus [131]. Instead, CYP2C19 (Cytochrome
P450 Family 2 Subfamily C Member 19), a nearby gene, was found to be weakly associated
with endometriosis [132,133]. CYP2C19 is a member of the cytochrome p450 family and
encodes an aromatase associated with the metabolism of drugs and estrogen [134,135]. The
linkage peak on chromosome 7p13–15 may represent a susceptibility allele with high pene-
trance for more severe forms of endometriosis [123], but the involved allele remains elusive.

Other genome-wide association studies conducted in women of European ancestry
led to the identification of two new genomic regions associated with a significant risk of en-
dometriosis. The first locus with significant disease association was located to chromosome
7p15.2 [135]; this region may regulate expression levels of nearby gene(s) involved in the
development of the uterus and endometrium [136]. A second genetic variant was mapped
to chromosome 1p36.12 near the WNT4 gene [136], which is implicated in the development
and function of the female reproductive tract and sex hormone metabolism. Both risk loci
were independently confirmed in Japanese and European cohorts [137,138].

Genome-wide studies identified additional susceptibility loci for endometriosis [139–142].
Several candidate genes were mapped that exhibit varying degrees of disease association in-
cluding genes involved in hormone signaling (GREB1), cell proliferation and differentiation
(ID4, CDKN2PAS), as well as cell migration and invasion (FN1, VEZT) [137,138,143]. How-
ever, most polymorphisms identified by genome-wide association studies to date are lo-
cated in non-coding regions, suggesting they affect the expression of nearby genes [137,138].

In conclusion, genome-wide association studies, with few exceptions, failed to confirm
a clear association between endometriosis and specific risk loci. This may indicate that there
are many genetic variants, each of which has a weak impact on endometriosis development,
yet in combination they can significantly increase the likelihood of endometriosis and,
thus, represent true endometriosis risk loci [144–146]. Detection of weak effects of gene
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variants influencing a complex trait such as endometriosis, therefore, requires datasets of
significant size.

4.1.2. Genome Mapping Studies and Targeted Gene Sequencing

In addition to genome-wide association studies, candidate gene approaches were
used to test the association of specific genes with endometriosis. These studies focused on
systematic sequencing of identified risk loci or used genetic mapping where variants of a
gene of interest with an inferred pathophysiological relevance are tested for association with
the disease in samples of endometriosis cases and controls. These approaches identified
genes involved in sex hormone metabolism and signaling, growth factor signaling, cell
adhesion, apoptosis, cell-cycle regulation, detoxification, and inflammation [138]. Several
studies also reported genetic aberrations in tumor suppression genes, such as TP53 and
PTEN, in endometriotic tissues [88]. However, most associations identified by targeted gene
mapping approaches suffered from low statistical power and lack of replication [145,146].

4.1.3. Genome-Wide Sequencing Studies

Endometriosis is characterized by the growth of ectopic endometrial-like epithelium
and stroma [40,41] with neoplastic characteristics that shares striking similarities with
malignancy [147]. Indeed, endometriosis shares many of the key hallmarks of cancer
including resistance to apoptosis, stimulation of angiogenesis, invasion, and inflamma-
tion [148]. Moreover, endometriosis is well-established as the precursor of clear cell and
endometrioid ovarian carcinomas [149]. A plausible link between benign endometrio-
sis and endometriosis associated cancer was provided by several recent next-generation
sequencing approaches [121–124]. These studies also offered important insight into the
molecular basis of cancer development.

Anglesio et al. were the first to report on the genome-wide identification of somatic
cancer driver mutations in deep infiltrating endometriosis [150]. Deep endometriosis
represents a subtype of endometriosis that occurs under the peritoneum [40] and rarely
undergoes a malignant transformation. The cited authors identified somatic mutations in
PIK3CA, KRAS, and PPP2R1A, which encodes a regulatory subunit of protein phosphatase 2.
In addition, frequent loss of function mutations in AT-rich interactive domain 1A (ARID1A)
were detected, altogether affecting approximately one-quarter of patients subjected to
comprehensive genomic analysis [150]. Targeted sequencing of a subpopulation of patients
further identified KRAS activating mutations in one-quarter of deep endometriosis patient
samples [150]. Overall, of the 24 women taking part in the study, 19 had one or more driver
mutations in their endometriosis tissue that were not present in their normal tissue [151,152].
Notably, cancer-associated mutations were found only in laser microdissected epithelial
cells of ovarian and extraovarian pelvic endometriotic tissues, but not in stromal cells
of the same tissue. These findings suggest that the occurrence of driver mutations in
the epithelium is clonal and contributes to endometriosis development independently of
stroma [152].

Besides ARID1A, PIK3CA, KRAS, and PPP2R1A, several other cancer-associated genes,
such as PTEN, PIK3R1, TP53, FBXW7, and CTNNB1, were recurrently mutated in both
endometriotic and uterine endometrial epithelium samples. In particular, KRAS and ARID1
are frequently mutated in the endometriotic epithelium, although these epithelia were
histologically benign and normal [153,154]. All of these mutations are well characterized
cancer driver mutations that are known for controlling cell proliferation and survival,
angiogenesis, invasion, and DNA damage repair. Importantly, besides deep endometrio-
sis [150], other types of endometriosis also contained somatic cancer driver mutations,
including endometriotic cysts, iatrogenic endometriosis as a rare complication associated
with laparoscopic supracervical hysterectomy (LASH), and eutopic normal endometrial
epithelium [151,155].

How precisely cancer driver mutations affect endometriosis in histologically normal
tissue is still an outstanding question. The presence of these mutations in benign endometri-
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otic lesions is clearly non-random. However, affected epithelial cells only carried one to
two somatic mutations, which is not sufficient for malignant transformation [156]. Given
the known roles of driver mutations in cancer progression, one can speculate that these
mutations are necessary for driving the growth of endometriotic tissue in other regions of
the body. Only accumulation of additional driver mutations in combination with microen-
vironmental factors, such as chronic estrogen exposure and/or inflammation, may then
lead to cancer development.

4.2. Endometrial Stem Cells in Pathogenesis of Endometrial Pathology

There are several theories to account for the origin of endometriosis and to explain
how tissue can be scattered throughout the abdominal cavity. However, there is no single
theory that can explain all clinical presentations and pathological features observed in
endometriosis, and several mechanisms may in fact contribute.

The stem cell origin theory of endometriosis has gained considerable attention in
recent years following the advances in molecular and genetic findings. There are two main
models that are differentiated based on the tissue origin of the stem cells: stem cells arising
from the regenerating uterine endometrium or stem cells originating from the bone marrow.
The uterus in women is the only organ that undergoes repeated cycles of physiological
damage, repair, and regeneration following menstrual shedding [114–116]. Menstrual
shedding, and the subsequent repair of the endometrial functionalis, is a process unique to
humans and higher-order primates [117–119]. These approximately 400 cycles of shedding
and regeneration occur over a woman’s lifetime. This significant regenerative capacity is
thought to be driven by stem cells that reside in the terminal ends of the basalis glands at
the endometrial/myometrial interface, also termed endometrial functionalis layer, which
persists after menstruation and regenerates the epithelium during the proliferative phase
in response to estrogen [9]. The first model proposes that circulating epithelial progenitor
or stem cells intended to regenerate the uterine endometrium are shed with menstruation
and may become aberrantly activated and trapped outside the uterus, thus giving rise to
ectopic lesions after retrograde menstruation and trans-tubal migration in to the pelvic
cavity [157].

Irrespective of the site of stem cell origin, the growth of the ectopic tissue, which retains
hormone responsiveness, is further influenced by sex hormones and other factors present
in the microenvironment. These factors collectively control the adhesion, proliferation,
angiogenesis, and invasion of the trapped progenitor cells. The ectopic tissue, in turn,
induces the recruitment of immune cells leading to local inflammation and the formation
of a dysregulated inflammation–hormonal autoregulatory loop. The trapped progenitor
cells thereby may form nascent glands in the epithelium through clonal expansion leading
to the establishment of deep infiltrating endometriosis.

However, more studies for a better understanding of endometrial epithelial stem
cell function and regulation are required to understand the eventual changes behind the
endometrial pathologies.

4.3. Endometriosis as a Risk Factor for Endometrial Cancer

With respect to endometriosis itself as a risk factor for other conditions, women with
endometriosis have a higher risk of infection, allergy, autoimmune disease, psychiatric con-
ditions, preterm birth, metabolic syndrome, coronary heart disease, and cancer, especially
ovarian [158] and breast cancers, and melanoma [159].

A history of endometriosis has been recognized as a precursor lesion of several types
of malignancies and endometriosis-associated carcinoma [160,161].

Some investigations suggested no association between endometriosis and EC [28,149,
160,162–164]. One of the recent systematic reviews performed to search for evidence on the
association of endometriosis with gynecological cancers also reported no clear association
between endometriosis and EC [165]. On the other hand, some studies have reported an
association between endometriosis and EC reflecting overlapping risk factors between the
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two conditions, including endogenous or exogenous hyperestrogenism and ovulatory dys-
function [160,166]. Another recent epidemiologic study on the association of endometriosis
with malignancy reported that patients with endometriosis were significantly more likely
to be diagnosed with EC at a younger age than those without endometriosis (mean age at
EC diagnosis 57 years vs. 62 years; p = 5.0 × 10−11) [167]. Moreover, two population-based
studies have shown associations between endometriosis and EC [52,168,169].

If we analyze the role of risk factors in the development of endometriosis and EC,
some overlapping genetic factors (Figure 1) are worth highlighting. Genetic correlation
analyses by Painter et al. (2018) revealed the presence of “weak to moderate, but significant”
genetic overlap between endometriosis and EC [52,144]. Namely, in the cross-disease meta-
analysis the authors found 13 SNPs that appeared to be involved in replication. These
SNPs are the following: rs2475335, rs9865110, rs2278868, rs12303900, rs9349553, rs10008492,
rs9530566, rs10459129, rs2198894, rs7042500, rs17693745, rs7515106, and rs1755833 [52,144].
SNP rs2475335, which is located on chromosome 9p23, was most significantly associated
with both diseases (p = 4.9 × 10−8) [52].

To conclude about the link between endometriosis and EC, epidemiological studies
have reported conflicting data for an association between the diagnosis of endometriosis
and risk of EC [52]. More large-scale investigations are required in order to confirm or
refute the link between endometriosis and risk of EC development.

5. Clinical Applications of Current Knowledge and Directions for Future Research
5.1. Molecular Basis for a Specific Therapeutic Approach

Collectively, studies performed over the last decade shed new light on the patho-
physiology of endometriosis. Linkage and sequencing studies have identified genes and
pathways important for endometriosis development and have highlighted potential causal
links between endometriosis and endometriosis-associated cancer. The identification of
women with endometriosis who are at risk of cancer development provides a basis for
improved diagnosis and prognosis and is likely to aid in improved cancer surveillance of
patients at risk.

As treatment of endometrial cancer was based on histological characteristics and
staging [170,171], prognosis was not promising, especially if the stage is advanced [172–174].
Therefore, in the last couple of years, efforts have been directed to molecular aberrations
within the specific tumor, as a novel biological targeted therapy with promising outcomes
in clinical trials [175].

Various biomarkers [176], such as mTOR pathway disruptions, loss of estrogen and
progesterone nuclear expression, TP53 mutation, changes in Wnt-signaling, or L1CAM
expression, were identified as a link to endometrial cancer development [177]. All these mu-
tations were associated with poor prognosis, but their clinical utilization is still questionable.

Preclinical investigations related to molecular-targeted therapies in ECs enabled
deeper understanding of underlying mechanisms and highlighted different approaches to
EC patients.

According to genomic characteristics of 373 endometrial carcinomas, The Cancer
Genome Atlas (TCGA) classified EC into four molecular subtypes [178,179], which differ
a lot from the molecular point, underlying risk factors, clinical and pathological features,
treatment modalities, and prognosis [180–182]. These four distinct prognostic groups are
POLE ultramutated, microsatellite instability/hypermutated, copy number-low microsatel-
lite stable, and copy number-high/serous like.

Compared with other subtypes of tumors, prognosis for the copy number-high/serous-
like group of patients is poor [183]. Poor prognosis is related to the loss of tumor suppressor
TP53 resulting in a high degree of genomic instability and rapid tumor progression and
invasion [184,185]. As one-quarter of serous-like tumors have ERBB2 overexpression, there
is a need to investigate the role of human epidermal growth factor receptor 2 (HER2)-
targeted inhibitors [186–188]. Considering molecular similarities between high-grade
endometrioid and serous carcinomas, patients of this subtype may benefit from treatment
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as if their tumor was serous. Moreover, specific mutations and overexpression of molecular
targets in these tumors could tailor treatment in both the primary and recurrent setting.

From the clinical point of view, there is a need to create an integrated molecular risk
profile for endometrial cancer. For that purpose, these four molecular subgroups were
combined with additional molecular markers. Integrated molecular and clinico-pathologic
risk assessment was based on a multivariate analysis of four molecular subgroups, clinical
and histopathological characteristics of tumors, and various molecular classifiers. Molec-
ular markers involved were TP53 expression, MSI, POLE mutation, protein expression
of L1CAM, ARID1a, PTEN, ER/PR, as well as analysis of 13 genes found to have variable
expression in the TCGA classification groups (BRAF, CDKNA2, CTNNB1, FBXW7, FGFR2,
FGFR3, FOXL2, HRAS, KRAS, NRAS, PIK3CA, PPP2R1A, and PTEN). This integrated
model for prediction of endometrial cancer recurrence was confirmed to be more reliable
than the traditional one relying on clinical and pathologic factors [189]. Moreover, this
classification system enhances risk stratification of endometrial cancers. Importance for
molecular subtyping was confirmed in clinical practice, as sorting of patients into molecu-
lar subgroups was confirmed to predict response rates to conventional, targeted systemic
and radiotherapy [190,191]. For clinicians, molecular subtype stratification could be used
in both preoperative evaluation (whether to prepare the whole set up for lymph node
dissection or not) and postoperative treatment (the need for eventual adjuvant therapy).
Moreover, molecular subtyping was confirmed to be very important for targeted therapy in
patients with recurrent and metastatic diseases [175,177,192–194]. Thus, once the diagnosis
of endometrial cancer has been established, there is a need to perform molecular subtyping,
which will enable proper therapeutic approach.

5.2. Prognostic Biomarkers for Endometrial Cancer

There is no screening method for EC for the general population. Women with LS and
their first-degree relatives are offered annual screening with TVUS and endometrial biopsy
from the age of 35 years [90,105].

There are several types of biomarkers: gene-based biomarkers, proteins biomarkers,
and hormonal biomarkers [105]. Gene-based biomarkers include the following: PTEN,
TP53, microribonucleic acids (microRNAs), circulating tumor DNA, and DNA methylation.
Protein biomarkers include pRb2/p130, Ki 67, ARID1A, cell adhesion molecules (CAMs),
phosphohistone-H3 (pHH3), angiotensin factors, etc. The most commonly mutated genes
detected in EC patients using Tao brush samples were PTEN and TP53 [83].

One of the gene-based biomarkers, PTEN tumor suppressor, antagonizes the phosphoi-
nositol-3-kinase/AKT signaling pathway, suppressing cell survival as well as cell prolif-
eration [105]. A recent study suggests that PTEN expression in endometrial hyperplasia
can be used as an early warning of heightened cancer risk [105,195]. Complete loss of
PTEN protein expression is most commonly found in EC and endometrial hyperplasia with
cytological atypia.

Another potentially useful molecular biomarker is TP53, which belongs to cell cycle
proteins [105], and triggers cellular responses that can lead to cell-cycle arrest, senescence,
differentiation, DNA repair, apoptosis, and inhibition of angiogenesis [196]. The role of
TP53 in EC and hyperplasia has been studied, showing that TP53 gene mutation is present
in EC, but it is absent in endometrial hyperplasia [105,197].

The expression of the cell cycle regulator pRb2/p130 was evaluated in EC and endome-
trial hyperplasia and was found to be highly expressed in the proliferative endometrium
and in hyperplasia without atypia, but it was downregulated in secretory endometrium,
atypical hyperplasia, and EC [105,197].

The most promising serum biomarker for EC is human epididymis protein 4 (HE4) [105].
A number of studies have looked at HE4 as a prognostic marker for EC [86,105,198,199].
Diagnostic levels range between 50 and 70 pmol/L, with a minimum 78% sensitivity and
100% specificity, even in early-stage disease [105,198]. Serum HE4 levels are found to
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be significantly higher in advanced stages of EC [105,199] and are predictive for disease
recurrence [105].

There are many novel biomarkers under investigation. Introduction of them into
clinical practice could improve timely EC diagnosis, treatment outcomes, and surveillance
of EC patients.

6. Conclusions

Although diagnostic methods of endometriosis are well-developed in modern gy-
necology, the etiopathogenesis of the disease remains largely unknown. Lack of clear
understanding of the pathologic process leads to inferable outcomes in patients suffering
from endometriosis and may be linked to development of related female genital malignancy.
Existing studies have reported inconclusive data for an association between endometriosis
and risk of EC. Further large-scale investigations could help to answer this query. Molecu-
lar studies of endometrial tissue function and endometriosis might shed light on the real
cause of the condition and the factors leading to EC development. As a result of a better
understanding of the molecular basis of endometriosis and EC, patient management and
outcomes could be improved.
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Abstract: Endometriosis is a chronic gynecological disorder affecting the quality of life and fertility
of many women around the world. Heterogeneous and non-specific symptoms may lead to a delay
in diagnosis, with treatment options limited to surgery and hormonal therapy. Hence, there is a
need to better understand the pathogenesis of the disease to improve diagnosis and treatment. Long
non-coding RNAs (lncRNAs) have been increasingly shown to be involved in gene regulation but
remain relatively under investigated in endometriosis. Mutational and transcriptomic studies have
implicated lncRNAs in the pathogenesis of endometriosis. Single-nucleotide polymorphisms (SNPs)
in lncRNAs or their regulatory regions have been associated with endometriosis. Genome-wide
transcriptomic studies have identified lncRNAs that show deregulated expression in endometriosis,
some of which have been subjected to further experiments, which support a role in endometriosis.
Mechanistic studies indicate that lncRNAs may regulate genes involved in endometriosis by acting
as a molecular sponge for miRNAs, by directly targeting regulatory elements via interactions with
chromatin or transcription factors or by affecting signaling pathways. Future studies should concen-
trate on determining the role of uncharacterized lncRNAs revealed by endometriosis transcriptome
studies and the relevance of lncRNAs implicated in the disease by in vitro and animal model studies.

Keywords: endometriosis; long non-coding RNAs; lncRNAs; sponging; ceRNA; chromatin; chronic pain

1. Introduction

Endometriosis is a chronic inflammatory disorder defined by endometrial-like lesions
growing ectopically outside of the uterus that affects many reproductive-age women
worldwide. The disease has heterogeneous symptoms that may not be specific to the
disease, such as different types of chronic gynecological pain and reduced fertility. The
cause of the disease remains unclear, but lesions are thought to originate from endometrial
cells that escape the uterus [1], although the presence of rare endometriosis-like lesions
in males supports a trans-differentiation origin [2]. Endometriosis is thought to be an
immunological disease, first because lesions must evade the immune system in order to
establish and develop, and second because the inflammatory nature of the disease accounts
for many of the symptoms [3]. Additionally, a meta-analysis has found that there is some
association between endometriosis and a risk for developing an autoimmune disease [4].
Treatment options for the disease remain limited to laparoscopic surgery to remove lesions
and hormone-based treatments that are not compatible with pregnancy [3]. Given that
diagnosis is often delayed due to the non-specific symptoms and that there are limited
treatment options, there is a need to better understand the molecular pathogenesis of the
disease in order to identify key players that may be used as biomarkers for diagnosis or as
targets for new treatments. One class of molecules that may play a role in the disease are
long non-coding RNAs (lncRNAs).
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LncRNAs are a class of genes that since the advent of high-throughput sequencing
technology have been revealed to be much more numerous than was previously realized.
Currently over 16,000 human lncRNAs are annotated by the GENCODE project, while
some other studies have indicated that the total number may be over 100,000 [5]. Although
most of these lncRNAs remain uncharacterized, an increasing number have been shown
to have a biological function, often involved in gene regulation [6]. LncRNAs remain
relatively under investigated in endometriosis, but given their roles in development and
disease in other contexts [7], it is reasonable to assume that there may be lncRNAs that also
play a role in endometriosis.

LncRNAs may exert their function in either the nucleus or the cytoplasm via a variety
of mechanisms. In the nucleus, lncRNAs may act as epigenetic gene regulators by recruit-
ing chromatin remodeling or modification complexes to target gene promoters either in cis
(Figure 1a) [8] and/or in trans to activate or suppress their transcription (Figure 1b) [9].
LncRNAs can act as decoys of specific chromatin modifiers by sequestering them from
the promoters of target genes (Figure 1c) [10]. In other contexts, lncRNAs may act as
transcriptional regulators by competing with a transcription factor for binding DNA
and/or by binding its DNA binding domain (Figure 1d) [11]. LncRNAs have also been
associated with the regulation of pre-mRNA alternative splicing in the nucleus, thereby
affecting which isoforms predominate (Figure 1e) [12]. In the cytoplasm, lncRNAs are in-
volved in post-transcriptional regulation processes that can affect the stability of transcripts
(Figure 1f) [13] or whether a transcript is translated into a protein or not (Figure 1g) [14].
LncRNAs can also be involved in the modulation of cell signaling pathways by binding to
signaling proteins and affecting their activation state (Figure 1h) [15]. Finally, a common
mechanism whereby lncRNAs are thought to affect mRNA abundance is by acting as
so-called “sponges” of miRNAs to reduce miRNA-mediated degradation. Here, lncRNAs
may share miRNA target sequences with mRNAs, thereby reducing miRNA availability to
target mRNAs (Figure 1i) [16,17].

These studies show that lncRNAs can act at multiple subcellular sites to affect various
aspects of cell biology, although in most cases they affect either transcription or processing
of mRNAs and their steady state levels in the cell. That is, in a broad sense, they regulate
other genes. An increasing body of literature implicates abnormal expression of specific
lncRNAs in disease, particularly in different types of cancer [18], but also in a variety of
other diseases including neural disorders [19], cardiovascular disease [20], and diabetes [21].
Evidence for the involvement of individual lncRNAs in the pathogenesis of these diseases
ranges from a correlation with dysregulated lncRNA expression to detailed mechanistic
studies that indicate a functional role in the disease. The implication from these studies
and others is that lncRNAs are important players in the pathogenesis of many diseases,
suggesting that there may be lncRNAs that play a role in endometriosis. Furthermore,
a number of studies in have shown that lncRNAs can either be regulated by estrogen-
dependent enhancers [22] or that lncRNAs can regulate estrogen receptor expression [23].
As endometriosis is an estrogen-dependent disease [3], these studies give further impetus to
investigate the role of lncRNAs in the disease. Given this evidence for the role of lncRNAs
in other contexts, in this review, we aim to provide a comprehensive picture of the current
state of knowledge over the role of lncRNAs in endometriosis.
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Figure 1. Description of the general mechanisms of the lncRNA actions in the nucleus (a–e) or in the cytosol (f–i).
(a) Regulation in cis by lncRNA ANRIL, which mediates polycomb repressive complex (PRC) 1 and 2 recruitment to the
promoter of the neighboring CDKN2A and CDKN2B genes, thereby controlling their expression [8]. (b) Regulation in trans
by ANRIL, which acts through Alu sequences to recruit PRC1 and PRC2 complexes to distant targets [9]. (c) The embryonic
stem cell–specific lncRNA lncPRESS1 sequesters the histone deacetylase Sirtuin 6 (SIRT6) from the promoters of numerous
pluripotency genes. LncPRESS1 keeps histone H3 acetylated, thereby activating the transcription of pluripotency genes.
During differentiation or following depletion of lncPRESS1, SIRT6 localizes to the chromatin, blocking the transcription of
pluripotency genes [10]. (d) The lncRNA GAS5 folds into a DNA-like structure and binds to the glucocorticoid receptor (GR),
thereby inhibiting its transcriptional activity [11]. (e) The nuclear-retained lncRNA MALAT1 can regulate alternative splicing
by modulating the phosphorylation of the SR splicing factor [12]. (f) In the cytosol, the lncRNA urothelial carcinoma associated
1 (UCA1) stabilizes CDKN2A-p16 mRNA by sequestering the heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) [13].
(g) LncRNA LBCS suppresses the androgen receptor (AR) translation efficiency by forming a complex with hnRNPK and AR
mRNA [14]. (h) The lncRNA for kinase activation (LINK-A) directly interacts with the AKT pleckstrin homology domain and
PIP3 facilitating AKT–PIP3 interaction and consequent enzymatic activation [15]. (i) The lncRNA PVT1 sponges miR-503 to
upregulate ARL2 expression in cervical cancer [17].
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2. Aims and Methodology of This Review

In this review, we aim to provide a comprehensive picture of the current knowledge
of the role of lncRNAs in the pathogenesis of endometriosis and the mechanisms by which
they affect the disease. We included patient studies to detect lncRNAs that have been
associated with endometriosis, along with in vitro studies and in vivo animal studies
to analyze the mechanism of action and function of lncRNAs in the disease. To gather
studies for this review, we searched both the PubMed and Google Scholar databases for
endometriosis and lncRNA combined with the following keywords: mechanism of action,
sponging, ceRNA networks, chromatin, biomarkers, genome-wide, microenvironment,
and infertility. We concentrated on original research papers, excluding literature reviews,
pre-prints, meeting abstracts, and articles that were not in English and then assessed the
remaining publications for this review.

3. Evidence for the Role of lncRNAs in Endometriosis

The evidence for the role of lncRNAs in the pathogenesis of endometriosis has been
largely uncovered by using high-throughput screening technologies to detect differences
between control and disease cohorts from either patient samples or animal models. Selected
lncRNAs identified using these approaches were then subjected to further validation
experiments to confirm their role. Below, we discuss the current evidence, most of which is
derived from genome-wide genomic or transcriptomic studies.

3.1. Genetic Evidence for lncRNA Involvement in Endometriosis

Genome-wide association studies (GWAS) have been conducted for many diseases
including endometriosis [24,25]. This powerful approach surveys single-nucleotide poly-
morphisms (SNPs) throughout the genome in a large cohort of individuals to identify
variants and genomic regions associated with an increased chance of developing the dis-
ease. SNPs identified in GWAS studies often occur in intergenic regions, and therefore, it
has been speculated that they may affect the regulation of nearby genes [26]. One mecha-
nism by which this could work is via changing the sequence of an lncRNA and, thereby,
affecting its regulatory function [27].

Genome-wide DNA sequencing technology has identified genetic variations in lncRNA
loci that may affect the pathogenesis of endometriosis. The rs10965235 SNP located on
chromosome 9p21.3 is associated with severe endometriosis in a Korean patient cohort
and lies within the CDKN2B-AS gene locus [28]. This indicates that disruption of lncRNA
function by the SNP is a possible mechanism through which this variant may predispose
patients to endometriosis. The rs3820282 SNP located within a WNT4 intron on chromo-
some 1p36.12 is associated with endometriosis and appears to affect an enhancer–promoter
interaction resulting in the downregulation of LINC00339 and upregulation of CDC42 [29].
This indicates another possible mechanism for lncRNA regulation, whereby dysregulation
of CDC42 due to the risk of an SNP affecting enhancer competition with the LINC00339 pro-
moter leads to predisposition to endometriosis. Recently, genetic variations at the rs1838169
and rs17720428 SNPs sites on chromosome 12q13.3 in HOTAIR have been shown to be
frequently detected in patients with endometriosis [30]. These variants appear to increase
the stability of the lncRNA, resulting in reduced levels of HOXD10 and HOXA5 transcripts
regulated by HOTAIR. A variant of the rs591291 SNP located on chromosome 11q13.1 in
the promoter region of MALAT1 was associated with an increase in endometriosis risk in a
Chinese population, indicating that a change in the MALAT1 expression level may affect
endometriosis risk, although this was not examined in this study [31]. Finally, the rs710886
SNP in PCAT1 has been associated with increased risk of developing endometriosis [32].
This SNP appears to disrupt sponging by PCAT1 of miR-145, affecting the expression of
FASCIN1, SOX2, MSI2, SERPINE1, and JAM-A, and the proliferative and invasive ability of
endometriosis stem cells. Together, these studies indicate that genetic variants associated
with endometriosis may predispose patients to the disease by disrupting the lncRNA gene
regulatory function via diverse mechanisms.
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3.2. Transcriptional Evidence for lncRNA Involvement in Endometriosis

To date, there have been around 14 genome-wide profiling transcriptome studies of
human patient samples and animal models for endometriosis (Table 1). These studies are
mainly descriptive in nature, with experimental validation limited to a few selected candi-
dates. These studies often include in silico analysis examining the relationship between
differentially expressed protein coding and lncRNA transcripts. Further bioinformatic ap-
proaches, such as gene ontology analysis, are then often used to predict the relevance of the
identified targets to biological pathways involved in the pathogenesis of endometriosis. Ini-
tial studies were mostly conducted using microarray platforms to assess the expression of
lncRNAs and mRNAs. Using a human lncRNA expression microarray, Sun et al. [33] were
the first to assess genome-wide the relationship between lncRNA and mRNA expression in
ovarian endometriosis lesions compared to paired autologous eutopic endometrial samples.
They identified 948 lncRNAs and 4088 mRNAs as differentially expressed in the study
cohort and validated the differential expression of the top 10 lncRNA candidates using
qRT-PCR. Based on co-expression with mRNAs, lncRNAs in this study were predicted to
take part in tissue adhesion, angiogenesis, estrogen production, and immune response, all
processes known to be associated with the pathogenesis of endometriosis. Co-expression
and genomic proximity were then used to predict 49 cis-regulating lncRNAs and their pro-
tein coding targets, while trans-regulating lncRNAs were predicted by co-expression with
transcription factors and network analysis. This indicated that the top candidates were in a
network with MYC, CTCF, and E2F4. Another study from Cai et al. (2019) used microarrays
to profile lncRNA and mRNA expression in an endometriosis rat model, resulting in the
identification of 115 upregulated and 51 downregulated lncRNAs together with 182 differ-
entially expressed protein coding mRNA transcripts [34]. Co-expression analysis revealed
five lncRNAs (LOC102551276, NONRTT006252, LOC103691820, LOC102546604, and NON-
RATT003997) that show a similar expression pattern to four protein coding mRNAs (Adamts7,
P2ry6, Dlx3, and TP53), indicating a possible functional relationship in endometriosis.

Using a transcriptome array, Wang et al. [35] investigated the expression profile of lncR-
NAs in serum and tissue samples from patients with and without endometriosis. Following
qRT-PCR validation of differentially expressed lncRNAs, they identified a combination of
five circulating lncRNAs (NR_038395, NR_038452, ENST00000482343, ENST00000544649, and
ENST00000393610) that they proposed could act as non-invasive biomarkers for the disease.

In the last few years, high-throughput RNA sequencing technology has surpassed
microarrays as the preferred genome-wide technology for the identification of differ-
entially expressed lncRNAs in endometriosis. Unlike microarrays, RNA sequencing is
not biased by prior knowledge, enabling the discovery and characterization of lncRNAs
that may play a role in the disease. A number of RNA sequencing studies have now
been conducted comparing tissues from either patients or endometriosis animal models
(Table 1). For example, using RNA sequencing, Cui et al. identified 86 differentially expressed
lncRNAs and 1228 differentially expressed mRNAs in patients with ovarian endometriosis
lesions compared to eutopic endometrial controls [36]. Pathway and gene ontology analysis
showed that differentially expressed lncRNAs were involved in the regulation of cell prolif-
eration, adhesion, migration, steroidogenesis, and angiogenesis, all processes implicated in
endometriosis lesion formation and survival at ectopic sites of implantation.

Table 1. Genome-wide studies that identified differentially expressed lncRNAs in endometriosis.

Method (Reference) Cohort
(Tissue Type)

Validation
(Type; Cohort; lncRNAs) Predicted Function in Endometriosis Limitations

Expression
Microarray [33]

n = 8
(paired ovarian:
4 eutopic and

4 ectopic tissues)

RT-qPCR
n = 42

(paired ovarian: 21 eutopic
and

21 ectopic tissues)
CHL1-AS2, MGC24103,

XLOC_007433, HOXA11-AS,
KLP1, LOC100505776,

XLOC_012981,
LIMS3-LOC4408, LOC389906

Cis and trans regulation of protein
coding genes 1, 6
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Table 1. Cont.

Method (Reference) Cohort
(Tissue Type)

Validation
(Type; Cohort; lncRNAs) Predicted Function in Endometriosis Limitations

Expression
Microarray [37]

n = 6
(3 eutopic tissues of
women with EM of

undefined entity and
3 eutopic tissues of

women without EM)

RT-qPCR
n = 68

(40 eutopic tissues of women
with EM of undefined entity

and 28 eutopic
tissues of women without

EM)
RP11-369C8.1, RP11-432J24.5,
AC068282.3, GBP1P1, SNHG1,
AC002454.1, AC007246.3, FTX

Cell cycle regulation and immune
response 1, 2, 4, 6

Expression
Microarray [35]

Serum: n = 20
(10 women with

peritoneal and/or
ovarian EM and

10 women without EM)
Tissue: n = 15

(paired peritoneal
and/or ovarian:

5 eutopic and
5 ectopic EM patients
and 5 eutopic tissues

of women without EM

RT-qPCR
Serum: n = 110

(59 women with peritoneal
and/or ovarian EM and
51 women without EM)

Tissue: qPCR n = 24
(paired peritoneal and/or

ovarian: 9 eutopic and
9 ectopic tissues of EM

patients and 6 eutopic tissues
of women without EM)

DE lncRNAs
16

Combination of NR_038395,
NR_038452, ENST00000482343,

ENST00000544649, and
ENST00000393610 suggested as a

non-invasive
diagnosis marker

1,
2 (because
of pooling)

Expression
microarray [38]

n = 8
(paired ovarian: 4

eutopic and 4 ectopic
tissues of EM patients)

RT-qPCR
n = 87

(paired ovarian: 30 eutopic
and 30 ectopic tissues of EM

patients and 27 eutopic
tissues of women without

EM))

CHL1-AS2

CCDC144NL-AS1 expression was
upregulated in ectopic tissues

compared to eutopic and control
endometrial tissues

1

Re-analysis of existing microarray data [39]

n = 18
GSE120103

(eutopic tissue from
9 fertile and 9 infertile
women with ovarian

EM)

Validation of 14 hub mRNAs
using

GSE26787
(5 fertile and 5 infertile

women with unknown EM
status)

Identification of putative
infertility-associated lncRNAs
LOC390705 and LOC100505854

1, 3, 6

Re-analysis of existing microarray data [40]

GSE7305
(paired ovarian:

10 eutopic and 10 ectopic
tissues of EM patients

and 10 eutopic tissues of
women without EM)

GSE7846
(HEECs of eutopic

tissues of 5 EM patients
with ovarian EM and

HEECs of eutopic tissues
of 5 women without EM),

GSE29981
(LMD epithelial cells of
20 women without EM)

E-MTAB-694
(paired peritoneal:

18 eutopic and
18 ectopic tissues of EM
patients and 17 eutopic

tissues of women
without EM)

No validation Proposed cell cycle regulatory
functions for LINC01279 2, 3, 4, 5

RNA-Seq [41]

n = 16
(8 eutopic tissues of
women with EM of

undefined entity and
8 eutopic tissues of

women without EM)

No validation
Predicted oxidative stress and

endometrial receptivity regulatory
functions

1, 2, 3, 4, 6

RNA-Seq [36]

n = 10
(5 eutopic tissues of

patients with ovarian EM
and 5 eutopic tissues of

women without EM)

RT-qPCR
n = 24

(12 eutopic tissues of patients
with ovarian EM and

12 eutopic tissues of women
without EM)

USP46-AS1, RP11-1143G9.4,
RP11-217B1.2, AC004951.6,

RP11-182J1.12

Predicted proliferation, adhesion,
migration, invasion, and angiogenesis

regulatory functions
1, 4, 6
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Table 1. Cont.

Method (Reference) Cohort
(Tissue Type)

Validation
(Type; Cohort; lncRNAs) Predicted Function in Endometriosis Limitations

RNA-Seq [42]

n = 9
(paired ovarian:
3 eutopic and

3 ectopic tissues of EM
patients and 3 eutopic

tissues of women
without EM)

RT-qPCR
n = 45

(paired:15 eutopic and
15 ectopic tissues of EM
patients with undefined

entity and 15 eutopic tissues
of women without EM)

PRKAR2B, CLEC2D

Predicted angiogenesis, cell adhesion,
cell migration, immune response,
inflammatory response, NF-κB
signaling, regulatory functions

1, 2, 4

Re-analysis of existing RNA-Seq and
expression array

datasets [43]

GSE105764
(paired ovarian:
8 eutopic and

8 ectopic tissues of EM
patients)

GSE121406
(paired ovarian: FACS
sorted stromal cells of
4 eutopic and 4 ectopic
tissues of EM patients)

GSE105765
(same as GSE105764)

in silico validation by
microarray
GSE124010

(3 ectopic tissues of patients
with EM of undefined entity

and 3 eutopic tissues of
women without EM)

GSE86534
(paired ovarian: 4 eutopic

and 4 ectopic tissues of
patients with EM)

Predicted function in regulation of
inflammation and

prediction of sponging LINC01018 and
SMIM25 functions for hsa-miR-182-5p

in the regulation of CHL1 protein
coding gene to promote endometriosis

1, 4
(validation
study), 5, 6

Re-analysis of existing RNA-Seq datasets
[44]

n = 28
(paired ovarian:

14 eutopic and 14 ectopic
tissues of infertile EM

patients)
GSE105764

(paired ovarian:
8 eutopic and 8 ectopic
tissues of EM patients)

GSE105765
(same patients as in

GSE105764)

GSE25628
(unpaired DIE: 8 eutopic
and 8 ectopic tissues of

EM patients and
6 eutopic tissues of

women without EM)

No validation

Construction of a competitive
endogenous (ce) RNA network
promoting growth and death of

endometrial stroma cells. CDK1 and
PCNA proposed as treatment targets

for endometriosis-
associated
infertility

1, 3, 5

RNA-Seq [45]

n = 12
(paired ovarian:

6 eutopic and 6 ectopic
tissues of EM patients)

RT-qPCR

n = 60
(paired ovarian: 30 eutopic

and 30 ectopic tissues of EM
patients)

MIR202HG, LINC00261,
UCA1, GAGA2-AS1

Immunity,
inflammation 1, 6

Re-analysis of existing RNA-Seq
data [46]

GSE105764 and
GSE105765

include same patients

n = 16
(paired ovarian:

8 eutopic and 8 ectopic
tissues of EM patients)

No validation
LncRNAs:H19, GS1-358P8.4, and

RP11-96D1.10 strongly associated with
ovarian

endometriosis
1, 3, 6

Animal Studies

Expression
microarray [34]

Rat
n = 35

(EM uterine tissue
EM = 13, adipose tissue
control = 8, blank = 14)

RT-qPCR;
NONRATT003997;
gi|672033904|ref|,

XR_589853.1|;
NONRATT006252;
gi|672027621|ref|;

XR_592747.1|;
gi|672045999|ref|;

XR_591544.1|

Regulation of
endometrial
receptivity

EM, endometriosis; HEECs, human endometrial endothelial cells; LMD, laser microdissection; DIE, deep infiltrating endometriosis.
1, small sample size (less than 30 per group); 2, no comprehensive clinical information (i.e., American Fertility Society (rAFS) disease stage,
lesion entities, menstrual cycle phase); 3, no validation in an adequate independent cohort; 4, EM-free controls are not appropriate (i.e., CIN
patients, no laparoscopic proof); 5, combining heterogeneous datasets (i.e., different lesion entities, cycle phases, stages, cell types); 6, not all
relevant tissues analyzed (i.e., eutopic tissues of EM-free controls, eutopic and ectopic tissues of EM patients).

In spite of the advantages listed above, RNA sequencing studies have some limitations.
Due to their high cost, they are often limited to a small number of samples and lack
extensive validation. However, they can form the basis for further studies that perform
functional validation of candidate genes and investigate their value as diagnostic and
prognostic markers in endometriosis. These validation studies usually have cohorts with a
larger sample size and may include functional experiments that attempt to uncover the
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molecular mechanism of lncRNA action (Table S1). For example, AFAP1-AS1 was identified
as one of the most differentially expressed lncRNAs in the microarray study of Sun et al. [33].
In a new study, Lin et al. [47] could confirm and extend these findings in a cohort of
n = 36 patients. They show that AFAP1-AS1 is overexpressed in ectopic endometrium
of women with endometriosis (n = 18), compared to paired eutopic endometriosis tissue
(n = 18) and normal endometrium of women without the disease (n = 10). In vitro gene
targeting assays in primary human endometriotic stroma cells (ESCs) indicated that this
lncRNA regulates epithelial–mesenchymal transition (EMT) in endometriosis by regulating
transcription of the EMT-related transcription factor ZEB1. Furthermore, experiments in a
xenograft mouse model indicated that AFAP1-AS1 was required for the growth of ectopic
tissue. In this case, a shRNA knockdown of AFAP1-AS1 in the Ishikawa endometrial cancer
cell line led to reduction of the subcutaneous tumor size, compared to animals injected
with a non-targeting shRNA-transfected cell line [47].

Liu et al. analyzed the value of lncRNA H19 expression as an endometriosis biomarker [48].
They found that H19 expression in the both the ectopic and eutopic endometrium of en-
dometriosis patients was significantly higher than in the normal endometrium. Overex-
pression of H19 lncRNA in endometriosis lesions was associated with infertility, recurrence
of disease, bilateral ovarian lesions, an increased CA125 level and with progression in the
revised American Fertility Society (rAFS) disease stage. Further multivariate logistic re-
gression analysis showed that H19 overexpression in endometriosis lesions is a prognostic
factor for endometriosis recurrence.

In summary, recently there has been an effort by a number of studies using genome-
wide high-throughput technologies to identify differentially expressed lncRNAs in en-
dometriosis not only for their potential clinical application as diagnostic or prognostic
biomarkers of the disease, but also in order to gain insights into the pathogenesis of the
disease (Table 1). The lncRNAs where further work has been done to validate a role in
endometriosis are listed in Table S1 and summarized in Figure 2.

Figure 2. Differentially expressed (DE) lncRNAs in endometriosis based on validation studies: (a) Up- and downregulated
lncRNAs in endometriosis tissues and/or cells (b) in body fluids or lesion microenvironment.

3.3. Critical Assessment of the Evidence for the Role of lncRNAs in Endometriosis

In the previous sections, and in Table 1 and Table S1, we summarized the evidence for
a role for lncRNAs candidates in endometriosis derived from genomic and transcriptomic
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studies. However, the strengths and weaknesses of these studies should be taken into
account when assessing the role of individual lncRNAs in the pathology of the disease.

We have assessed the studies listed in Table 1 and Table S1 and noted common lim-
itations, namely small sample size, incomplete clinical information, no validation in an
independent cohort, inappropriate controls, or failure to examine all relevant tissues. A
limitation that can apply in particular to re-analysis of published datasets is that differ-
ences in the type of tissue collected, such as lesion type, menstrual cycle stage, or the
type of controls, used may limit the validity of comparisons between studies. Following
assessment of all the studies in Table 1 and Table S1, we found that 38.5% (5/13) of the
transcriptome studies had no validation in an adequate independent cohort and that 23.1%
(3/13) compared heterogeneous datasets that containing either different lesion types, cell
types, or disease stages, and/or samples from different menstrual cycle phases. In total,
81.1% (30/37) of all studies analyzing lncRNA expression in human tissues had a small
sample size (defined as less than 30 per group), and 45.9% (17/37) did not provide com-
prehensive clinical information regarding the lesion type, rAFS stage, or menstrual cycle
phase. Around half of the studies (19/37) had inappropriate endometriosis-free controls, in
that they included cervical intraepithelial neoplasia (CIN) patients or had no laparoscopic
proof that the controls were endometriosis free. Finally, 45.9% (17/37) of the studies did not
evaluate all the relevant tissue types, which are eutopic tissues of endometriosis-free con-
trols and eutopic and ectopic tissues from endometriosis patients. Therefore, while these
genome-wide studies can be valuable in detecting lncRNAs that may be novel players in
endometriosis pathogenesis, careful validation studies are required, as well as mechanistic
studies to understand how they may function.

4. Functional Evidence for the Mechanism of lncRNA Action in Endometriosis

The diverse range of mechanisms for lncRNA action described above show what is
possible, but so far, only a subset of these mechanisms have been described in the context
of endometriosis. Based on the current knowledge, the mechanism of lncRNA action in
endometriosis can be divided into the following groups: (i) lncRNAs that recruit and target
chromatin remodeling or transcriptional regulatory factors, (ii) lncRNAs with miRNA
sponging functions, and (iii) lncRNAs that modulate cellular signaling pathways.

4.1. Chromatin Remodeling and Transcriptional Control by lncRNAs in Endometriosis

The HOTAIR lncRNA is known as a critical regulator of HOX gene expression. Main-
taining appropriate expression of genes within the HOX-gene network has been shown to
be critical for endometrial homeostasis during embryonic implantation, and alterations in
HOXA10 and HOXA11 expression have been associated with endometriosis-associated
infertility [49,50]. Mechanistically, HOTAIR interacts with the PRC2 or REST/CoREST
chromatin remodeling complex to guide the recruitment of H3K27 tri-methylation or H3K4-
demethylation at target gene loci resulting in target gene silencing [51]. As described
above, it has been shown that genetic variations at SNPs sites in HOTAIR are relatively
frequently detected in patients with endometriosis [30]. These genetic changes alter the
thermostability of mature HOTAIR leading to epigenetic silencing of HOXD10 and HOXA5
genes and are associated with more advanced endometriosis [30].

Overexpression of the lncRNA AFAP1-AS1 has been shown to be associated with
ovarian endometriosis [33]. In another example of direct transcriptional regulation by
an lncRNA in endometriosis, AFAP1-AS1 directly activates expression of EMT-related
transcription factor ZEB1 in vitro [47]. ZEB1 has been previously shown to be involved
in 17β-estradiol-induced EMT in endometriosis [52], indicating a possible mechanism by
which AFAP1-AS1 could affect endometriosis.

4.2. MiRNA Sponging by LncRNAs in Endometriosis

A growing body of evidence indicates that lncRNAs can act as miRNA sponges in
endometriosis (summarized in Table 2). In these cases, a binding site for the miRNA is
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present in both the lncRNA and the targeted protein-coding gene, and there is a correlation
between expression of the lncRNA and the protein-coding gene. In the first reported
example of sponging in endometriosis, decreased levels of the H19 lncRNA was shown to
be associated with an increase in let-7 miRNA activity, which inhibits IGF1R expression
resulting in the reduced proliferation of endometrial stroma cells [53]. These results
suggested that the H19/let7/IGF1R pathway may contribute to impaired endometrial
receptivity in women suffering from the disease. H19 was also shown to regulate cell
proliferation and invasion of ectopic endometrial cells by increasing ITGB3 expression
via sponging of miR-124-3p [54]. H19 has also been implicated in the impaired immune
responses of women with the disease, by acting as a sponge for miR-342-3p, which regulates
the IER3 pathway. This pathway has been implicated in Th-17 cell differentiation and
endometrial stroma cell proliferation in ectopic sites in women with the disease [55].
Another lncRNA that has been shown to act as a sponge in endometriosis is CDKN2B-AS1,
which acts as a regulator of AKT3 expression by sponging miR-424-5p in an in vitro model
of ovarian endometriosis [56]. In another example, LINC01116 promoted the proliferation
and migration of endometrial stroma cells by targeting FOXP1 via sponging of miR-9-
5p, thereby promoting endometriosis lesion formation and growth [57]. MALAT1 was
identified as a sponge of miR-200c involved in the regulation of endometriosis stoma cell
proliferation and migration by promoting ZEB1 and ZEB2 expression in women with
the disease [58]. This regulation is not restricted to miR-200c and may include the entire
miR-200 family, consisting of miR-200a, miR-200b, miR-200c, miR-141, and miR-429 [59]. In
addition to these examples, other lncRNAs have also been implicated in endometriosis via
their role as sponges for miRNAs, as summarized in Table 2.

Table 2. LncRNAs involved in endometriosis as molecular sponges of miRNAs.

lncRNA (Reference) Sponged miRNA Target mRNA (Pathway) in Endometriosis

H19 [53] Let-7; miR-125-3p; miR-342-3p; miR-216a-5p IGF1R; ITGB3; IER3; ACTA2

CDKN2B-AS1 [56] miR-424-5p AKT3

LINC01541 [60] miR-506-3p WIF1 (Wnt/β-catenin)

LINC01116 [57] miR-9-5p FOXP1

SNHG4 [61] miR-148a-3p c-Met

LINC01018 [43] miR-182-5p CHLI (inflammatory)

SMIM25 [43] miR-182-5p CHLI (inflammatory)

MALAT1 [62] miR-126-5p; miR200s; miR200c CREB1 (PI3K/AKT);
ZEB1, ZEB2, VIM (EMT); ZEB1, ZEB2; CDH2 (EMT)

LINC00261 [63] miR-132-3p BCL2L11

PCAT1 [32] miR-145 FASCIN1, SOX2, MSI2, SERPIN

4.3. LncRNAs Modulating Cellular Signaling Pathways in Endometriosis

Cell signaling pathways have a pivotal role in the regulation of a variety of cellular
processes in response to intracellular or extracellular stimuli. The regulation of components
of a signaling pathway by lncRNAs can be direct or indirect and result in functional
changes in the signaling cascades. Direct regulation can be achieved by direct binding
of the lncRNA to signaling proteins leading to changes in either their free cellular levels
or their activity. We define indirect regulation as cases where no direct lncRNA binding
to signaling molecules has been shown and where the lncRNA is thought to alter the
transcription of genes associated with the signaling pathway resulting in an altered cellular
response. In Table 3, we summarize currently known cases where a lncRNA directly or
indirectly affects a signaling pathway in endometriosis.
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Table 3. Mechanisms of cell signaling regulation via lncRNAs in endometriosis.

lncRNA (Reference) Model
System

Signaling
Molecules

Signaling
Pathways Type of Regulation Function in Endometriosis

MEG3-210 [64]
Primary HESC,

HEEC
EM mouse model

Galectin-1 P38 MAPK,
PKA/SERCA2 direct

Regulation of migration,
invasion and apoptosis,

lesion growth and
vascularization

MALAT1 [65] EMs cells Caspase-3,
MMP-9 NFkB/iNOS Indirect Regulation of apoptosis,

migration, invasion

MALAT1 [66] Granulosa cells
(KGN cell line) p21, p53, CDK1 ERK/MAPK Indirect

Regulation of cell
proliferation, ovarian follicle

count, infertility

MALAT1 [67] HESC HIF-1α, LC3-II, beclin1 - Indirect
Regulation of

hypoxia-induced
pro-survival and autophagy

LINC01541 [68] HESC
β-Catenin,

VEGFA, BCL2,
caspase-3

WNT/β-Catenin Indirect
Regulates EMT, migration,

invasion, survival, and
angiogenesis

LINC01541 [69]
12Z epithelial

endometriosis cell
line

p21, cyclin A TESK1/Cofilin Indirect Regulation of cell
proliferation and invasion

FTX [70]
EESC (ectopic

endometrial stromal
cells), HESC (normal)

E-Cadherin, N-cadherin,
ZEB1,

vimentin
PI3K/AKT Indirect Regulates EMT and cell cycle

BANCR [71]
Rat model of EM,

ectopic tissue, and
serum

VEGF, MMP-9,
MMP-2 MAPK/ERK Indirect Regulation of angiogenesis

UCA1 [72] HESC IC3, VMP1 - Indirect Regulation of autophagy
and apoptosis

AC002454.1 [73] EESC CDK6 - Indirect Regulation of cell migration
and invasion

CCDC144NL-AS1 [74] HESC Vimentin, MMP-9 - Indirect Regulation of cell migration
and invasion

TC0101441 [75] ECSC N-Cadherin, SNAIL,
SLUG, TCF8/ZEB1 - Indirect

Promotes endometriosis cyst
stromal cell (ECSC)

migration and invasion

In an example of direct regulation of a signaling pathway in endometriosis, the
lncRNA MEG3-210 has been shown to regulate endometriosis stromal cell migration,
invasion, and apoptosis through the p38 MAPK and PKA/SERCA2 signaling pathways.
In this case, MEG3-210 directly interacts with Galectin-1 in vitro and affects the growth of
endometriotic lesions in vivo in a murine model of the disease [64]. Mechanistically, MEG3-
210 titrates away the cellular levels of Galectin-1, preventing its action on the p38 MAPK
and PKA/SERCA2 signaling cascades in endometrial stromal cells. In endometriosis, the
levels of MEG3-210 are downregulated and the levels of free Galectin-1 are upregulated,
which is associated with the subsequent activation of p38 MAPK signaling–mediated
phosphorylation of ATF2. Activated ATF2 increases the expression of BCL-2 and MMP
contributing to the anti-apoptotic, pro-migratory, and invasive phenotype of endometriosis
cells. Simultaneously, MEG3-210 downregulation leads to suppression of the PKA/SERCA2
signaling cascade [64].

In an example of indirect regulation of signaling pathway, knockdown of MALAT1
lncRNA in endometriosis cells leads to enhanced cell death, reduced migration and in-
vasion associated with activation of Caspase-3, and downregulation of MMP-9 and the
NFkB/iNOS signaling pathway (Figure 3a) [65]. In contrast to endometriosis tissue where
MALAT1 is overexpressed, in the granulosa cells of women with endometriosis MALAT1
expression is reduced [66]. This is associated with a reduced follicle count, due to impaired
cell proliferation resulting from ERK/MAPK-dependent p21/p53 cell cycle arrest. This
implicates altered expression of MALAT1 in endometriosis-related infertility. In cultured
primary endometrial stromal cells, depletion of MALAT1 by siRNA knockdown results in
the suppression of hypoxia-induced autophagy, as indicated by a reduction in the expres-
sion of autophagy markers Beclin-1 and LC3-II [67]. In this signaling cascade, expression
of MALAT1 is regulated by the HIF1α transcription factor, known to be overexpressed
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in endometriosis lesions and to regulate multiple gene targets in response to hypoxia
(Figure 3a) (reviewed in [76]).

Figure 3. (a) MALAT1 was identified as a sponge of miR-200c. This regulation is not restricted to miR-200c and might include
the entire miR-200 family (miR-200s), consisting of miR-200a, miR-200b, miR-200c, miR-141, and miR-429. Upregulation of
MALAT1 in women with endometriosis leads to enhanced sponging of miR200s and promotes zinc finger E-box binding
homeobox transcription factor 1 (ZEB1) and ZEB2 expression leading to higher EMT. In HESCs, the lncRNA MALAT1 directly
interacts with miR-126-5p, which regulates cAMP responsive element-binding protein (CREB1) expression. Upregulation
of MALAT1 inhibits apoptosis probably via activation of the PI3K–AKT pathway through the miR-126-5p–CREB1 axis.
MALAT1 lncRNA can also lead to reduced apoptosis in HESCs through the upregulation of the NFkB/iNOS signaling
pathway activity, which also enhances migration and invasion of cells. In cultured primary endometrial stromal cells,
MALAT1 leads to upregulation of hypoxia-induced autophagy. In this signaling cascade, regulation of MALAT1 expression
is under the control of the HIF1α transcription factor. (b) In granulosa cells (GCs) of women with endometriosis, significant
downregulation of MALAT1 expression was reported. MALAT1 knockdown induced an increase in phosphorylated ERK1/2
(p-ERK1/2) that was associated with altered follicle count, due to impaired cell proliferation resulting from ERK/MAPK-
dependent activation of p21/p53 cell cycle arrest. In an autograft transplantation rat model of endometriosis, inhibition
of the lncRNA BANCR led to a decrease in ectopic tissue volume associated with a significant reduction in serum levels
of VEGF, MMP-2, and MMP-9, ERK, and MAPK mRNA and in phosphorylated ERK and MAPK protein levels in tissues.
HESCs: human endometrial stromal cells.

In another example, the most downregulated lncRNA in ectopic tissue of women
with ovarian endometriosis was LINC01541 [33], which has been shown respond to levels
of estradiol [68]. A gene-targeting in vitro study in human endometrial stromal cells
showed that the cellular levels of LINC01541 affect the activity of WNT/β-catenin, pro-
and anti-apoptotic signaling regulators Caspase-3 and BCL2 and the levels of VEGFA
production [68].

The presence of extracellular lncRNA in exosomes or microvesicles raises the possi-
bility that these lncRNAs may be able to serve as extracellular signals for cell signaling
regulation in endometriosis. This was supported by reports that exosomal lncRNAs pro-
mote angiogenesis in endometriosis [77]. Based on an in vitro co-culture model and patient
serum analysis, the authors developed a novel mechanistic model explaining how en-
dometriosis stromal cells of the lesion induce angiogenesis. They suggested that these
cells in an ectopic environment can produce exosomes that are enriched in aHIF lncRNA,
a pro-angiogenic lncRNA, highly expressed in ectopic endometrial stromal tissue. These
aHIF-rich exosomes are then taken up by recipient macrovascular cells, where they cause
upregulation of the angiogenesis-related genes VEGF-A, VEGF-D, and bFGF.
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Endometriosis is an estrogen-dependent disease, and therefore, lncRNAs involved
in the estrogen pathway or those targeted by estrogen signaling could play a role in the
disease. The lncRNA H19 is positively regulated by estrogen, and its expression in the
endometrium increases during the proliferative stage of the menstrual cycle [78,79]. H19
has been shown regulate several pathways that are relevant in endometriosis including
IGF1R, ITGB3, IER3, and ACTA2 [53–55,80]. Another lncRNA, steroid receptor RNA activator
1 (SRA1) lncRNA, has been reported to act in concert with SRA1 to regulate the expression
of estrogen receptors by affecting alternative splicing, and thereby the growth of stromal
cells in ovarian endometriosis [81]. These examples illustrate how lncRNAs could play a
role in endometriosis via the estrogen pathway or as targets of estrogen regulation.

Conceptually, the mechanism of lncRNAs’ action in endometriosis may involve influ-
encing cellular pathways, where one lncRNA may regulate several targets using different
molecular strategies (Figure 3a) or one targeted signaling pathway may be affected by mul-
tiple lncRNAs (Figure 3b). To better understand this complexity, integrative in silico and
experimental analyses interrogating the molecular networks in endometriosis cells need to
be applied. This approach should help to dissect the relationship between lncRNA, mRNA,
miRNA expression, genetic- and epigenetic-driven chromatin remodeling, and signal
transduction activity and to enable lncRNA target identification. The use of such in silico
bioinformatics algorithms for cellular network construction in endometriosis has already
been attempted by several studies [41,43,46]. For example, Wang et al. [41] constructed an
lncRNA–miRNA–mRNA network, revealing lncRNAs that act as competing endogenous
RNAs (ceRNA), the miRNAs they sponge, and the target genes that were involved in
regulating endometrial receptivity in endometriosis. Moreover, Jiang et al. [43] identified
the lncRNAs (SMIM25, LINC01018), miRNA (miR-182-5p), and mRNA (CHLI) as part of a
ceRNA network implicated in the regulation of immune responses in endometriosis. These in
silico studies may be valuable to predict how lncRNAs may function in endometriosis, but
experimental validation is required in order for these predictions to be confirmed.

5. Summary and Perspectives

In recent years, a growing number of studies have implicated the abnormal expression
of specific lncRNAs with various aspects of endometriosis pathogenesis. This altered
expression may be due to genetic predisposition or an unknown environmental trigger and
affect pathogenetic processes including EMT, endometriosis cell stemness, angiogenesis,
lesion establishment and growth, endometriosis cell survival, proliferation and invasion,
oxidative stress, autophagy, and endometrial receptivity (summarized in Figure 4). Ev-
idence for the role of lncRNAs has mainly come from large-scale transcriptome studies
comparing normal and diseased tissue, followed by validation studies of a small number of
candidate lncRNAs. These studies can be valuable for uncovering potential novel players
in endometriosis but often have weaknesses that should be considered including small
sample size, incomplete clinical information on patient samples, and inappropriate controls
(Table 1, Table S1). A general weakness of these studies is that they do not assess the
complexity of the disease to take into account different lesion types, the stage or severity
of the disease, or the effect of hormone status or age of the patient. The vast majority of
lncRNAs revealed in these studies remain unvalidated by an independent method or by
functional studies. One challenge for future work is to prioritize lncRNAs identified in
these studies for validation and then conduct further functional studies to determine their
role in endometriosis and their possible use as biomarkers or targets for treatment.

One avenue of endometriosis research that should be pursued in the future is the
connection between genetic variants and abnormal lncRNA expression that affects aspects
of endometriosis pathogenesis. The majority of disease-associated SNPs in GWAS studies,
including those investigating endometriosis, are in non-coding regions. The hypothesis
that these SNPs may affect lncRNA function is supported by a number of studies in
endometriosis, with SNPs in or near lncRNAs including HOTAIR, MALAT1, CDKN2B-
AS, PCAT1, and LINC00339 affecting their expression and regulation of genes and the
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endometriosis phenotype [28–32]. The possibility that other non-coding SNPs associated
with endometriosis may also affect the disease via lncRNAs should be investigated.

Figure 4. Phenotypical changes caused by altered expression of lncRNAs in endometriosis. Altered
expression of lncRNAs in endometriosis is involved in the regulation of numerous processes known
to be associated with the pathogenesis of the disease. These processes include EMT, endometriosis cell
stemness, angiogenesis, lesion establishment and growth, endometriosis cell survival, proliferation
and invasion, oxidative stress, autophagy, and endometrial receptivity.

In vitro cell culture models and in vivo animal models are valuable systems that
enable the mechanism of action and function of individual lncRNAs to be investigated ex-
perimentally. However, a weakness of some studies investigating endometriosis, including
those investigating the role of lncRNAs, is that the available in vitro and in vivo models
may not always represent all aspects of the disease accurately. Therefore, it should be a
priority for the field to continue to strive for improved models to investigate the disease.

To conclude, genome-wide genomic and transcriptomic studies have implicated
numerous lncRNAs in a wide range of diseases, including in endometriosis. The challenge
remains to distinguish the lncRNAs that play a relevant role in the disease from those that
are merely associated with the transcriptional changes in the disease and to functionally
show their role.
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Abstract: Endometriosis is a chronic gynecologic disease that negatively affects the quality of life of
many women. Unfortunately, endometriosis does not have a cure. The current medical treatments
involve hormonal manipulation with unwanted side effects and high recurrence rates after stopping
the medication. Sadly, a definitive diagnosis for endometriosis requires invasive surgical procedures,
with the risk of complications, additional surgeries in the future, and a high rate of recurrence. Both
improved therapies and noninvasive diagnostic tests are needed. The unique molecular features
of endometriosis have been studied at the coding gene level. While the molecular components of
endometriosis at the small RNA level have been studied extensively, other noncoding RNAs, such as
long intergenic noncoding RNAs and the more recently discovered subset of long noncoding RNAs
called circular RNAs, have been studied more limitedly. This review describes the molecular forma-
tion of long noncoding and the unique circumstances of the formation of circular long noncoding
RNAs, their expression and function in endometriosis, and promising preclinical studies. Continued
translational research on long noncoding RNAs, including the more stable circular long noncoding
RNAs, may lead to improved therapeutic and diagnostic opportunities.

Keywords: endometriosis; human disease; noncoding RNA (ncRNA); long noncoding RNA (lncRNA);
circular lncRNA (circRNA)

1. Introduction

Endometriosis is a progressive and debilitating gynecologic disease whereby endometrial-
like tissue grows outside the uterine cavity, invading adjacent organs, such as the ovaries,
bladder, colon, or pelvic peritoneum [1–3]. Endometriosis is often accompanied by chronic
pelvic pain, dysmenorrhea, dyspareunia, dysuria, and dyschezia and can cause infertil-
ity [4,5]. The prevalence of endometriosis ranges from 5 to 15% of reproductive age women
depending on the method of disease confirmation [3,6], affecting approximately 190 million
women worldwide and 5 million women and adolescent girls in the United States [2].

Diagnosing endometriosis is exceptionally challenging since it shares non-specific
symptoms, such as pelvic pain, with other conditions. The first-line imaging modality
is typically pelvic ultrasound as it can allow for the diagnosis of other conditions that
cause pelvic pain. However, the sensitivity and specificity of ultrasound are dependent on
endometriosis lesion type and location. For example, transvaginal ultrasonography has
high sensitivity and high specificity for ovarian endometriomas [7]. However, the diagnosis
of deep infiltrating endometriosis lesions by ultrasound is related to operator expertise [7,8].
Surgical visual inspection by laparoscopy with histologic confirmation is currently the
only way to diagnose pathology-proven endometriosis [5]. Surgery involves the risk of
surgical complications, adhesion formation, and the need for future surgeries [9]. Because
there is no gold standard for noninvasive diagnosis, there is often a significant delay in
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diagnosis [5]. The median time is seven years from the onset of symptoms with pain or
infertility to endometriosis diagnosis [10]. Better diagnostic strategies must be developed.

Unfortunately, there is no cure for endometriosis. Non-steroidal anti-inflammatory
medications are routinely used, but they are not more effective than a placebo [11]. Hor-
monal therapies, including gonadotropin-releasing hormone agonists and newer antago-
nists, can be prescribed only for a short time because of undesirable side effects, including
irregular menstrual bleeding, the development of menopausal symptoms, and the detri-
mental impact on bone density [7,9,12]. Moreover, both medical and surgical therapies
fail to prevent recurrence [2] as 20–50% of endometriosis recurs within five years of treat-
ment [13]. The economic burden of endometriosis in the United States is estimated at
$78 billion per year, including direct healthcare costs and indirect costs to patients [14].
Better treatment options are warranted.

Noncoding RNAs (ncRNAs), including microRNAs (miRNAs), long noncoding RNAs
(lncRNAs), and circular RNAs (circRNAs), encompass large segments of the transcriptome
that do not have apparent protein-coding roles [15]. ncRNAs are divided into two sub-
classes based on size: short ncRNAs and long ncRNAs. LncRNAs are commonly defined
as transcripts longer than 200 nucleotides. Short ncRNAs, including the ~22 nucleotide
long miRNAs, have emerged as critical post-transcriptional regulators of gene expression
that are fundamental for many disease processes [16]. Although numerous studies have
investigated the potential roles of miRNAs as diagnostic biomarkers, no particular miRNA
has been translated from bench to clinic for diagnostic purposes [17]. The role of miRNAs
in endometriosis has been recently reviewed [18] and will not be included again here.

Similar to messenger RNAs, most lncRNAs are transcribed by RNA polymerase II,
and then they undergo post-transcription processes, leading to a 5′ cap, alternative splicing,
and 3′ poly(A) tail [19]. Some lncRNAs have been re-defined as protein-encoding genes
by closer inspection of the transcriptome and proteome with next-generation sequenc-
ing and mass spectrometry [20]. lncRNAs represent the largest class of ncRNAs as over
60,000 lncRNAs have been identified [21]. Many lncRNAs have substantial roles in several
biological processes, including endometriosis [22]. As a unique subset of lncRNAs, circR-
NAs contain a circular secondary structure, characterized by a covalently closed continuous
loop structure without 5′-3′ polarity or a poly(A) tail [23]. CircRNAs are involved in the
pathogenesis of many diseases [24]. This review will discuss the fundamental roles of
both linear and circular long noncoding RNAs in the molecular features of endometriosis
and their relevance to current clinical practice. We will also discuss how these preclinical
insights into ncRNA biology could develop into diagnostics and therapies in endometriosis.

2. Biogenesis, Structure, and Function of Linear and Circular lncRNAs

While more than 90% of the genome is transcribed into RNA, only about 2–5% of that
genome contains protein-coding potential [25,26]. The remaining transcriptome comprises
ncRNAs transcripts, consisting of small ncRNAs and lncRNAs and both linear and circular
lncRNAs. To date, the GENCODE project has conservatively annotated the human genome
and believes that it contains 19,954 protein-coding genes and 40,293 noncoding RNA
genes [27]. Some 45% (17,957) of the noncoding RNA species are considered lncRNAs that
give rise to more than 48,000 distinct transcripts [27]. CircRNAs are different from other
long noncoding RNAs due to their single-stranded, circular secondary structure derived
from the back splicing of exons from mRNAs and antisense RNAs [28]. In total, there are
more than two million circRNAs present in all of the databases [29].

2.1. Biogenesis, Structure, and Function of Linear lncRNAs

The biogenesis of lncRNAs is like mRNA biogenesis since this process is mediated by
RNA polymerase II. Similar to mRNA molecules, lncRNAs are characterized by alternative
splicing, a 5′ 7-methylguanosine cap, and a 3′ poly (A) tail, although there is evidence
that certain lncRNAs lack the 5′-cap or 3′poly (A) tail [30]. A comparison of the global
features of lncRNAs and mRNAs shows that lncRNAs are less abundantly expressed, have
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less stability, are less evolutionarily conserved, and contain fewer numbers but longer
exons [31]. The expression of lncRNAs is considered more cell- or tissue-specific than
mRNA expression [32].

lncRNAs can be transcribed from the intergenic, exonic, or distal protein-coding
regions of the genome. Based on genomic locations and orientation, lncRNAs can be
classified into intergenic, intronic, sense, and antisense lncRNAs [33]. Intergenic lncRNAs
(long intergenic noncoding RNAs or lincRNAs) are located between two protein-coding
genes and transcribed in the same direction as those genes. Intronic lncRNAs are located
entirely within the intronic region of a protein-coding gene and do not overlap with any
exon. Sense lncRNAs are transcribed from the same strand and in the same direction
as the protein-coding gene, possibly being exonic and/or intronic. Antisense lncRNAs
are transcribed from the opposite strand of the protein-coding gene and can also be
exonic and/or intronic. Pseudogene-derived RNAs are key components of lncRNAs
with important functions in multiple biological processes [34].

Functionally, lncRNAs are classified under the mechanisms of action into these cat-
egories: signals (gene activators), decoys or sponges (gene repressors), guides (gene ex-
pression regulators), scaffolds (chromatin modifiers), and enhancer RNAs (eRNAs) [31,35].
As signals, lncRNAs function alone or combined with transcription factors or signaling
pathways to activate transcriptional activity in time and space. As decoys, lncRNAs bind to
functional sites to titrate the transcription factors away from chromatin or titrate miRNAs
away from their targets to modulate transcription. As guides, lncRNAs recruit regulatory
proteins to form ribonucleoprotein (RNP) complexes and direct them to their target sites
to regulate the expression of target genes, either in cis or in trans. As scaffolds, lncRNAs
provide platforms to bring different proteins together to form RNP complexes to activate
or repress transcription. eRNAs are regulatory sequences from enhancer regions that in cis
regulate the expression of target genes. LncRNAs can be nuclear, cytoplasmic, or both, and
the subcellular localization determines its function [31,35].

2.2. CircRNA Biogenesis and Structure

CircRNAs are a unique subtype of lncRNAs that are covalently closed, single-stranded
circular transcripts without 5′ caps or 3′ poly(A) tails. Although circRNAs were first
described in the late 1970s, research in the past decade has dramatically improved our
understanding of the expression and various biological functions due to the application of
new technologies, mainly deep RNA sequencing [36]. The single-stranded, closed RNA
molecules originate from precursor mRNAs (pre-mRNAs) and are usually from splicing
within a protein-coding gene. CircRNAs have several biological functions in normal cells,
including acting as sponges to efficiently subtract microRNAs and proteins [36].

CircRNAs can be classified into intronic circRNAs, exonic circRNAs, and exon-intron
circRNAs (EIcirRNAs) (Figure 1). Multiple mechanisms have been used to describe the
biogenesis of exonic circRNAs, including lariat-driven circularization, RNA binding protein
(RBP) mediated circularization, and intron pairing-driven circularization [36]. During
splicing, an exon skips, resulting in the back-splicing of RNA folding regions. EIciRNA
is formed when the spliced intron lariat, or loop-like structure, remains. The loop-like
structure can be mediated by an RBP or be intron-pairing-driven. The final structure is an
exonic circRNA when the intron sequence is removed. The intronic circRNAs are formed
both upstream and downstream of introns and are mainly accumulated in the nucleus. By
contrast, exonic circRNAs without introns are most wielded in the cytoplasm to regulate
past-transcriptional gene regulation [37].
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Figure 1. Biogenesis of circRNAs. Three types of circRNAs: exonic-intronic circRNA (EIciRNA), ex-
onic circRNA, and intronic circRNA. EIcirRNAs and intronic circRNAs are abundant in the nucleus. 
Exonic circRNAs are exported from the nucleus to the cytoplasm and play functional roles in gene 
transcription and post-transcription. Adapted from [36]. 
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levels [38]. With the development of innovative technologies, an increasing number of 
novel linear lncRNAs and circRNAs have been identified by computational analysis of 
the transcriptomic datasets, high throughput sequencing, and experimental validation. 
Table 1 lists the techniques readily available for studying linear lncRNA and circRNA 
expression and function. 

Table 1. Key experimental approaches for identifying and validating lncRNA expression and function. 
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Microarray Identify lncRNAs [39] 

RNA-sequencing Identify lncRNAs [40,41] 
Tiling arrays Identify and characterize lncRNAs [42] 

CAGE (Cap analysis of gene expression) Identify lncRNAs [43] 
ChIRP-seq (chromatin isolation by RNA purification 

sequencing) 
Identify lncRNA-chromatin interactions [44,45] 

CHART-seq (capture hybridization analysis of RNA 
targets) Identify lncRNA-chromatin interactions [46] 

3C (chromosome confirmation capture) Characterize lncRNA-genome binding site [47] 
RAP (RNA antisense purification) Characterize lncRNA-genome binding site [48] 

RIP-seq (RNA immunoprecipitation) Identify lncRNA-protein interactions [49,50] 
PAR-CLIP (Photoactivatable-ribonucleoside-en-
hanced cross-linking and immunoprecipitation) 

Identify lncRNA-protein interactions [51] 

Figure 1. Biogenesis of circRNAs. Three types of circRNAs: exonic-intronic circRNA (EIciRNA),
exonic circRNA, and intronic circRNA. EIcirRNAs and intronic circRNAs are abundant in the nucleus.
Exonic circRNAs are exported from the nucleus to the cytoplasm and play functional roles in gene
transcription and post-transcription. Adapted from [36].

3. Approaches for Discovering lncRNAs

Most lncRNAs and circRNAs are challenging to discover due to their low expression lev-
els [38]. With the development of innovative technologies, an increasing number of novel linear
lncRNAs and circRNAs have been identified by computational analysis of the transcriptomic
datasets, high throughput sequencing, and experimental validation. Table 1 lists the techniques
readily available for studying linear lncRNA and circRNA expression and function.

Table 1. Key experimental approaches for identifying and validating lncRNA expression and function.

Technique Description Ref

Microarray Identify lncRNAs [39]
RNA-sequencing Identify lncRNAs [40,41]

Tiling arrays Identify and characterize lncRNAs [42]
CAGE (Cap analysis of gene expression) Identify lncRNAs [43]

ChIRP-seq (chromatin isolation by RNA purification sequencing) Identify lncRNA-chromatin interactions [44,45]
CHART-seq (capture hybridization analysis of RNA targets) Identify lncRNA-chromatin interactions [46]

3C (chromosome confirmation capture) Characterize lncRNA-genome binding site [47]
RAP (RNA antisense purification) Characterize lncRNA-genome binding site [48]

RIP-seq (RNA immunoprecipitation) Identify lncRNA-protein interactions [49,50]
PAR-CLIP (Photoactivatable-ribonucleoside-enhanced cross-linking

and immunoprecipitation) Identify lncRNA-protein interactions [51]

RNA pull-downs Identify lncRNA-protein interactions [52]
EMSA (Electrophoretic mobility shift assay) Characterize lncRNA-protein complexes [53]

RT-qPCR (real-time quantitative polymerase chain reactions) Cellular localization and expression [54]
RNA-FISH (RNA-fluorescent in situ hybridization) Cellular localization [55]

RNA-ISH (RNA- in situ hybridization) Cellular localization [54]
RNAi (RNA interference) Knockdown lncRNAs [56,57]

CRISPR-Cas9 Knockdown lncRNAs [58–61]
ASO (Antisense oligonucleotides) Knockdown lncRNAs [62]
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3.1. ncRNAs Databases

Public databases are one of the most important resources for ncRNAs research. More
than 200 public databases are providing comprehensive associations between ncRNAs
and their biological functions, including 25 for linear lncRNAs (i.e., TANRIC, CGS, Germl-
ncRNA, LNCat, LncSNP, Lnc2Cancer, lnCeDB, LNCMap, Lnc2Meth, lncATLAS, lncPe-
dia, lncRNAdisease, lncRNome, EVLnRNAs, GreeNC, LNCediting, and lncRNAdb for
humans), and 13 for circRNAs (i.e., Circbase, Circnet, CirclncRNAnet, CircRNADb, CIRC-
pedia v2, DeepBase v2.0, CSCD, Circ2Traits, CircR2Disease, and MiOncoCirc) [36,38,63].
These databases are supported by high throughput sequencing or experimental validation.

3.2. High Throughput Identification

Multiple methods provide the systematic expression profiling of lncRNAs (Table 1).
Although microarrays by predefined probes are not sensitive enough to identify low
expression lncRNAs, microarrays have been used to discover novel ncRNAs at the whole-
genome level [64]. The lncRNAs’ sequence may match the previously built microarrays
probe sequences and reannotate the initially protein-coding genes to lncRNAs [65]. A
microarray, which hybridizes a selected panel of circRNAs explicitly, can be used to
detect the annotated circRNAs expression [66]. For example, Shen et al. used a circRNA
microarray and identified 262 upregulated and 291 downregulated circRNAs in ovarian
endometriomas [67]. RNA-seq is currently the most widespread approach to discover
linear lncRNAs and circRNAs. For example, Bi et al. performed RNA-seq experiments
on six pairs of ectopic and eutopic endometria samples with endometriosis and identified
952 differentially expressed lncRNAs [68]. The limitations for RNA-seq data include the
limited ability to discern linear and circular lncRNAs of similar sequence and the depth of
sequencing required for low read count molecules, such as circRNAs [66,69,70]. Many deep
sequencing studies on endometriosis have listed lncRNAs, including circRNAs, within
the differentially expressed transcripts, but most of the manuscripts focus on protein-
coding genes. Wu et al. identified 8660 upregulated and 651 downregulated lncRNAs [71],
and Wang et al. detected 146 upregulated and 148 downregulated circRNAs in ovarian
endometriosis by high throughput RNA-seq [72].

3.3. Experimental Validation

After discovering linear lncRNAs and circRNAs by databases or high throughput
methods, experimental approaches can be used to study their expression and function
(Table 1). RNA interference (RNAi), antisense oligonucleotides (AOs), and CRISPR systems
have successfully been used to knock down lncRNAs [56–62,73]. However, RNAi and
AOs may have non-specific and off-target effects. Further, Goyal et al. found only 38%
of lncRNAs were safe to be targeted without deregulating neighboring genes by CRISPR
applications [61]. It might be necessary to use multiple strategies to select the best gene
silencing approach. Real-time quantitative reverse transcription-polymerase chain reaction
(QPCR) is employed to validate the expression of linear lncRNAs and circRNAs [54]. The
limitations of QPCR include the need for highly sensitive assays to detect low expression
molecules and selecting appropriate endogenous control genes of similar low expression
and transcript size. RNA in situ hybridization (ISH) is used to visualize and localize
lncRNAs [54]. Holdsworth-Carson et al. performed RNA-seq, RT-PCR, and ISH in en-
dometriosis samples. They found that the long intergenic non-protein coding RNA 339
(LINC00339) is localized in the nucleus of ectopic endometriotic lesions [74]. While ISH
allows for the localization of lncRNA, it is generally not quantifiable. Newer technolo-
gies, including single-cell RNA-sequencing and spatial transcriptomics, are being used
to quantify the expression and localization of protein-coding genes [31,75]. For example,
spatial transcriptomics allows both the quantification of expression and localization, but
the limited depth of sequencing at this time precludes the identification of low expression
molecules [31]. Several groups have used approaches based on protein precipitation to
detect key interactions of binding proteins with lncRNAs. Wang et al. used RNA immuno-
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precipitation to define the LINC00261/miR-132–3p/BCL2L11 regulatory networks [76]. In
addition to functional studies, studies correlating expression, localization, and endometrio-
sis phenotype (i.e., pain or infertility, anatomic location of disease, number of adhesions)
may significantly impact the field.

4. The Importance of Noninvasive Biomarkers in Endometriosis

Laparoscopy remains the gold standard for pathology-confirmed endometriosis di-
agnosis [77]. While definitive diagnosis and anatomic characterization are critical for
appropriate research studies, laparoscopy may not be ideal for all women with suspected
endometriosis. Even as a minimally invasive surgical procedure, laparoscopy is associ-
ated with high costs, surgical complications, and time away from work and/or family
obligations. The accurate diagnosis of visualized endometriosis lesions is surgeon-expertise-
dependent [78,79]. Unfortunately, the lesions may not be visible. Biopsies of uterosacral
ligaments without visible lesions in women undergoing laparoscopy for pelvic pain re-
vealed 7% with histologically proven endometriosis [80]. Moreover, endometriosis is
characterized by a broad panel of different symptoms depending on the localization of the
lesions and the characteristics of the patient. Patients often present with intermenstrual
bleeding, dysmenorrhea, dyspareunia, dyschezia, dysuria, or chronic pelvic pain. Non-
painful endometriosis can be discovered during the surgical evaluation of infertility [81].
Ultrasonography has been proposed as a very good, cost-efficient noninvasive diagnostic
tool. Still, this technique is strongly operator-dependent and, even in expert hands, can
miss some lesions, particularly superficial lesions [8,82]. Unfortunately, the median time
from the onset of symptoms to a diagnosis is seven years, leading to confusion, frustration,
and other problems in terms of quality of life. Another aspect that must be considered is
that it may be more successfully treated when endometriosis is diagnosed in the earlier
stages [10]. Hence, a noninvasive, reliable test is needed to avoid the risks of surgery and
shorten the time to diagnosis. Many studies in endometriosis have profiled linear lncRNAs
and circRNAs in endometriotic lesions as a means of biomarker discovery, followed by a
more focused examination of expression in circulation as a means of minimally invasive
diagnosis (Table 2).
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The mechanism by which lncRNAs get from endometriotic tissues to circulation may
be extracellular vesicles. Extracellular vesicles (EVs) are small membrane-bound vesicles
that have emerged as mediators of cell-cell communication by transferring their contents,
including lncRNAs [91]. Evidence has highlighted that miRNA, linear lncRNAs, and
circRNAs can enter circulation and serve as noninvasive serum biomarkers for diagnosis or
prognosis in other diseases, such as lung, colorectal, or prostate cancer [92]. For example,
Qiu et al. found that serum extracellular vesicular TC0101441 levels are increased in
patients at stage III/IV endometriosis in comparison with stage I/II endometriosis and
non-endometriosis control patients. They further showed that this lncRNA played a role in
the migration and invasion in cell lines through interaction with metastasis-related proteins,
suggesting a possible role in endometriosis pathogenesis [89]. Beyond a functional role
for lncRNAs, a potential diagnostic role of EVs lncRNAs has been proposed. Khalaj and
collaborators showed a role for nuclear paraspeckle assembly transcript 1 (NEAT1) and H19
imprinted maternally expressed transcript (H19) in the context of a broad interaction with
the miR-375, miR–30d-5p, and miR–27a-3p networks [88]. In this study, after the isolation
of EVs, an analysis of the contents of the vesicles was performed. The EVs obtained from
endometriotic lesions carried a unique miRNA signature compared with the EVs derived
from matched patient eutopic endometrium and normal healthy endometrium. Moreover,
endometriosis patient plasma-derived EVs carried unique ncRNAs compared with EVs
from healthy control eutopic endometrium [88].

ncRNAs promise great results as biomarkers for noninvasive diagnosis purposes
because they are resistant to RNase degradation and remain stable in biologic fluids, such
as blood (i.e., serum or plasma), saliva, and urine [93]. Recently, circulating linear lncRNAs
and circRNAs have been studied in gynecological diseases, gastric cancer, and hepatocel-
lular carcinoma [83,94,95]. Specific to endometriosis, genome-wide profiling determined
that a signature-based lncRNA profile, including the lncRNAs NR_038395, NR_038452,
ENST00000482343, ENST00000544649, and ENST00000393610, can differentiate patients
with and without endometriosis [83]. Notably, this group performed a genome-wide
lncRNA analysis with the Glu Grant Transcriptome array in serum samples and eutopic
and ectopic endometrium in endometriosis patients and a control group. While the control
group had pelvic pain, the control group that had laparoscopy confirmed no evidence
of endometriosis. This analysis identified 1682 lncRNAs with dysregulated expression
in the sera of patients with endometriosis compared with controls and 1435 lncRNAs in
the ectopic endometrium compared with the eutopic endometrium of negative controls.
Of these differentially expressed lncRNAs in endometriosis tissues or serum, only 125
were differentially expressed in serum and tissue. After selecting for a similar change in
gene expression direction (i.e., down or upregulated), they had a shortlist of 16 lncRNAs.
The receiver operating characteristic (ROC) curve analysis used for cross-validation in
the study population showed the highest area under the curve (AUC) of a circulating
lncRNA was for ENST00000482343. Combining the expression of multiple lncRNAs into a
signature-based profile revealed the highest AUC for a panel of NR_038395, NR_038452,
ENST00000482343, ENST00000544649, and ENST00000393610. Significantly, the authors
correlated the expression of this panel of lncRNAs with clinically relevant laparoscopic
features (i.e., pelvic adhesions, ovarian involvement) [83]. A limitation of this study was
the lack of external validation of results. The possibility of predicting a challenging surgery
with a simple circulating biomarker during the preoperative workup would offer great
help to make the right choices in terms of surgeons, surgical team, and surgical equipment.
Additionally, women with endometriosis in remote areas without surgeons with expertise
in endometriosis surgery could be referred appropriately.

The lncRNA urothelial cancer-associated 1 (UCA1) is another possible diagnostic
biomarker for endometriosis. UCA1 was downregulated in the ectopic endometrium of
a cohort of 98 endometriosis patients compared to 28 healthy controls. Endometriosis
patients were classified with the American Fertility Society (AFS) staging: 19 patients in
stage I, 21 patients in stage II, 33 patients in stage III, and 25 patients in stage IV. The relative
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expression of UCA1 in the serum was lower in women with increased AFS stage. A ROC
curve analysis was performed among the study population to evaluate the diagnostic value
of serum UCA1. The AUC for Stage I was 0.7509 [95% CI (0.6109 to 0.8910), p = 0.003820];
AUC for stage II was 0.9175 [95% CI (0.8308 to 1.004), p < 0.0001]; AUC for stage III was
0.9605 [95% CI (0.8982 to 1.023), p < 0.0001]; AUC for stage IV was 0.9921 [95% CI (0.9747 to
1.010), p < 0.0001]. To evaluate further, circulating UCA1 was examined immediately after
surgery and periodically during follow-up. Interestingly, the serum levels of UCA1 were
upregulated after treatment and downregulated in cases of relapse. These results suggest
that UCA1 is a useful tool for diagnosis and monitoring recurrence [85]. A limitation of
this study was the lack of external validation of the results. Similar studies should be
performed for other treatment modalities, including medical management.

Up to 50% of women who experience infertility have endometriosis. Studies showed
that women with endometriosis have endometrial dysfunction, including progesterone
resistance, which may play a role in the timing of endometrial receptivity [96]. Understand-
ing the appropriate timing for embryo transfer may improve pregnancy rates. Studies have
examined miRNAs in the eutopic endometrium and peritoneal fluid for infertility evalu-
ation [97–99]. Further, an association between endometriosis and some specific ovarian
cancer histotypes, particularly endometrioid and clear cell carcinomas, have been shown
epidemiologically [100]. Hence, a possible application of peritoneal fluid analysis could
help in the early prediction of endometriosis-associated ovarian cancer, as already has been
demonstrated for miRNAs [101,102]. Future work in lncRNAs is needed in these areas.

5. Therapeutic Opportunities for lncRNAs

As lncRNAs function to regulate gene expression, lncRNAs represent novel therapeu-
tic molecules. Therapeutic noncoding RNAs as targeting molecules, including small inter-
fering RNAs (siRNAs), short hairpin RNAs (shRNAs), miRNA mimics, miRNA sponges,
and CRISPR–Cas9-based gene-editing technologies, have been experimentally developed
to regulate gene expression and potentially treat disease, but therapeutic targeting using
noncoding RNAs is in its infancy [103]. To date, 11 RNA-based therapeutics are approved
by the United States Food and Drug Administration (US FDA) and/or the European
Medicines Agency (EMA) [104]. While no RNA-based therapeutics are indicated for en-
dometriosis, therapeutic linear lncRNAs and circRNAs may act to inhibit downstream
genes and subsequent cellular function and offer significant promise for non-hormonal
therapy. Understanding the precise mechanisms of lncRNAs and their antagonists is the
first step towards translational applications, as indicated by several preclinical studies
highlighted below.

First, the lncRNA H19 imprinted maternally expressed transcript (H19) regulates
insulin grown factor receptor (IGF1R) expression by acting as a molecular sponge to let-
7 [105]. An in vitro knockdown of H19 with siRNA led to the higher expression of let-7
by real-time quantitative polymerase chain reaction (qPCR) and subsequent inhibition of
IGF1R transcript and protein. Functionally, the H19 knockdown resulted in the reduced
proliferation of primary endometrial stromal cells isolated from the eutopic endometrium
of subjects with endometriosis [105]. Secondly, the molecular sponge mechanism in a
preclinical in vitro model can also be found for long intergenic non-protein coding RNA 261
(LINC00261), which binds miR-132-3p and subsequently acts as a regulator of BCL-2-like
11 (BCL2L11) expression. The overexpression of LINC00261 inhibited the proliferation and
invasion of the endometriosis cell line CRL-7566 through the BCL2L11 network. Further, the
overexpression of LINC00261 revealed a decrease in miR-132-3p expression and increased
BCL2L11 expression [76]. The role of BCL2L11 in endometriosis was investigated by siRNA
knockdown. BCL2L11 knockdown reduced epithelial-mesenchymal transition (EMT)
markers and reduced invasion [76]. While clinically promising, the scientific reproducibility
of this effect has not been tested due to the original study being performed in a single cell
line, CRL-7566. The CRL-7566 cell line is derived from an ovarian endometrioma. While
it was commercially available from American Type Tissue Culture Collection (ATCC), it
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is no longer available due to its slow growth rate. Further, while the CRL-7566 line was
authenticated with short tandem repeat (STR) profiling, it was not well characterized in
terms of molecular markers for endometrial epithelium and endometrial stroma [106,107].
Thus, these promising effects need to be replicated.

The in vitro studies on lncRNAs in endometriosis above led to preclinical mouse
model studies. First, the lncRNA AFAP1 antisense RNA1 (AFAP1-AS1) mediates the
signal transducer and activator of the transcription-transforming growth factor beta-SMAD
(STAT3/TGF-β/SMAD) signaling pathway through miR-424-5p to influence endometriosis
progression. Huan et al. reported that AFAP1-AS1 knockdown inhibited proliferation
and migration and promoted apoptosis in an SV40-transformed, endometriosis eutopic
endometrium stromal cell line, hEM15a [108]. Additionally, AFAP1-AS1 regulates EMT.
Specifically, AFAP1-AS1 is thought to act in concert with steroid hormones, such as estra-
diol, to induce the expression of the transcription factor zinc finger E-box binding homeobox
1 (ZEB1). Interestingly, the shRNA knockdown of AFAP1-AS1 reduced the expression of
ZEB1 in the spontaneously transformed endometrial cancer cell line Ishikawa. Further,
Ishikawa cells with a knockdown of AFAP1-AS2 showed reduced tumor dimensions in a
nude mouse model compared to non-targeted Ishikawa cells [109]. These studies highlight
the impact of AFAP1-AS1 on proliferation and growth. While promising, the studies
in an endometrial cancer cell line highlight the potential lack of clinical applicability to
endometriosis. Finally, endometriosis is a disease of significant immunologic features.
The use of nude mice, which are immunocompromised, may not be biologically applica-
ble to endometriosis. Improved in vivo and in vitro models are needed to improve the
translatability of studies.

Second, Liu and colleagues studied the lncRNA small nucleolar host gene 4 (SNHG4)
in a heterologous mouse model of endometriosis. In this model, nude mice were injected
subcutaneously with primary endometrial stromal cells (ESCs) isolated from ectopic en-
dometrium and transfected with either NC-si, SNHG4-si1, or SNHG4-si1 combined with
anti-miR-148-3p. After silencing SNHG4, the volume of endometriotic lesions was con-
siderably reduced compared to the non-targeting control. Further, the expression of MET
proto-oncogene receptor tyrosine kinase (MET) was inhibited, while miR-148a-3p was
upregulated. The inhibitor of miR-148a-3p combined with SNHG4 knockdown rescued
endometriotic lesions growth and upregulated the MET expression. The authors postu-
lated that SNHG4 might upregulate proto-oncogene expression, in particular MET, via
the suppression of miR-148a-3p, to promote the increased growth of endometrial tissue
outside the uterine cavity and endometriosis lesions [110]. The impact of oncogenes and the
manipulation of oncogenes in therapy for endometriosis deserves future study, particularly
as non-hormonal therapies.

Third, studies showed that lncRNA maternally expressed 3 (MEG3-210) has a reg-
ulatory mechanism in endometriosis. MEG3-210 was downregulated in the eutopic en-
dometrium of endometriosis patients and the primary cultures of endometrial stromal cells
from women with endometriosis. The overexpression of MEG3-210 in the primary cultures
of endometrial stromal cells from women with endometriosis revealed reduced invasion
and migration. Further, flow cytometry detected a reduction in apoptosis. They examined
two molecular pathways, including p38 signaling for its role in the endometriosis inflam-
matory response and PKA/SERCA2 signaling for its effects on cell motility and apoptosis.
Western blotting showed that the protein levels of phosphorylated mitogen-activated pro-
tein kinase 14 (better known as p38) and phosphorylated activating transcription factor 2
(ATF2) were significantly increased after the downregulation of MEG3-210. Furthermore,
the protein levels of protein kinase cAMP-activated catalytic subunit alpha (PRKACA,
better known as PKA) and ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting
2 (SERCA2) were decreased after MEG3-210 downregulation [111]. Previously, p38 activity
was found to be higher in the eutopic and ectopic endometria in endometriosis patients.
Increased p38 MAPK activity in endometriotic cells correlated with the activation of in-
flammatory cytokines, such as interleukin one beta (IL1b) and tumor necrosis factor-alpha
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(TNFα) [112]. Finally, they found that p38/MAPK and PKA/SERCA2 signaling pathways
act through Galectin1. Galectin-1 is a member of the sub-family of galectins that play a role
in intracellular signal processing, molecular modification, cell motility, and malignant bio-
logical behavior [111,113]. Recently, MEG3 has regulated transforming growth factor-beta
(TGFβ) signaling [114]. Previous work has shown the role of TGFβ signaling in ovarian
endometriomas through small RNA signaling [115]. Further studies should examine the
connection of lncRNA MEG3 in TGFβ signaling in endometriomas.

Like lncRNA, circular RNAs share the sponge mechanism of action. For example,
the circular RNA circ_0007331 targets miR-200c-3p and, consequently, targets hypoxia-
inducible factor 1 subunit alpha (HIF1A), a key transcription factor for angiogenesis and
hypoxia mechanisms. Through this mechanistic axis, circ_0007331 knockdown, with the
cooperation of HIF1A downstream, reduced the proliferation and invasion of primary
endometrial cell cultures from women with endometriosis. With the overexpression of miR-
200c-3p, proliferation and invasion increased, as did HIF1A. The inhibition of miR-200c-3p,
conversely, reduced the proliferation and invasion caused by circ_0007331 knockdown, con-
firming that the circ_0007331/miR-200c-3p/HIF-1α axis has an important role in cell prolif-
eration and invasion in endometriosis [116]. Using a homologous endometriosis mouse
model, treatment with circ_0007331 shRNA, shRNA NC, or anti-miR-200c-3p showed that
circ_0007331 knockdown reduced the lesion sizes. Further, treatment with anti-miR-200c-
3p did not. Using immunohistochemistry, endometriosis lesions from mice treated with
circ_0007331 shRNA were negative for HIF1A, but mice treated with anti-miR-200c-3p
treatment maintained HIF1A expression [116]. These results show the importance of the
circ_0007331/miR-200c-3p/HIF-1α axis in the endometrium of endometriosis patients.

Finally, the sponge mechanism of action has been proposed for the circular RNA
circ_0004712, and miR-148a-3p. Notably, this axis plays an important role in estradiol
(E2)-induced EMT processes in the development of endometriosis, potentially through the
β-catenin pathway. The E2 treatment of either the endometrial cancer cell line Ishikawa or
the human papillomavirus (HPV)-16 E6/E7 transformed endometriosis endocervical cell
line End1/E6E7 showed the overexpression of circ_0004712. Further, E2 treatment increased
migration in transwell assays and the induction of EMT through the b-catenin pathway.
The E2- treatment effect was suppressed with the knockdown of circ_0004712 [117]. Interest
in circRNA application in endometriosis is a relatively new area of research. However, the
exciting data to date support additional preclinical studies.

While lncRNAs offer opportunities for targeting cellular function, lncRNAs them-
selves offer options as therapeutic targets. The dysregulation of lncRNA expression has
been linked to diseases and complex biological processes [118]. Recently, lncRNA HOX
transcript antisense RNA (HOTAIR) has been associated with a genetic susceptibility to
endometriosis. Functional single nucleotide polymorphisms, including rs1838169 and
rs17720428, were frequently found in endometriosis patients [119]. Moreover, endometrio-
sis pathogenesis may revolve around a functional axis of HOTAIR/homeobox D10 and HO-
TAIR/homeobox A5. Homeobox proteins (HOXs) are critical in maintaining endometrium
homeostasis during embryo implantation and menstrual cycles, highlighting their impor-
tance in endometriosis [120]. HOTAIR knockdown reduced cell proliferation and migration
and increased HOXD10 and HOXA5 expression in two ovarian clear cell cancer cell lines,
ES-2 and TOV-21G [119]. The overexpression of HOTAIR in epithelial ovarian cancer cells
increases cancer invasiveness and metastasis. Moreover, the involvement of HOTAIR
in cancer progression and response to standard chemotherapy, possibly promoting mes-
enchymal stem cell formation, has been highlighted [121,122]. Since endometriosis shares
features with cancer, these results make HOTAIR a possible target for future endometriosis
or ovarian cancer therapies. Secondly, Zhang et al. discovered that another potential
target, CCDC144NL antisense RNA1 (CCDC144NL-AS1), was found to be upregulated in
ectopic endometriosis and eutopic endometrium from women with endometriosis. The
in vitro knockdown of CCDC144NL-AS1 in the SV40-transformed, endometriosis eutopic
endometrium stromal cell line hEM15a was associated with decreased migration and in-
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vasion. Assuming that alterations in motility and invasion were related to cytoskeleton
alteration, the authors found an altered distribution of cytoskeletal F-actin stress fibers
compared to lower protein levels of vimentin filaments and matrix metallopeptidase 9
(MMP9) after CCDC144NL-AS1 knockdown [123]. Although there are yet no clinical
studies, preclinical studies reveal a potential application of lncRNAs.

In the last few years, a growing interest in diet and nutrition as complementary
therapeutic support for endometriosis was established even if randomized clinical trials
do not show benefits [124]. Moreover, a connection between nutrition and ncRNA epi-
genetics has been found with sulforaphane, epigallocatechin gallate (EGCG), genistein,
resveratrol, and curcumin in female reproductive tract cancers. A possible therapeutic
role of these compounds combined with traditional therapies has been highlighted. As
we know, endometriosis shares some pathways with neoplastic disease. Phytochemicals
and nutraceuticals have been shown to influence pathways involving the miR-200 family,
let-7 family, or miR-34a that can interact with inflammatory and oxidation mechanisms
that play an important role in endometriosis [125].

6. Challenges to Clinical Application and Future Directions

Linear lncRNAs and circRNAs promise great results as biomarkers for the early detec-
tion and disease recurrence of endometriosis. ncRNAs are resistant to RNase degradation
and remain stable in biologic fluids, allowing for transport stability to specialized clinical
laboratories that may not be local for all women. Studies show promising results but with
little consistency among them, especially if considering single lncRNAs as biomarkers.
Signature panels of miRNAs, such as the miR-20 or miR-200 families, have been widely
investigated but partially have the same problem [126]. A possible solution could be to
combine different molecules to obtain a more powerful signature of lncRNAs and miRNAs
or other circulating markers (such as CA125) to create a more accurate diagnostic tool.

The main contemporary challenge is the heterogeneity of endometriosis cases and con-
trols. The World Endometriosis Research Foundation (WERF) Endometriosis Phenome and
Biobanking Harmonisation Project (EPHect) has provided guidelines [127]. The detailed
characterization of women with endometriosis in terms of pain symptoms, lesion location,
and molecular profiles is critical to homing in on useful diagnostic tools. While most of
the studies interrogate the use of medications, most do not consider nutritional factors,
over-the-counter supplements, or drugs. For example, the dietary intake of omega-6 fatty
acids, omega-3 fatty acids, vitamin D, and N-acetylcysteine may affect endometriosis devel-
opment. Further, supplements containing quercetin and L-carnitine may be involved in the
progression of endometriosis [128]. Nutraceuticals, nutritional products that are also used
as medicines [129], are emerging within the realm of endometriosis therapy [130]. As stud-
ies within other gynecologic diseases have shown an effect of nutraceuticals on noncoding
RNA expression [125], the role of these natural products, nutrients, and supplements on
lncRNAs requires additional study in endometriosis.

Each woman with endometriosis is a unique individual, and small studies are insuffi-
cient to evaluate a large number of clinical features. The collaborative, detailed characteri-
zation of the phenotype of women with endometriosis is critical. Unfortunately, an optimal
non-endometriosis control population is challenging without putting healthy women
through laparoscopic surgery for research purposes. While detailed guidelines are helpful
for translational studies, additional guidelines are needed to report endometriosis mouse
models and in vitro model systems, including multicellular aggregates, spheroids, and
organoids. Preclinical studies on lncRNAs and circRNAs show promise for the translation
to well-characterized human studies.
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Abstract: Endometriosis, an estrogen-dependent chronic gynecological disease, is characterized
by a systemic inflammation that affects circulating red blood cells (RBC), by reducing anti-oxidant
defenses. The aim of this study was to investigate the potential beneficial effects of licorice intake
to protect RBCs from dapsone hydroxylamine (DDS-NHOH), a harmful metabolite of dapsone,
commonly used in the treatment of many diseases. A control group (CG, n = 12) and a patient group
(PG, n = 18) were treated with licorice extract (25 mg/day), for a week. Blood samples before (T0)
and after (T1) treatment were analyzed for: i) band 3 tyrosine phosphorylation and high molecular
weight aggregates; and ii) glutathionylation and carbonic anhydrase activity, in the presence or
absence of adjunctive oxidative stress induced by DDS-NHOH. Results were correlated with plasma
glycyrrhetinic acid (GA) concentrations, measured by HPLC–MS. Results showed that licorice intake
decreased the level of DDS-NHOH-related oxidative alterations in RBCs, and the reduction was
directly correlated with plasma GA concentration. In conclusion, in PG, the inability to counteract
oxidative stress is a serious concern in the evaluation of therapeutic approaches. GA, by protecting
RBC from oxidative assault, as in dapsone therapy, might be considered as a new potential tool for
preventing further switching into severe endometriosis.

Keywords: endometriosis; dapsone; DDS-NHOH; red blood cell; glycyrrhetinic acid

1. Introduction

One of the most common gynecological pathologies in reproductive age women is
endometriosis, characterized by the presence of endometrial-like tissue in the uterine
cavity [1,2].

Both heme and cellular debris contribute consistently to the formation of local [3]
and systemic [4] inflammation status, thus promoting the increased production of reac-
tive oxygen species (ROS) and reactive nitrogen species, cytokines, growth factors, and
prostaglandins [5].

The presence of oxidative stress status markers in circulating red blood cells (RBCs)
has been recently pointed out as a systemic feature of endometriosis [4]. Due to their
fundamental role in oxygen transport, RBCs are particularly exposed to the oxidant threat,
which represents a limiting factor of the lifespan of RBCs because no new proteins can be
synthesized [6]. Therefore, oxidative-related damage is critical in the regulation of RBC’s
proper functioning and aging.
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Besides ensuring deformability, which is determined by membrane protein-protein
and lipid-protein interactions, membranes also provide cellular ion exchange and the
expression of aging-related epitopes for RBC senescence recognition and removal.

In the RBC membrane, one of the most important integral proteins is protein band 3
(or anion exchanger, AE1), a 100 kDa protein with 12–14 transmembrane segments, mainly
involved in the maintaining of the biconcave-shape and the CO2/HCO3

− homeostasis
through chloride and bicarbonate (Cl−/HCO3

−) anion exchange [7]. The presence of
phosphorylatable residues in the cytoplasmic domain (including both the N- and C-terminal
ends of the molecule) provides band 3 the peculiarity of being considered as a redox
stress sensor [8] in many prooxidant disorders [8–10], such as in glucose-6-phosphate
dehydrogenase deficiency (G6PDd) [10,11]. The band 3 Tyr-P level regulates many of the
physiological processes in RBCs, from glycolysis [12] to morphology [13], but it is also
involved in erythrocyte aging [11,14] and antibody recognition [15].

Dapsone (DDS) is an aniline compound commonly used for many indications [16,17],
including the treatment of leprosy, varied skin conditions, Pneumocystis carinii infection,
and a variety of immuno-related conditions [18,19]. Unfortunately, DDS shares a well-
documented toxicity, related to its routes of biotransformation [20,21] leading to the forma-
tion of dapsone hydroxylamine (DDS-NHOH), the powerful oxidizing dapsone metabo-
lite [20,22]. In in vitro studies, DDS-NHOH has been demonstrated to shorten RBC lifespan
through the progressive oxidative alteration pathway starting from methemoglobin for-
mation, glutathione oxidation, [22–25], and band 3 high molecular weight aggregates
(HMWA) [26], which leads to autologous antibody recognition [24].

Among the antioxidants assumed with the diet, such as vitamins, carotenoids, and
minerals, which have been shown to contribute to maintaining the redox homeostasis, gly-
cyrrhizin, the glycoside extracted from roots of the liquorice, known for its characteristic
sweetness (about 30–50 times sweeter than sucrose), is widely used in the treatment of many
diseases, such as chronic hepatitis [27], erythrodermic psoriasis [28], a variety of human
viruses such as avian infectious bronchitis virus [29], HIV [30,31], and SARS-CoV-2 [32,33], as
a few examples. Orally administered glycyrrhizin is metabolized by intestinal bacteria into
18β-glycyrrhetinic acid (GA) [34], a pentacyclic triterpenoid, whose structure is similar to
those of the mineralocorticoid and glucocorticoid hormones secreted by the adrenal cor-
tex. In in vitro experiments in human RBCs, GA prevented oxidative-induced alterations,
greatly reducing both band 3 Tyr-P and band 3 high molecular weight aggregate (HMWA)
formation [35].

The aim of this study was to evaluate the effect of the licorice intake on the oxidative
stress generated by DDS-NHOH in RBCs from PG by monitoring band 3 Tyr-P levels and
HMWA as parameters for the detection of RBC membrane denaturation. In addition, we
analyzed the state and the activity of cytosolic carbonic anhydrase (CA), to investigate if
GA could mitigate DDS-NHOH side-effects involving this enzyme, a useful parameter of
the potential worsening of RBC oxidative status [36].

2. Results
2.1. Evaluation of the RBC Oxidative Status (Diamide) and Response to DDS-NHOH before
Licorice Intake

Cytosolic compartments of PG RBC showed much higher monomeric CAII isoform
(30 kDa) than CG RBC (35 ± 3.7% compared to 12 ± 3%, respectively, p < 0.001). Being
the activity of CA strictly depending on its monomerization [36], a CA activity assay was
performed, with PG RBC exhibiting almost six times higher values compared to CG RBC
(Figure 1). When RBCs were treated with diamide, the amount of the 30 kDa band of CA
increased to 24% and 49%, in CG and PG RBC, respectively, (p < 0.001), with a parallel
activity increase (5.2 ± 2 in CG and 32.7 ± 8.0 in PG, p < 0.001). In addition, in the presence
of DDS-NHOH, if the process of formation of the 30 kDa isoform was more evident (26% in
CG, 68% in PG), the correspondent values of CA activity were not so drastically increased
as expected (3.3 ± 0.6 and 12.2 ± 3.1 in CG and PG, respectively).
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Figure 1. Fresh blood was collected from CG and PG RBCs (isolated as described in the Methods
section) and was incubated with and without 1.5 mM diamide or 0.3 mM DDS-NHOH. (a) Diluted
cytosol from 1 µL of packed cells, underwent Western blotting in non-reducing conditions. Bands
immunostained with anti-CA antibodies were densitometrically analyzed, and the sum of the 30
and 60 kDa bands was arbitrarily calculated as 100%, taking into account that amount of proteolytic
30 kDa bands accounts for half the larger bands. Values were expressed as the means ± SD of
n = 12 CG and n = 18 PG patients. * p < 0.001, comparison of CA 30 kDa isoform before and after
treatments within groups, Student’s t-test for paired data; † p < 0.001, comparison of the 30 kDa band
between CG and PG groups, in both experimental conditions (diamide and DDS-NHOH treatments),
Student’s t-test. (b) CA activity: 300 µL of diluted cytosol from CG or PG RBCs, previously incubated
with and without 1.5 mM diamide or 0.3 mM DDS-NHOH, were assayed for activity as described
in the Methods section. The activity was calculated as the ratio to activity observed in untreated
CG (chosen as arbitrary comparison unit, experimentally determined as 1 ± 0.23, mean value ± SD).
Data show the means ± SD of n = 12 CG and n = 18 PG patients. * p < 0.001, comparison of CA
activity to CG, before and after diamide treatment, Student’s t-test for paired data.

2.2. Effect of Licorice Intake on the Membrane and Cytosol Oxidative Status

In both CG and PG, RBC membranes at T0 (before licorice intake) showed a similar
pattern of B3 Tyr-P levels (which remained practically undetectable) and HMWA content
(Figure 2, panel b).

In the presence of diamide, RBCs from PG showed a much higher Tyr-P level in RBC
membranes compared to that from CG (221 ± 26 and 100 ± 9 for PG and CG membranes,
respectively, p < 0.005). Similarly, membrane band 3 HMWA content also increased to
double the basal amount in CG but reached almost four times the basal value in PG
(196 ± 19 and 349 ± 45, for membranes from CG and PG, respectively, p < 0.001) (Figure 2,
panel a, lanes T0 and Figure 3, panels a and b, compare CG and PG at T0, diamide) [4].
When diamide was replaced by DDS-NHOH, the average increment in the Tyr-P level was
almost 6 times in RBCs from PG compared to CG (p < 0.001) (Figure 3, panel a). Similarly, in
PG, DDS-NHOH treatment induced a higher increase in band 3 HMWA content (average
PG increase of about 471 ± 37 % compared to CG, p < 0.001), much higher than that
evidence in the RBC membranes of CG (196 ± 35 and 135 ± 29 for diamide and DDS-
NHOH treatment, respectively, p < 0.01) (Figure 3, panels a and b, compare CG and PG at
T0, DDS-NHOH).

63



Int. J. Mol. Sci. 2021, 22, 8476

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 13 
 

 

treatment, respectively, p < 0.01) (Figure 3, panels a and b, compare CG and PG at T0, DDS-

NHOH).  

The increased oxidative status of the membrane was also evaluated by glutathi-

onylated protein content (average increase of about 145% and 140% for diamide and DDS-

NHOH, respectively, p < 0.001) (panel c). 

After 1 week of licorice intake (T1), RBCs from both groups were reanalyzed and the 

HMWA anti-Tyr-P and anti-GSH content from PG were compared to those from CG (Fig-

ure 2).  

 

Figure 2. The membranes (10 μg) obtained, as described in the Methods section, were analyzed by 

Western blotting in non-reducing conditions (panel a) and immunostained with anti-band 3 P-Tyr 

antibodies or in non-reducing conditions and immunostained with anti-band 3 (panel a and b), 

anti-P-Tyr or anti-GSH antibodies (panel b). For each immunostaining, bands corresponding to 

the relative proteins were densitometrically estimated and statistically analyzed (panel b). The 

Tyr-P value of both CG and PG RBCs were undetectable. The band 3 HMWA or GSH values were 

calculated as the ratio to band 3 HMWA or GSH obtained in basal (T0) samples of CG (chosen as 

arbitrary comparison unit, experimentally determined as 100 ± 5% and 102± 7%, respectively). 

Data shows the means ± SD of n = 12 CG and n = 18 PG patients. Comparison from respective 

baseline values: *p < 0.001, Student’s t-test for paired data. Comparison CG vs PG: ‡ p < 0.001, Stu-

dent t-test for unpaired data. 

Results showed that both the HMWA and protein-bound GSH (GS-SG) contents 

were reduced after licorice intake (T1), both in CG (with an average decrease of about 30% 

in HMWA and 10% in GS-SP) and PG (average decrease of 25% in HMWA, but almost 40 

% in the GS-SP). Either in CG or PG, no alterations were detectable in the Tyr-P level. 

Interestingly, at T1, the PG RBCs also showed a net reduction in both diamide- and 

DDS-NHOH-induced alterations compared with their own values at T0, with an average 

decrease ranging from 35 ± 15% (diamide-induced Tyr-P level) to 61 ± 5% (decrease of 

DDS-NHOH-induced glutathionylation) (panel f). All the other parameters ranged be-

tween these two values, with a reduction higher than 50%. CG RBCs showed a slight de-

crease only in diamide-induced Tyr-P values (7 ± 7%), but in all the other parameters the 

average decrease ranged from a minimum of 17 ± 9% (DDS-NHOH-induced HMWA 

Figure 2. The membranes (10 µg) obtained, as described in the Methods section, were analyzed by
Western blotting in non-reducing conditions (panel a) and immunostained with anti-band 3 P-Tyr
antibodies or in non-reducing conditions and immunostained with anti-band 3 (panel a and b),
anti-P-Tyr or anti-GSH antibodies (panel b). For each immunostaining, bands corresponding to the
relative proteins were densitometrically estimated and statistically analyzed (panel b). The Tyr-P
value of both CG and PG RBCs were undetectable. The band 3 HMWA or GSH values were calculated
as the ratio to band 3 HMWA or GSH obtained in basal (T0) samples of CG (chosen as arbitrary
comparison unit, experimentally determined as 100 ± 5% and 102 ± 7%, respectively). Data shows
the means ± SD of n = 12 CG and n = 18 PG patients. Comparison from respective baseline values:
* p < 0.001, Student’s t-test for paired data. Comparison CG vs PG: ‡ p < 0.001, Student t-test for
unpaired data.

The increased oxidative status of the membrane was also evaluated by glutathiony-
lated protein content (average increase of about 145% and 140% for diamide and DDS-
NHOH, respectively, p < 0.001) (panel c).

After 1 week of licorice intake (T1), RBCs from both groups were reanalyzed and
the HMWA anti-Tyr-P and anti-GSH content from PG were compared to those from CG
(Figure 2).

Results showed that both the HMWA and protein-bound GSH (GS-SG) contents were
reduced after licorice intake (T1), both in CG (with an average decrease of about 30% in
HMWA and 10% in GS-SP) and PG (average decrease of 25% in HMWA, but almost 40 %
in the GS-SP). Either in CG or PG, no alterations were detectable in the Tyr-P level.

Interestingly, at T1, the PG RBCs also showed a net reduction in both diamide- and
DDS-NHOH-induced alterations compared with their own values at T0, with an average
decrease ranging from 35 ± 15% (diamide-induced Tyr-P level) to 61 ± 5% (decrease
of DDS-NHOH-induced glutathionylation) (panel f). All the other parameters ranged
between these two values, with a reduction higher than 50%. CG RBCs showed a slight
decrease only in diamide-induced Tyr-P values (7 ± 7%), but in all the other parameters
the average decrease ranged from a minimum of 17 ± 9% (DDS-NHOH-induced HMWA
formation) to a maximum of 48 ± 6% (the decrease in membrane glutathionylation was
induced by DDS-NHOH). The variations of all parameters observed between T0 and T1
were statistically different, both in the CG and PG groups (p < 0.005). Also, the average
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values were statistically different between the CG and PG groups (p < 0.001) in all conditions
(panels a–c), except for DDS-NHOH-induced glutathionylation, because, following licorice
intake (T1), the higher level of glutathionylated protein in PG RBCs was almost completely
lowered, thus resembling the level in the CG RBCs (panel c, T1).
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Figure 3. The effect of 1-week licorice intake on the Tyr-P level (a), HMWA, (b) and membrane GSH
contents (c), following diamide or DDS-NHOH stimulation, in the CG and PG groups. RBCs from
CG and PG were incubated with 1.5 mM diamide or 0.30 mM DDS-NHOH. The membranes (10 µg)
obtained, as described in Methods, were analyzed by Western blotting and immunostained with the
anti-P-Tyr antibody and then with anti-β actin as a loading control (Panel a). The membranes were
also analyzed in non-reducing conditions and immunostained with anti-band 3 (Panel b) or anti-GSH
(not shown) antibodies, in order to evidence the band 3 high molecular weight aggregate (HMWA)
and bound glutathione, respectively. The figure is representative of the study population. For each
immunostaining, bands corresponding to the relative proteins were densitometrically estimated and
statistically analyzed GSH values of diamide or DDS-NHOH treated RBCs were calculated as the
ratio percentage to GSH levels obtained in the basal samples of CG at T0 (chosen as an arbitrary
comparison unit, experimentally determined as 101 ± 3%) (Panel c). The Tyr-P value of diamide—or
DDS-NHOH—treated RBCs before (T0) and after a week of licorice intake (T1) was calculated as:
Tyr-P% = (Tyr-P(x)/Tyr-P(CG) diamide T0%, with the Tyr-P value obtained in diamide samples of
CG at T0 chosen as an arbitrary comparison unit (experimentally determined as 100 ± 5%) (Panel d).
The band 3 HMWA of diamide or DDS-NHOH treated RBCs were calculated as the ratio percentage
to band 3 HMWA obtained in the basal samples of CG at T0 (chosen as an arbitrary comparison unit,
experimentally determined as 100 ± 4 and) (Panel e). (Panel f) average percent decrease for each
parameter, referring to the corresponding values at T0, were calculated and reported. Data show the
means ± SD of n = 12 healthy subjects (CG) and n = 18 patients (PG). Comparison from the respective
T0 values: * p < 0.005, Student’s t-test for paired data. Comparison CG vs PG: † p < 0.001, Student
t-test for unpaired data.

2.3. Licorice Intake and CA Monomerization and Activity in RBC Cytosol

The cytosolic oxidative status was also evaluated, and the monomerization and activity
of CA and the variation of GSH contents were compared between the two groups in the
presence of diamide or DDS-NHOH at T0 and T1. As expected, in PG, at T0 the monomeric
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form of this enzyme, representative of increased oxidation [26,36], was much higher
compared to that of CG (35 ± 5 % of the 30 kDa isoform in PG compared to 12 ± 4 %
present in CG, p < 0.001), and, consequently, also the CA activity was by far higher (Figure 2,
p < 0.001).

What is interesting is that, following licorice intake, net decreases of both monomeriza-
tion and activity were observed. By evaluating the average decrease in both values between
T1 and T0, at T1 the percentage of CA activity reduction was 8.5 ± 7 and 50.7 ± 4.3, in CG
at basal or DDS-NHOH conditions, respectively (p < 0.005). In PG, CA activity reduction
was 61.7 ± 16 and 79.1 ± 8.7, at basal or DDS-NHOH conditions, respectively (p < 0.005)
(Table 1).

Table 1. The effect of 1-week licorice intake on CA activity and monomerization and ∆GSH in the
cytosol of RBCs, in the presence of diamide or DDS-NHOH in in vitro treatment. Panel a: CA activity
and monomerization values, obtained at T0 and T1, were expressed as the decrease after licorice
intake, in the absence (basal), or presence of DDS-NHOH. The activity of CA was assayed in the
RBC cytosol as described in the Methods. The decrease following the licorice intake (∆CA activity %)
was calculated as: (1-activity T1/ activity T0)%. The monomerization of CA was assayed in diluted
cytosol from 1 µL of packed RBCs, obtained as described in the Methods. The cytosol underwent
Western blotting in non-reducing conditions and was immunostained with an anti-CA antibody.
Densitometrical analysis of the CA bands was carried out and the sum of the 30 and 60 kDa bands
was arbitrarily calculated as 100%, taking into account that amount of proteolytic 30 kDa bands
accounts for half the larger [36]. Panel b: Total glutathione was determined according to the Tietze
method [4], as described in the Methods. The total decrease of glutathione content after diamide or
DDS-NHOH treatment (∆GSH) was expressed as 1-GSH(Diam or DDS-NHOH)/GSH(Basal) [4,36].

a ∆CA activity % CA 30 kDa (T1-T0 %)

CG
Diamide 8.5 ± 7.0 −0.42 ± 0.79

DDS-NHOH 50.7 ± 4.3 * −12.08 ± 2.84 *

PG
Diamide 61.7 ± 16.0 † −16.28 ± 4.27 †

DDS-NHOH 79.1 ± 8.7 † * −45.00 ± 6.94 † *

b ∆GSH (diamide) ∆GSH (DDS-NHOH)

CG
T0 0.08 ± 0.03 0.20 ± 0.01 *
T1 0.08 ± 0.03 0.08 ± 0.03 ‡

PG
T0 0.54 ± 0.10 † 0.85 ± 0.08 † *
T1 0.36 ± 0.08 † ‡ 0.38 ± 0.08 † * ‡

Values are expressed as the mean ± SD of n = 12 healthy subjects (CG) and n = 18 patients (PG). Comparison
from respective basal values: * p < 0.005, Student’s t-test for paired data. Comparison CG vs. PG: † p < 0.001,
Student’s t-test for unpaired data. Comparison between T0 and T1 within each group: ‡ p < 0.001, Student’s t-test
for paired data.

When the cytosol was analyzed for the GSH content, DDS-NHOH treatment induced
a drop in the total glutathione content of about a mean value of 0.85 ± 0.08 in PG RBCs
(Table 1, panel b, T0). In CG only, a slight decrease in the glutathione content was observed
after both diamide and DDS-NHOH treatments, 0.08 ± 0.03 and 0.20 ± 0.01, respectively,
thus confirming that the band 3 Tyr-P level and HMWA formation involved cell GSH-
related anti-oxidant defenses, with the depletion of cytosolic pools to implement the
membrane protein glutathionylation. Also, in this case, licorice intake induced a net
reduction of the GSH lost, as indicated by the lowering of ∆GSH values in both CG and
PG (Table 1).

2.4. Correlation between Plasma GA Content and Reduction of RBC Oxidative Parameters

To assess if these licorice intake-related improvements and GA metabolites were
correlated, we quantified the plasma GA content following the licorice intake (Figure 4).
Plasma GA concentrations ranged from a minimum of 484 to1546 ng/mL in both groups,
representative of great subjectivity in metabolizing licorice to yield GA. No significant
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difference was found between the mean GA plasma concentrations in the two groups
(886.7 ± 329.3 ng/mL in CG vs. 1087.8 ± 261.6 ng/mL in PG; p = 0.0734). What is note-
worthy is that we found a direct proportionality between the plasma GA content and a
reduction in both diamide and DDS-NHOH-induced alterations (Figure 4), which resulted
in highly significant for all parameters in CG, and less in PG (see correlation coefficients
reported in Figure 4).
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Figure 4. Correlation between the plasma GA concentration and measured parameters, after 1-week of licorice treatment, in
both CG (red points) and PG (blue points) groups. Upper graphs: stimulation with DDS-NHOH. Lower graphs: basal values
(not stimulated). For each regression line, Pearson’s correlation coefficient r is indicated, together with the corresponding
p-value. To obtain the plasma GA concentration, an HPLC–MS full scan method was used as described in the Methods.

The highly significant proportionality between the plasmatic GA content and the
reduction of diamide-induced alterations was consistent with previous in vitro observa-
tions [35], but only for the Tyr-P parameter. Compared to DDS-NHOH, GA was not so
efficacious in reducing diamide-induced membrane glutathionylation and HMWA forma-
tion. On the contrary, the GA plasma concentration better fitted with the improvements of
both membrane and cytosol parameters following DDS-NHOH treatment, thus evidencing
those alterations induced by the two compounds were different and, so, differently affected
by GA.

3. Discussion

In this study, we investigated the effect of licorice intake on RBC improvements
towards oxidative stress in endometriosis.

Dapsone-induced hemolytic anemia is closely related to erythrocyte membrane alter-
ations, leading to premature cell removal, which can occur both extra-vascularly (witness
hyperbilirubinemia), or intravascularly by dapsone-induced cell fragility. All hematologi-
cal side effects reported for dapsone therapy are due to the N-hydroxy metabolite of the
drug, dapsone hydroxylamine (DDS-NHOH) [20,25,37].

These alterations should be taken into account in choosing therapy for endometriosis
patients. Endometriosis is a chronic inflammatory disease with a genetic, epigenetic,
and environmental background [38]. It has been recently shown that the presence of
endometriosis susceptibility genes whose wide variations of penetrance would be seriously
influenced by phenotypic alterations [39]. Environmental changes, such as iron overload
during menstruation, can induce a Fenton-mediated oxidative assault, which would affect
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DNA hypermethylation and chromatin remodeling, thus stressing gene instability by
introducing point mutations and/or DNA single- and double-strand breaks, all leading
to a significant increase in cancer risk [39]. For these reasons, redox and inflammatory
modifications, which can accumulate in endometriosis patients, may be not only at the
origin of endometriosis but also responsible for the further development/worsening of the
disease [39].

In this study, we addressed the potential effect of licorice in ameliorating PG RBC toler-
ance to dapsone treatments. We have previously demonstrated that GA, one of the licorice
intestinal metabolism products, was able to prevent diamide-induced band 3 Tyr-P levels
and HMWA formation, as well as band 3 proteolytic degradation in in vitro experiments
performed with normal RBCs [35]. To investigate if this important GA shielding effect
could be efficacious also in endometriosis to lower potential oxidant injuries, we analyzed
the same parameters in RBCs after volunteers were given one week of licorice intake.
Interestingly, all parameters resulted in positively affected PG RBCs, with net reductions
in DDS-NHOH-induced alterations ranging from 35 to 61%, compared to T0. That this
effect was due to the GA licorice component was confirmed by the correlation between
the plasma GA content and diamide, used as a reference, with its effects amply studied
and described in previous studies [35,40], or DDS-NHOH effects. Only with diamide, for
bound GSH and HMWA formation parameters, it seemed that weak a correlation was
present in PG, but not in CG. This could be explained by the fact that diamide-induced
alterations are different from those by DDS-NHOH. Diamide is known to induce disulfide
bond formation, thus clustering membrane band 3 and leading to HMWA formation. Band
3 is normally distributed between detergent soluble (66%) and detergent-insoluble (33%)
fractions of RBC membranes, and following diamide treatment, band 3 aggregated in
HMWA increased only in the detergent soluble fraction [41]. On the contrary, DDS-NHOH
induces a complete rearrangement of HMWA, which starts at the soluble fraction but
slowly migrates to increase the insoluble counterpart [26].

Among the cytosolic enzymes, an important role is played by CA, a metallo-enzyme,
converting CO2 to HCO3- and H +, which regulates many physiological processes such
as acid–base balance homeostasis, respiration, carbon dioxide, ion transport, and bone
resorption [42]. To date, their biological functioning has not been clarified, but recent
evidence has pointed out how abnormal levels or activities [34] of many CA isoforms were
associated with different diseases such as cancer (overexpression of CA IX/XII due to the
hypoxia cascade activation), epilepsy (abnormal levels/activities of brain CA isoforms),
and obesity (dysregulation of the mitochondrial isoforms CA VA/B) [42].

In human RBCs, the upregulation or high activity level of CA 2, the main isoform [36],
has been related to glaucoma [42], and for this its functioning could represent an important
parameter to be evaluated, mainly due to the recent finding showing an oxidative-related
net increase of CA 2 activity in endometriosis patients. In fact, by increasing oxidative
conditions, CA 2, normally present as an inactive dimer, can be activated following a
monomerization process [36]. In the present study, the mean CA activity from PG was
about 30 times higher than that from CG with a mean monomerization three times superior
compared with CG, and 5 times lower GSH (∆GSH). These data identify CA as an important
parameter in the evaluation of the oxidative status in endometriosis, as well as a novel
paradigm in the prevention of potential clinical complications.

In PG, one week of GA intake succeeded in considerably reducing both untreated
and, much more interestingly, DDS-NHOH treated RBC effects on CA, with 5 times
activity reduction and 3 times less monomerization, whereas in CG, both CA activity and
monomerization, and GSH drop, returned to the level of the DDS-NHOH untreated RBC.

GA, a licorice metabolite, mitigates DDS-NHOH-induced side effects by lowering
membrane sensitivity to oxidative stress and preserving cell GSH content.

For a long time, licorice has been considered in many natural medical resources,
and these findings emphasize how GA can protect RBCs from strong oxidant-induced

68



Int. J. Mol. Sci. 2021, 22, 8476

denaturation, thus preventing risks from extensive and prolonged exposure to oxidative
stress in impaired anti-oxidant conditions.

4. Materials and Methods
4.1. Materials

Reagents were purchased from Sigma (Milan, Italy), and an anti-phospho-tyrosine
(P-Tyr) (clone PY20) mouse monoclonal antibody was obtained from Biosource-Invitrogen
(Camarillo, CA, USA). Anti-mouse secondary antibody conjugated with horseradish perox-
idase (HRP) was obtained from BioRad Laboratories (Irvine, CA, USA), and DDS-NHOH
from Toronto Research Chemicals Inc. (North York, ON, Canada).

4.2. Participants

Between December 2011 and December 2016, patients, presenting with pelvic pain
and an ultrasonographically that identified an adnexal ovarian mass, were referred to our
endometriosis care unit for laparoscopy. Only women classified as having endometriosis
by histological examination of surgical specimens were put in the endometriosis group
(n = 18, aged 34.1 ± 8.5 years). Following surgery, the stage of the disease was defined
according to the classification system of the revised American Society for Reproductive
Medicine (rASRM) as stage I (minimal, n = 4), stage II (mild, n = 7), stage III (moderate,
n = 4), and stage IV (severe, n = 3).

Patients met the following criteria: no hormone therapy for at least 3 months; reg-
ular menstruation; non-smoker; no signs of other inflammatory disease (as assessed by
leucocytes, body temperature, or other specific symptoms). Fresh blood was collected from
patients undergoing laparoscopy and also from a group of 12 volunteers, mean age 34.9
(SD 9.2) years, whose clinical and ultrasound tests identified as being healthy (Table S1).

Clinical data and peripheral blood samples were collected from both PG and CG
subjects only after explaining the objectives of the study and obtaining signed informed
consent, according to the Italian Law for Privacy 675/96 prior to enrolment.

All participants were asked to take licorice sweets containing licorice extract up to
25 mg /day, a dose by far lower than what is recommended by the Scientific Committee
which considered it prudent that regular ingestion should not exceed 100 mg/day [43].

This study was conducted in accordance with the ethical standards of the Ethics
Committee for Research and Clinical Trials of our University (Em. n. 7, 13 February 2012)
and in accordance with the Helsinki Declaration.

4.2.1. Treatment of Erythrocytes

RBCs were pelleted at 3750× g for 3 min. After removal of the supernatant, packed
RBCs were washed three times at 3750× g for 3 min in 5 volumes of Dulbecco’s Phosphate
Buffered Saline (D-PBS) to avoid contamination by leucocytes and platelets. Packed cells
(50 µL) were suspended (at 20% hematocrit) in D-PBS and treated at 35 ◦C for 30 min in the
absence (Basal) or presence of 1.5 mM diamide (dissolved in D-PBS) (Diamide), or 0.3 mM
DDS-NHOH dissolved in acetone (DDS-NHOH).

After washing, RBCs underwent hemolysis in 1.5 mL of hypotonic buffer (5 mM
sodium phosphate, pH 8, 0.02 % sodium azide (NaN3), 30 µM phenylmethylsulphonyl
fluoride (PMSF), 1 mM sodium orthovanadate, and a protease inhibitor cocktail) [24].

Membranes were separated from the cytosol by centrifugation (16,100× g for 20 min in
an Eppendorf centrifuge) and washed once in a hypotonic buffer. Aliquots of membranes
and the cytosol were analyzed by Western blotting in reducing or non-reducing conditions
and immunostained with appropriate antibodies.

4.2.2. Determination of GSH

Total glutathione was determined according to [10]. Briefly, 10 µL of cytosol obtained
from differently treated erythrocytes were added to 2 mL of a reaction mixture containing
1.9 mL of phosphate 0.1 M/ EDTA 0.6 mM buffer, pH 7.4, 30 µL of 5,5′-dithio-bis(2-
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nitrobenzoic acid) (DTNB) 10 mM, 100 µL of NADPH 5 mM, and 10 µg glutathione
reductase (GR), and analyzed spectrophotometrically at 412 nm. The total decrease of
glutathione content after diamide or DDS-NHOH treatment (∆GSH) was expressed as
1-GSH (Diam or DDS-NHOH)/GSH(Basal) [24].

4.2.3. Esterase Activity Assay

The activity of CA was assayed in RBC cytosols by following the change in absorbance
at 348 nm from the 4-nitrophenylacetate (NPA) to the 4-nitrophenylate (PNP) ion over a
period of 10 min at 25 ◦C with a spectrophotometer (CHEBIOS UV–VIS), according to [36].
The enzymatic reaction was carried out in a total volume of 3.0 mL, containing 1.4 mL
0.05 M Tris–SO4 buffer (pH 7.4), 1 mL 3 mM NPA, 0.5 mL H2O, and 0.1 mL diluted cytosol.
A reference measurement was obtained by preparing the same cuvette with a sample
solution in the absence of incubation. One unit of CA activity was defined as the amount
of enzyme which catalyzes the formation of 1 pmol PNP/min in standard conditions of
incubation. The following formula incorporating the extinction coefficient was used to
calculate: CA units × 10−3/µL packed RBC = OD × sample dilution factor/(min × 667),
with an extinction coefficient of 667 [28,35]. The decrease following the licorice intake (∆CA
activity %) was calculated as: (1- activity T1/ activity T0)%.

4.2.4. HPLC–MS Plasma Analysis

To obtain a metabolic profiling of plasma, an HPLC–MS full scan method was used,
according to [44]. A Varian MS 500 equipped with a Prostar 430 autosampler and binary
chromatograph 212 series (Varian, Palo Alto, CA, USA), was used as the HPLC–MS system.
An Agilent (Milan, Italy) Eclipse XDB C−8 column (2.1 × 150 mm 3.5 µm) was used as
a stationary phase. The mobile phase was composed of solvent A (acetonitrile with 0.5%
acetic acid) and solvent B (water with 2% formic acid). Linear gradients of A and B were
used as follows: 0 min, 10% A; 20 min, 85% A; 21 min, 100% A, 21.30 min, 10% A; 27 min,
10% A. The flow rate was 200 µL/min and the injection volume was 10 µL. The mass
range explored was 50–1000 m/z. The mass spectra were recorded both in positive standard
mode and in turbo data depending scanning (tdds) mode that allows the elucidation of the
fragmentation patterns of the detected ions. Collected plasma samples were centrifuged
(13,000× g for 10 min) and directly injected in the HPLC. Each HPLC–MS data set was
processed with the MZmine 2.9 software; from the raw data files, a data set composed of
102 variables was obtained. The Median Fold Change normalization was applied to take
into account the effects of sample dilution. Data were log-transformed and mean-centered.

4.3. Statistical Analysis

Data are expressed as the mean ± SD. Differences between the groups were compared
with the Student’s t-test (two-tailed). Comparisons before and after treatment with licorice
within each group of subjects were obtained with the Student’s t-test for paired data. The
paired t-test was also used to compare values before and after DDS-NHOH treatment.

Relationships between pairs of variables were tested by least-squares linear regression.
Pearson’s correlation coefficient r was used to quantify the strength of relationships. The
statistical significance of r was determined using a t-test (two-tailed).

A p-value < 0.05 was considered as statistically significant.

5. Conclusions

Endometriosis RBC membranes are characterized by high oxidative levels, which
impairs the RBC response to a potential high oxidant therapy, such as in the case of DDS,
commonly used for the treatments of leprosy, malaria, and autoimmune diseases. DDS-
NHOH, a DDS metabolite, exasperates the oxidative status of the patients’ RBCs. The
resulting condition leads to a premature RBC removal from circulation as an index of
reduced RBC life-span due to the overwhelming oxidative assault [24]. It is also involved
in a potential further worsening of patients’ conditions by increasing the oxidative stress
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which, in turn, may also trigger genetic/epigenetic cell transformation [38,39]. The DDS-
NHOH-related further drop in the total glutathione content was also responsible for the
serious increase of CA activity, thus bringing new concerns for the development of further
complications, such as glaucoma [45].

After licorice intake, the GSH loss was clearly reduced, showing a net improvement of
the cell anti-oxidant defenses, as confirmed by the related reduction of CA monomerization
and activation. A similar protective effect of GA also mitigated DDS-NHOH induced
side effects by lowering membrane sensitivity to oxidative stress and preserving the cell
GSH content.

In conclusion, the results demonstrate that licorice intake prevented/ameliorated the
oxidative stress generated by a strong oxidizing agent, a byproduct of a commonly used
therapy, in RBCs already seriously struggling with an endometriosis-related inflammatory
status—but it is far from being an endometriosis therapy. Our study represents a promising
pilot study that would request further investigations to better evaluate licorice potential in
inflammatory diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168476/s1.
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Abstract: Endometriosis is a common gynecological disorder characterized by ectopic growth of
endometrium outside the uterus and is associated with chronic pain and infertility. We investigated
the role of the long intergenic noncoding RNA 01133 (LINC01133) in endometriosis, an lncRNA
that has been implicated in several types of cancer. We found that LINC01133 is upregulated in
ectopic endometriotic lesions. As expression appeared higher in the epithelial endometrial layer, we
performed a siRNA knockdown of LINC01133 in an endometriosis epithelial cell line. Phenotypic
assays indicated that LINC01133 may promote proliferation and suppress cellular migration, and
affect the cytoskeleton and morphology of the cells. Gene ontology analysis of differentially expressed
genes indicated that cell proliferation and migration pathways were affected in line with the observed
phenotype. We validated upregulation of p21 and downregulation of Cyclin A at the protein
level, which together with the quantification of the DNA content using fluorescence-activated
cell sorting (FACS) analysis indicated that the observed effects on cellular proliferation may be
due to changes in cell cycle. Further, we found testis-specific protein kinase 1 (TESK1) kinase
upregulation corresponding with phosphorylation and inactivation of actin severing protein Cofilin,
which could explain changes in the cytoskeleton and cellular migration. These results indicate that
endometriosis is associated with LINC01133 upregulation, which may affect pathogenesis via the
cellular proliferation and migration pathways.

Keywords: endometriosis; long noncoding RNAs; lncRNAs; epithelial to mesenchymal transition;
EMT; proliferation; migration; cytoskeleton

1. Introduction

Endometriosis is a disorder characterized by the presence of endometrial tissue outside
of the uterine cavity, most often attached to organs of the peritoneal cavity [1]. As a common
gynecological disorder affecting 6–10% of reproductive age women, endometriosis presents
a significant burden on affected patients and society. However, the pathogenesis of the
disease is still not well defined. The most accepted explanation for the origin of the
cells from which endometriosis lesions develop is retrograde menstruation, whereby
endometrial cells flow out into the peritoneal cavity via the fallopian tubes [1]. In order
to establish a lesion, endometrial cells in the peritoneal cavity must adhere, implant, and
differentiate while avoiding the immune system. Thus, complex interactions between
molecular, humoral, immune, genetic and epigenetic signals must occur to support the
development, growth and persistence of a lesion [2].

The advent of next-generation sequencing has accelerated identification of changes in
the transcriptome, genome and epigenome in the pathogenesis of human diseases including
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endometriosis. In recent years, it has become clear that interactions between protein-
coding (mRNA) and non-coding transcripts such as long-non-coding RNAs (LncRNAs)
can influence the development of disease.

LncRNAs are a class of RNAs greater than 200 nucleotides in length that show similar
RNA biology features to mRNAs but do not code for a protein [3]. LncRNA can be
transcribed from different genomic regions, including introns, exons, and intergenic regions.
Around 30,000 lncRNAs have been identified in humans and mice [4], but only a fraction
of these have so far been demonstrated to be functional. LncRNAs are less evolutionally
conserved than mRNA [5], and are thought to form a complex tertiary structure when
binding DNA, RNA and proteins that may be required for their function [6]. They may
act as epigenetic gene regulators by affecting biological functions in the cell such as the
assembly and function of nuclear bodies, the stability and translation of cytoplasmic
mRNAs, and signaling pathways [7,8]. LncRNAs have been reported to regulate gene
expression in a number of different ways, including targeting chromatin modifiers such as
Polycomb repressive complex 2 (PRC2), or by acting as so-called miRNA sponges to bind
miRNAs that would otherwise bind other targets thereby affecting their expression [9].
Several studies using patient samples and animal models have reported aberrant expression
of long non-coding RNAs in endometriosis [10,11]. A growing body of evidence has
identified lncRNAs that can alter cell proliferation, migration, invasion and apoptosis of
endometriosis cells [12–14]. The molecular mechanism by which these lncRNAs cause
these phenotypes has not been shown in all cases. LncRNAs have also been associated with
endometriosis-associated angiogenesis [15], infertility [12] and epithelial to mesenchymal
transition (EMT) [16]. EMT is a cellular process where epithelial cells acquire a more
invasive mesenchymal phenotype and is associated with the loss of E-cadherin (CDH1)
and a gain of N-cadherin (CDH2), and the presence of EMT promoting factors such as
TWIST1, SNAIL, SLUG and TGFβ [17,18]. In a pathogenic context, it has been established
that EMT is a key process in carcinogenesis, but also plays a less well-characterized role in
endometriosis lesion development [19]. Hence, clarifying the role of EMT in endometriosis,
and its regulation by pathways that may include lncRNAs remains an important issue in
the field.

LINC01133 is an lncRNA that has recently been identified as a putative prognostic
marker for endometrial cancer [20]. It has also been associated with the regulation of EMT
in several cancers including cervical [21], breast [22], colorectal [23] and gastric [24]. Given
that EMT is also a feature of endometriosis [25] we reasoned that LINC01133 may also be
involved in the pathogenesis of endometriosis, and sought to investigate this in our study.

2. Results
2.1. LINC01133 Is Upregulated in Ectopic Endometriosis Lesions

In order to identify changes that may occur in LINC01133 expression levels during
endometriosis pathogenesis, we compared control eutopic endometrium from women
without endometriosis with eutopic endometrium from endometriosis patients, and ec-
topic endometriosis lesions using quantitative reverse transcription PCR (qRT-PCR). This
showed that LINC01133 expression is significantly upregulated in endometriosis lesions
compared to eutopic tissue of both patients and controls (Figure 1A). These changes were
independent of disease stage and menstrual cycle phase (Figure 1B,C). We next used
RNA Scope in situ hybridization to determine LINC01133 spatial localization within en-
dometrium tissue. We found that LINC01133 is expressed in both stromal and epithelial
cells of the eutopic endometrium of women with endometriosis, but appeared to show
higher levels in glandular epithelial cells (Figure S1A). Quantification confirmed this ob-
servation, with positive glandular epithelial cells around five times more frequent than
positive stroma cells (p = 0.0012) (Figure S1B).
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Figure 1. LINC01133 expression is upregulated in endometriosis lesions. (A) Relative expression of LINC01133 is significantly
increased in ectopic endometriotic lesions compared to the eutopic endometrium of women with and without endometriosis.
Expression in the eutopic endometrium does not differ between women with and without the disease. (B) In endometriosis
patients, LINC01133 expression does not significantly differ between mild (rAF I + II) and more severe (rAF III + IV) disease
stages, in either the eutopic endometrium or ectopic lesions. (C) LINC01133 expression does not significantly differ between
the proliferative and secretory stages of the menstrual cycle in control eutopic endometrium, eutopic endometrium from
patients, or ectopic lesions. Data in (A–C) are presented as dot plots including the mean relative expression levels and
standard deviation in each group As the sample sizes were not equal, data were analyzed by fitting a mixed model, rather
than repeated measures ANOVA (which requires equal sample size). Adjusted p-values values (adjp) < 0.05 were considered
significant with non-significant differences indicated by ns. Control: endometrial tissue of women without endometriosis,
Eutop: endometrial tissue of women with endometriosis, Ectop: endometriosis lesions.

2.2. LINC01133 siRNA Knockdown in 12Z Endometriosis Epithelial Cells Leads to Transcriptional
Deregulation of 1210 Genes

To evaluate the role of LINC01133 within the epithelial cell compartment of en-
dometriosis lesions, we performed transient siRNAs-based knockdown of LINC01133
in the 12Z endometriosis epithelial cell line, followed by RNA- sequencing. First, using
qRT-PCR we confirmed the efficiency of LINC01133 knockdown using three independent
siRNA oligos. Significant knockdown was achieved for all 3 oligos (p ≤ 0.0001), with
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the most efficient siRNA LINC01133a reducing LINC01133 expression by more than 90%
72 h after transfection (Figure 2A). In order to identify any genes and pathways affected
by LINC01133 knockdown, we then conducted RNA-sequencing comparing LINC01133a
knockdown cells with non-targeting siRNA control cells 72 h after transfection (3 biological
replicates each). We identified four LINC01133 transcript isoforms that are expressed in
12Z cells and confirmed that all were efficiently targeted by the LINC01133a siRNA oligo
(Figure 2B). Further, analysis revealed 1210 differentially expressed (DE) transcripts in 12Z
knockdown cells, compared to controls using a fold change cutoff of >1.5 and adjp < 0.05.
From those DE genes, 703 were down-regulated and 507 up-regulated in knockdown
cells (Table S4). These transcriptional changes enabled a clear separation of LINC01133
knockdown and control samples by unsupervised hierarchical clustering (Figure 2C).
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Figure 2. LINC01133 knockdown leads to the deregulation of hundreds of genes in an endometriosis epithelial cell line.
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(A) qRT-PCR shows relative expression of LINC01133 is significantly reduced in 12Z cells for all 3 siRNA oligos that were
used. (B) Tissue-specific LINC01133 isoforms are efficiently knocked down in 12Z cells. Top: A UCSC genome browser
screenshot shows RNA sequencing reads mapping to LINC01133 are dramatically reduced in a knockdown with siRNA
oligo LINC01133a. Bottom: Genome assembly using Cufflinks reveals multiple LINC01133 isoforms in 12Z cells that differ
from the annotated GENCODE and Refseq transcripts. (C) Left: Hierarchical clustering of differentially expressed genes
from RNA sequencing biological replicates shows that the control and LINC01133a siRNA samples cluster separately. Right:
Hundreds of genes are up- or down-regulated in the LINC01133a knockdown in 12Z cells.

2.3. The Knockdown of LINC01133 in 12Z Cells Effects Genes and Pathways with a Known
Function in Endometriosis Lesion Formation

To gain insight into the function of the genes being regulated by LINC01133, we carried
out gene ontology enrichment analysis (GOEA) (http://bioinformatics.sdstate.edu/go/)
(accessed on 2 December 2020) [26] and gene set enrichment analysis (GSEA) (http://
www.gsea-msigdb.org/gsea) (accessed on 2 December 2020) [27,28]. The GOEA showed
enrichment in genes that control cell proliferation, migration and angiogenesis (Figure
S2A and Table S5), all processes to be involved in the pathogenesis of the disease. GSEA
enrichment in targets of the mammalian histone methyltransferase EZH2, adult tissue stem
cells and mesenchymal cells (Figure S2B and Table S6), Together these results suggest that
LINC01133 may be involved in the regulation of epithelial cell proliferation, invasion and
cell fate conversion (EMT), processes that are known to support ectopic lesion growth.

2.4. LINC01133 Regulates Proliferation and Invasion of Endometriosis Epithelial Cells In Vitro

To determine if the phenotypic changes predicted by GOEA and GSEA analysis fol-
lowing LINC01133 knockdown in 12Z cells occur, we evaluated changes in cell proliferation
and invasion in 12Z cells 72 h post knockdown. The results showed that LINC01133 knock-
down leads to a slight, but significant downregulation of 12Z proliferation (Figure 3A) and
significantly enhances the invasion phenotype of knockdown cells (Figure 3B). The relative
proliferation rate of LINC01133 knockdown cells was 30% lower (adjp < 0.0001), and the
invasion rate was 1.5 times higher (adjp < 0.05) when compared to cells transfected with
the siRNA control oligo.
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(A) Relative number of proliferating cells is significantly reduced in LINC01133 knockdowns using 3 different siRNA oligos.
Data are presented as bar plots of mean values from three biological replicates +SD. (B) Invading cells are significantly
increased following LINC01133 knockdown using 2 different siRNA oligos. Left: Quantification of the number of invading
cells after LINC01133 knockdown analyzed by the trans-well method. Right: Representative images of control and
knockdown cells at 10× magnification stained with CyQuant fluorescence dye (green), which shows fluorescence enrichment
when bound to cellular nucleic acids. Data are presented as a box plot ranging from minimum to maximum, including the
median and box boundaries at the 25th and 75th percentiles from three biological replicates. Six independent fields were
counted and the mean values taken for analysis. Statistical analysis of the data between the groups in A and B was done
using Kruskal–Wallis ANOVA test with Dunn’s test for multiple comparison. Adjp < 0.05 were considered significant.

2.5. LINC01133 Regulates Cell Cycle and the Levels of Expression of Cell Cycle Regulatory
Proteins p21 and Cyclin A

We further examined the viability of 12Z cells following LINC01133 knockdown using
an AnnexinV/Propidium Iodide FACS assay. We found that LINC01133 knockdown did
not influence the survival of the cells (Figure 4A). The mean percent of early apoptotic An-
nexinV positive cells was about 25% for both cells transfected with a control or LINC01133a
oligo. Analysis of the DNA profiles of the LINC01133 siRNA transfected cells showed a
slight but significant enrichment of the number of cells in the G1 phase (7%, adjp < 0.005),
and a concomitant down-regulation of the number of cells entering S-phase of the cell cycle
(5%, adjp < 0.05), compared to control siRNA transfected cells (Figure 4B). This effect on
cell cycle in knockdown cells was associated with significant up-regulation of the levels
of expression of the cell cycle checkpoint regulatory protein p21 (~2.5-fold, adjp < 0.005)
and down-regulation of Cyclin A (~2-fold, adjp < 0.05) (Figure 4C), compared to control
oligo transfected cells. These findings were consistent with the results of our RNA-seq (see
Table S4), further indicating that changes in expression of these genes may be responsible
for the cell cycle phenotype.
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knockdown and control siRNA transfected cells. Mean values + SD of three biological replicates are shown. (B) LINC01133 
knockdown leads to an increase in cells in the G1 phase and a decrease in cells in the S phase. Top: Representative DNA 
profiles obtained from flow cytometry analysis of PI stained 12Z cells 72 h after transfection with LINC01133b siRNA or 
control siRNA (brown G1 peak, blue S phase, purple G2 + M). Bottom: The percentage of cells in each cell cycle phase are 
plotted as mean + SD of three independent experiments. Statistically significant differences between the groups in A and 
B are indicated with a star on the top of each panel. *—adjp < 0.05 (two-way ANOVA test with Sidak’s for multiple com-
parison), ns-not significant. (C) p21 protein is significantly upregulated and Cyclin A protein significantly down-regulated 
following LINC01133 knockdown. Top: Representative examples of Western blot analysis following LINC01133 knock-
down of p21 (left) and Cyclin A (right) together with the α-tubulin loading control. Bottom: Densitometric analysis of p21 
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graphs with the level from the control siRNA set to 1, and mean and + SD of biological triplicates shown. Statistically 

Figure 4. LINC01133 knockdown leads to an increase in cells in the G1 phase and a decrease in cells in the S phase associated
with an increase in p21 and a decrease in Cyclin A levels. (A) No significant changes in the number of apoptotic cells are seen
72 h after LINC01133 knockdown. Top: Representative flow cytometry scatter plots for AnnexinV+ versus 7-AAD+ cells.
Bottom: No significant change in the number of AnnexinV+ or 7AAD+ cells was observed between LINC01133a knockdown
and control siRNA transfected cells. Mean values + SD of three biological replicates are shown. (B) LINC01133 knockdown
leads to an increase in cells in the G1 phase and a decrease in cells in the S phase. Top: Representative DNA profiles
obtained from flow cytometry analysis of PI stained 12Z cells 72 h after transfection with LINC01133b siRNA or control
siRNA (brown G1 peak, blue S phase, purple G2 + M). Bottom: The percentage of cells in each cell cycle phase are plotted
as mean + SD of three independent experiments. Statistically significant differences between the groups in A and B are
indicated with a star on the top of each panel. *—adjp < 0.05 (two-way ANOVA test with Sidak’s for multiple comparison),
ns-not significant. (C) p21 protein is significantly upregulated and Cyclin A protein significantly down-regulated following
LINC01133 knockdown. Top: Representative examples of Western blot analysis following LINC01133 knockdown of p21
(left) and Cyclin A (right) together with the α-tubulin loading control. Bottom: Densitometric analysis of p21 (left) and
cyclin A (right) levels from Western blots normalized to the α-tubulin loading control. Data are displayed as bar graphs
with the level from the control siRNA set to 1, and mean and + SD of biological triplicates shown. Statistically significant
differences between the groups are indicated with adj p-values on the top of each graph (ANOVA, with Dunnett’s multiple
comparison test).
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2.6. LINC01133 Is Not a Regulator of EMT in 12Z Endometriosis Epithelial Cells

The enrichment of differentially expressed genes associated with a mesenchymal phe-
notype (Figure S2, Table S6A,B) and an increased invasion of 12Z cells following LINC01133
knockdown (Figure 3B) indicated that these cells may be converted to a more mesenchymal
phenotype. To evaluate the role of LINC01133 in epithelial to mesenchymal transition
(EMT) in endometriosis, we further investigated expression of selected EMT regulatory
proteins indicated to be differentially expressed in our RNA-seq data (Table S7). qRT-PCR
and Western blot analysis confirmed the loss of CDH1 (E-cadherin) following LINC01133
knockdown (Figure S3A). The levels of CDH1 transcription correlated with the efficiency
of the LINC01133 knockdown in 12Z cells (Figure 2A, Figure S3A left panel), further sup-
porting the involvement of LINC01133 in its regulation. Specifically, a knockdown of
LINC01133 to about 10% of the levels of controls (LINC01133a siRNA, adjp < 0.0001), led to
reduction of the relative levels of CDH1 expression to 20% of the controls (adjp < 0.0001),
whereas LINC01133 knockdown to 35% (LINC01133b siRNA, adjp < 0.0001) led to a 30%
reduction of CDH1 transcript (p = 0.007) compared to controls. However, we did not see a
classical EMT-associated Cadherin switch in LINC01133 knockdown cells. The levels of
CDH2 (N-cadherin) transcript were downregulated to 53% of normal level in cells with high
efficiency of LINC01133 knockdown (LINC01133a oligo, adjp = 0.002), but were not changed
in cells with a less efficient knockdown of LINC01133 (LINC01133b siRNA oligo, adjp > 0.05)
(Figure S3A, left panel). Further, we validated the significant downregulation of VCAM-1
(p = 0.029, Figure S3B), and significant upregulation of SOX4 (p = 0.02, Figure S3C) and
TGFβ2 (p = 0.0014, Figure S3D) in LINC01133 knockdown cells compared to controls for
both the LINC01133a and LINC01133b oligos. However, we could not validate the reduction
of KRT7 and KRT19 (Figure S3E,F) in cells with LINC01133 knockdown, when compared
to siRNA controls. Given that we did not see a classic E-cadherin to N-cadherin switch,
and that expression changes for some EMT markers could not be validated, these data
suggest that LINC01133 does not play a significant role in regulating EMT in endometriosis
epithelial cells.

2.7. Active Cytoskeleton Remodeling in 12Z Cells Following LINC01133 Knockdown

LINC01133 knockdown led to the deregulation of genes involved in cell adhesion and
EMT, and was associated with changes in the cellular phenotype of 12Z knockdown cells,
which appeared to have a more flattened, larger phenotype with an increased number of
actin stress fibers (Figure 5A). This was supported by analysis of cell area and fluorescence
intensity in LINC01133 knockdown cells compared to controls. We confirmed that the
cross-sectional cellular area of LINC01133 knockdown cells was greater, with knockdown
cells 1.7 fold the size of control siRNA treated cells (adjp = 0.006, Figure S4A). Further,
analysis of Phalloidin fluorescence intensity showed that LINC01133 knockdown cells had
4.5-fold higher corrected total cell fluorescence (CTCF) than cells transfected with control
siRNA oligo (p < 0.0001) (Figure S4B). This data indicated that active actin remodeling may
occur following LINC01133 knockdown. Therefore, we further evaluated the expression
and/or activity of some proteins involved in the regulation of actin filaments, stress
fibers formation and focal adhesions such as TESK1 and Cofilin. TESK1 phosphorylates
and thereby inactivates the Actin severing protein Cofilin at Ser3, thus regulating the
organization of the Actin cytoskeleton [29]. We identified TESK1 as being differentially
expressed in 12Z knockdown cells by RNA-seq (Table S4) and confirmed that the protein
was significantly increased following LINC01133 knockdown (1.5-times higher, adjp < 0.05)
(Figure 5B). These changes in TESK1 expression were associated with a significant increase
in Cofilin phosphorylation to 2.2-fold higher (adjp < 0.05) following LINC01133 knockdown
(Figure 5C). Together this data indicates that LINC01133 may regulate actin remodeling in
endometriosis epithelial cells via this pathway.
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Figure 5. LINC01133 knockdown affects cellular morphology of 12Z cells (A) Immunofluorescence of F-actin 72 h after
transfection with siRNA control and 2 different LINC01133 oligos shows a more flattened phenotype and an increase
in the number of actin stress fibers. Representative confocal images are shown (three independent experiments were
analyzed). Cell nuclei were visualized with DAPI. The magnification scale of 50 µm is indicated with white line on the
figure. (B) LINC01133 knockdown leads to upregulation of the levels of TESK1 protein. Left: Representative Western blot
showing TESK1 levels together with the α-tubulin loading control. Right: TESK1 relative protein levels normalized to
α-tubulin determined by densitometric analysis of Western blots. The relative levels of TESK1 from three independent
experiments are shown as bar graphs with the control set to 1 and the mean and + SD of protein shown (C) LINC01133
knockdown increases the levels of Cofilin phosphorylation. Left: Representative example of p-Cofilin and Cofilin levels
detected by Western blot with α-tubulin loading control. Right: Phosphorylated Cofilin relative levels normalized to
α-tubulin determined by densitometric analysis of Western blots. The relative levels of phosphorylated Cofilin from three
independent experiments are shown as bar graphs with the control set to 1, and the mean and +SD of protein shown.
Statistically significant differences between the groups are indicated by adj p-values on the top of each graph (ANOVA, with
Dunnett’s multiple comparison test).
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3. Discussion

LncRNAs are epigenetic regulators that have been implicated in development and
disease, but whose role in the pathogenesis of endometriosis remains relatively unknown.
Endometriosis shares some features with cancer, including EMT, therefore we chose to
investigate the role of LINC01133 in endometriosis, a well-characterized lncRNA that has
been associated with EMT in cervical [21], breast [22], colorectal [23] and gastric [24] cancer.
We found that LINC01133 is significantly upregulated in ectopic endometriosis lesions,
and that knockdown in an epithelial endometriosis cell line indicates that it promotes
cell proliferation and suppresses cell migration and invasion in endometriosis, but that
it does not regulate EMT in this disease. Our results indicate that LINC01133 affects cell
proliferation by affecting the cell cycle via the p21/cyclin pathway, and cellular invasion
and cytoskeleton remodeling due to Cofilin phosphorylation and inactivation by the TESK1
kinase. A caveat of our study is that we used the immortalized endometriosis epithelial
cell line 12Z for our functional experiments, although this cell line is widely accepted in
the field as a cell model of endometriosis [30].

The effects on cell proliferation were associated with cell cycle arrest in G1 and im-
paired S-phase entry due to significant up-regulation of cell cycle checkpoint protein p21
and concomitant downregulation of Cyclin A. The mechanism by which LINC01133 may
regulate these genes in endometriosis remains unclear. In non-small cell lung carcinoma
LINC01133 suppresses the transcription of CDKN1A (p21) via a direct EZH2-mediated
chromatin remodeling mechanism [31]. In another context, LINC01133 promotes the pro-
gression of cervical cancer by sponging miR-4784 to cause the up-regulation of AT-hook
DNA-binding motif-containing protein 1 (AHDC1) promoting EMT [21]. The high basal
level of p21 expression and moderate transcriptional activation upon LINC01133 knock-
down (~2.5-fold) indicates that sponging rather than an EZH2 mediated p21 activation
may be a more likely mechanism of regulation, although this remains to be tested.

Impaired expression of LINC01133 has been associated with the regulation of EMT
in cancer [23,31,32]. EMT is a multi-stage process leading to the gradual remodeling of
the epithelial into a mesenchymal phenotype. This includes the loss of epithelial markers
and concomitant acquisition of mesenchymal markers, an increase in cell migration and
invasion, disruption of cell-cell contacts, impaired adhesion and the remodeling of the
cytoskeleton [19]. This molecular remodeling also takes place during the establishment of
endometriosis lesions [17]. However, although we saw an enrichment of some mesenchy-
mal gene sets among differentially expressed genes in 12Z endometriosis epithelial cells
following LINC01133 knockdown, we found little phenotypic evidence for EMT. Our data
showed a significant upregulation of TGFβ2 following LINC01133 knockdown is associated
with an increase in the levels of expression of the master regulator of EMT, SOX4 [33,34]
and subsequent down-regulation of CDH1 and CDH2. However, expression of the ep-
ithelial markers KDR7 and KDR19 [35], along with the EMT regulators TWIST, SNAIL,
ZEB1 and ZEB2 [36] were not significantly affected by LINC01133 knockdown. CDH1 is a
tumor suppressor and cell polarity regulator [37] and the loss of CDH1 promotes motility
and invasion. There is also some evidence that in endometriosis lesions the loss of CDH2
expression may be associated with increased invasive capacity of endometrial epithelial
cells. Matsuzaki et al. [38] have shown that deep infiltrating endometriosis lesions express
less CDH2, compared to early peritoneal lesions. In normal endometrial tissue high levels
of CDH2 were associated with the proliferative phase of the cycle [39]. However, whether
activation of CDH2 by LINC01133 is responsible for the loss of proliferation capacity and
increased invasiveness of endometriosis epithelial cells needs to be tested.

Recently, we have shown that the levels of expression of VCAM-1 are increased in
tissue samples of women with endometriosis, compared to women without the disease [40].
The loss of VCAM-1 was shown to attenuate the TGF-β1 induced proliferation, migration
and invasion of endometriosis stroma cells derived from ovarian endometriomas [41]. Our
data showed that the function of the protein as a regulator of cell invasion of epithelial
endometriosis cells might differ from those in stroma, while downregulation of VCAM-1
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following LINC01133 knockdown was associated with an increase of cellular invasion.
As up-regulation of VCAM-1 in malignant cells is associated with recruitment of tumor-
associated monocytes and macrophages and immune escape of the tumors [42,43], we
postulate that LINC01133 dependent VCAM-1 regulation in endometriosis epithelial cells
may be related to immune surveillance of the lesions.

A central event in cellular invasion is the dynamic cytoskeleton remodeling leading to
changes in cellular morphology. We [44] and others [45,46] have shown that the dysregula-
tion of cytoskeleton dynamics and related signaling pathways are linked to pathogenesis
of endometriosis and disease-associated infertility. Actin filaments, microtubules, and
intermediate filaments involved in the formation of cytoskeletal structures, such as stress
fibers and pseudopodia promote the invasion of normal cells and invasion and metastasis
of tumor cells. Here we showed that the increase in the invasion capacity of 12Z cell under
LINC01133 knockdown is associated with changes in cellular morphology to more flattened
and larger phenotype with an increased number of stress fibers, provoked by the activa-
tion of TESK1 expression and inactivation of Cofilin. TESK1 is a serine/threonine kinase
with kinase domain similar to those of LIM-kinases and a unique C-terminal proline-rich
domain [47] known to phosphorylate Cofilin at Ser-3 [29]. Cofilin plays an essential role
in actin filament dynamics by enhancing depolymerization and severance of actin fila-
ments [48]. These activities of Cofilin are abolished by phosphorylation at Ser-3. Therefore,
the changes in Cofilin phosphorylation at Ser-3 are regarded as one of the most important
mechanisms for regulating Cofilin activity and actin filament dynamics. It has been shown
that induction of stress fibers require an active Rho-ROCK signaling pathway independent
of TESK1 [29]. Several studies also indicate that the balance between Rho and Rac activity
in cells determines the patterns of actin organization, cell morphology and motility [49].
Thus, the effects of LINC01133 on the cellular filament and cytoskeleton dynamics may not
be restricted only to the TESK1/Cofilin pathway.

Overall, in this study, we found that LINC01133 is overexpressed in ectopic en-
dometriosis lesions compared to the eutopic endometrium of women both with and without
the disease. By knocking down LINC01133 in endometriosis epithelial cells we were able
to show that the lncRNA promotes cellular proliferation and inhibits cell invasion in these
cells, and to identify components of these pathways that were affected, including p21,
Cyclin A and TESK. These results indicate that LINC01133 may be a clinically relevant
player in endometriosis, although this remains to be tested in vivo.

4. Materials and Methods
4.1. Study Population

For this study, tissue samples were collected in accordance with the protocols of the
Endometriosis Marker Austria (EMMA) study, a prospective cohort study conducted at the
Tertiary Endometriosis Referral Center of the Medical University of Vienna. Premenopausal
women 18–50 years of age undergoing a laparoscopic procedure due to suspected en-
dometriosis, infertility, chronic pelvic pain, benign adnexal masses or uterine leiomyoma
were invited to participate in the EMMA study. Women who had acute inflammation,
known or suspected infectious disease, chronic autoimmune disease or malignancy were
excluded from the study. Ethics approval for this study was provided by the institutional
ethics committee of the Medical University of Vienna (EK 545/2010). Verbal and written
informed consent was obtained from each participant prior to inclusion into the study. The
detailed baseline characteristics of the participants are summarized in Table S1. Briefly,
from a total number of n = 95 participating women, n = 42 were defined as controls and
n = 53 were patients suffering from endometriosis. The control group consisted of women
undergoing laparoscopy for uterine fibroids, benign ovarian cysts, fallopian tube disorders
or diagnostic laparoscopy due to unexplained infertility or chronic pelvic pain. Each
participating woman contributed only one sample of eutopic endometrium and some of
the women with endometriosis contributed samples of diverse types of endometriotic
lesions. All tissue samples were collected during laparoscopic surgical intervention for
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diagnosis and/or therapy of endometriosis. All samples were collected in accordance to
Endometriosis Phenome and Biobanking Harmonization Project guidelines [50].

4.2. Cell Line for In Vitro Evaluation of LINC01133 Function

Endometriotic epithelial cell line 12Z established and characterized by the labora-
tory of Professor Starzinski-Powitz [51,52] was kindly provided for our in vitro studies.
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM-F12) containing
penicillin/streptomycin in final concentrations of 50 U/mL and 50 µg/mL, respectively
and 10% v/v fetal calf serum (FCS). The cells were maintained in a 37 ◦C CO2-humified
incubator. Cells were tested and found to be negative for mycoplasm infection. All cell
culture reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA) or
Sarstedt (Nümbrecht, Germany).

4.3. RNA-Scope

To visualize the subcellular localization of LINC01133 RNA in tissue samples of women
with endometriosis we used the RNAscope® 2.5 HD Red assay on formalin-fixed paraffin-
embedded eutopic endometrial tissues of women with endometriosis (n = 5), according
to the manufacturer’s protocol (Advanced Cell Diagnostics (ACD), Hayward, CA, USA).
This method uses a signal amplification method and double Z probe design provides high
sensitivity and specificity suitable for detecting relatively lowly expressed RNAs, such as
lncRNAs. The system visualizes target RNA as a single dot, where each dot is an amplified
signal of an individual RNA molecule. We used the probe Hs-LINC01133 designed by ACD
to specifically detect LINC01133, and probe dapB (bacterial dihydrodipicolinate reductase,
PN310043) as a negative control.

4.4. LINC01133 Knockdown

The 12Z cells were seeded in complete culture cell medium 12 h prior to transfection
on 6-well culture plates (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) at a con-
centration of 1 × 105 cells/well and allowed to grow to approximately 40% confluency.
The cells were then transfected with one of three different LINC0133 targeting siRNA
oligos at a final concentration of 10 nM (Table S2A) or a non-targeting control siRNA oligo
(Cat.4390846, Ambion, Austin, Texas, USA) using Lipofectamine RNAiMAX transfection
reagent according to the manufacturer’s protocol (Invitrogen by Life Technology, Waltham,
MA, USA). Phenotypic analysis of LINC01133 knockdown cells for changes in cellular pro-
liferation and invasion/migration was conducted 48 h post-transfection. RNA-sequencing,
qRT-PCR and Western blot analysis were conducted 72 h post-transfection. The 3 siRNAs
had similar LINC01133 knockdown efficiencies (Figure 2A). Therefore, for each experiment,
we first checked LINC01133 knockdown efficiency by qRT-PCR, and then proceeded with
the 2 siRNAs that showed the greatest knockdown efficiency.

4.5. RNA Isolation

Frozen tissue samples were homogenized with a Precellys 24 homogenizer (PEQLAB,
Erlangen, Germany). Subsequently, total RNA was isolated from eutopic and ectopic
endometrium using the Agilent Absolutely RNA kit in accordance with the manufacturer’s
instructions (DNase I treatment included), and total RNA from the 12Z cell line was isolated
using the RNeasy mini kit (Qiagen). To remove DNA contamination the RNA samples
were subsequently treated with DNAseI using RapidOut DNA removal Kit (Thermo
Fisher Scientific, Waltham, MA, USA). RNA concentration and purity were determined
by measuring optical density using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). We defined the quality of the RNA samples to be
sufficient when the ratios of OD260/280 and OD260/230 were around 2.00. Additionally,
for RNA-sequencing we confirmed that RNA integrity was RIN > 7 on a Bio Analyzer
(Agilent Technologies, Santa Clara, CA, USA).
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4.6. RNA-Sequencing and Data Analysis

RNA sequencing was performed by the Next Generation Sequencing Facility at Vienna
BioCenter Core Facilities (VBCF), a member of the Vienna BioCenter (VBC), Austria. From
the total RNA, we provided they conducted poly-A enrichment for mRNAs and prepared
libraries using the Illumina TruSeq RNA kit. The six libraries (3 control oligo, 3 LINC01133
knock-down) were multiplexed on a single lane and subjected to 125 bp paired-end se-
quencing on an Illumina HiSeq2500 machine. The facility provided de-multiplexed BAM
files containing the raw reads, which we converted to fastq using Samtools (v1.10) for align-
ment with STAR using the parameters: –outFilterMultimapNmax 1 –outSAMstrandField
intronMotif –outFilterIntronMotifs RemoveNoncanonical –outSAMtype BAM SortedBy-
Coordinate –quantMode GeneCounts. On average 38M reads (94% of all reads) mapped
uniquely to the human genome (Table S2B). Annotation files and genome sequences were
downloaded from https://www.gencodegenes.org (accessed on 2 December 2020). Index
for alignments was prepared using STAR (2.7.6a_patch_2020-11-17) [53] with FASTA files
from the GRCh38.p13 assembly and Gencode (v36) gene annotation in GTF format.

Differential gene expression analysis was performed in the R statistical computing en-
vironment (v4.0.3) [54] using the DESeq2 package (v1.30.0) [55] with count tables produced
by STAR during alignment (*ReadsPerGene.out.tab files).

4.7. Assembly of LINC01133 Isoforms Expressed in the 12Z Cell Line

Aligned reads from the genomic positions chr1:159955239-15998963, were extracted
using Samtools for all downstream analyses [56]. For that region, read coverage was
calculated using bam2wig (v4.0.0) (https://github.com/MikeAxtell/bam2wig) accessed
on 3 December 2020. Read coverage at each informative genomic position was normal-
ized for sequencing depth and averaged over all control siRNA transfected and knock-
down LINC01133a siRNA samples. Transcript assembly was performed using Cufflinks
(v2.2.1) [57] with the parameter: -F 0.05. Note that for transcript assembly only the control
siRNA samples were used and the resulting GTF files were merged using Cuffmerge to
obtain the final LINC01133 annotation.

4.8. Gene Set Enrichment Analysis (GSEA) and Gene Ontology Enrichment Analysis (GOEA)

To test whether the differentially expressed genes identified by our cutoff criteria
(fold change > 1.5, adjusted p-value (adjp) < 0.05) are associated with specific biological
functions we performed gene ontology enrichment analysis (GOEA http://bioinformatics.
sdstate.edu/go/) (accessed on 25 November 2020) [26] and gene set enrichment analysis
(GSEA, Broad Institute http://www.gsea-msigdb.org/gsea) [27] accessed on 26 December
2020) [28]. For GOEA annotation Fisher’s exact test is used to determine if different
annotation terms are enriched among the differentially expressed genes. Gene ontology
(GO) terms showing a Fisher’s exact p-value < 0.05 were considered significantly enriched.
To calculate GSEA we used the Molecular Signature Database (MSigDB) to investigate the
overlap between our gene lists and known annotated gene sets. Gene sets showing a false
discovery rate (FDR) <0.05 were considered as significantly enriched among differentially
expressed genes. We considered the biological processes associated with significantly
enriched GO terms or MSigDB gene sets as being potentially relevant for endometriosis.

4.9. Quantitative Reverse Transcription PCR (qRT-PCR) for Measuring mRNA Expression

Total RNA was reverse transcribed with SuperScript® III First-Strand Synthesis Re-
verse Transcriptase using a mixture of oligo-d (T) and random hexamer primers (Life
Sciences Advance Technology, St. Petersburg, FL, USA). These cDNA preparations were
then diluted 2 fold with water before being assayed. qRT-PCR was performed in triplicate
in 96-well optical plates with 6 biological replicates. Each reaction contained 1X TaqMan
PCR master mix (Applied Biosystems, Waltham, MA, USA with ROX reference dye) and
0.2 µM of each specific primer pair-probe set listed in Table S3. qRT-PCR was performed
using a 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA), with
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an initial denaturation for 10 minutes at 95 ◦C, primer annealing at 50 ◦C for 2 min, fol-
lowed by 40 cycles of 15 seconds at 95 ◦C and 1 minute at 60 ◦C. The relative expression of
target genes was calculated using the delta-CT method as described [58], and normalized
to GAPDH expression. The average Ct values were ≤ 30 except for SOX4 transcripts that
showed an average Ct-value of 35 cycles.

4.10. Protein Isolation and Western Blot

Cells for Western Blot analysis were harvested and lysed in a whole-cell lysis buffer
composed of 1% Triton-X 100, 10 mM Tris-HCl, pH7.4, 150 mM NaCl and 5 mM EDTA.
Prior to use, the lysis buffer was supplemented with phosphatase and protease inhibitor
cocktail (phosStop, cOmplete mini, EDTA free, Thermo Fisher Scientific, Waltham, MA,
USA). The protein concentration was determined by the standard Bradford assay. The
normalized samples were immunoblotted as previously described [59] and incubated with
primary antibodies for the proteins of interest (Table S3). The secondary antibodies were
diluted in a Tris pH 8.0, 0.1% Tween 20 buffer and incubated for 1 h at room temperature.
Bound antibodies were detected by the horseradish peroxidase chemiluminescent substrate
LuminataTM (Millipore Corporation, Burlington, MA, USA). X-ray films (GE Healthcare,
Frankfurt am Main, Germany) were used for chemiluminescence detection. The levels of
protein expression on the blot were quantified using ImageJ Software (http://rsbweb.nih.
gov/ij) (accessed on 15 March 2021).

4.11. Analysis of Cell Cycle and Cell Death Using Fluorescence-Activated Cell Scanning (FACS)
Flow Cytometry

For FACS based analysis of the cell cycle changes upon LINC01133 knockdown, we
used standard propidium iodide (PI) DNA staining protocol. In brief, transfected cells
were harvested 72 h after siRNA knockdown and 1 × 106 cells were fixed in 70% precooled
ethanol for 2 h on ice. After washing with PBS (Thermo Fisher Scientific, Waltham, MA,
USA) the cells were re-suspended in 0.5 mL PI/RNAse containing staining buffer (550825),
BD Pharminogen™, Heidelberg, Germany) supplemented with 10 µL PI staining solution
(51-6621-1E, BD Pharmingen™, Heidelberg, Germany). After incubation for 15 minutes
at room temperature, the number of PI positive cells was measured by flow cytometry.
The effect of LINC01133 on cellular apoptotic rate was evaluated using staining with
AnnexinV (FITC-conjugated antibody (640906), BioLegend, San Diego, CA, USA; Annexin
V Binding Buffer, (422201), BioLegend, San Diego, CA, USA) in conjunction with the vital
dye 7-amino-actomycin D (00-6993-50) eBioscience, San Diego, CA, USA) followed by flow
cytometry measurement. A total of 1 × 106 cells 72 h after transfection was used in the
analysis, with a total of 10,000 events recorded for each sample, and unstained cells being
used as assay control.

4.12. Proliferation Assay

The proliferation rate of 12Z cells 72 h after LINC01133 knockdown was analyzed
using the CyQuant direct cell proliferation Assay (Invitrogen, Waltham, MA, USA) accord-
ing to the manufacture’s protocol. Prior to the assay, transfected cells were trypsinized
48 h after transfection with targeting and control siRNA oligos, seeded on 96 flat-bottom
cell culture plates (Thermo Fisher Scientific, Roskilde, Denmark) at a concentration of
15,000 cells/well and allowed to grow for an additional 12 h. The level of fluorescence was
accessed with the Clariostarplus microplate reader (BMG Labtech, Ortenberg, Germany)
with filters appropriate for 480 nm excitation and 520 nm emission maxima. The observed
fluorescence values were first corrected for the background fluorescence determined with
a cell- free sample, and a standard curve was used to estimate cell number. All measure-
ments were performed in technical triplicates, and the average number of proliferating
cells relative to control siRNA-treated cells was set to 1.
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4.13. Matrigel-Invasion Assay

The ability of cells to migrate or invade through a Matrigel barrier was measured in a
Boyden chamber assay with polycarbonate membranes. After 48 h of siRNA knockdown,
an equal number of 12Z cells (2 × 104) were re-suspended in 100 µL of growing media
supplemented with 1% v/v FCS and antibiotics and plated on top of matrigel coated
filter (Corning Matrigel growth factor reduced (354230); Corning Incorporated, Corning,
NY, USA, 1% matrigel solution in PBS, filter: 6.5 mm diameter, 8 µm-pores, Corning
Incorporated, Corning, NY, USA). The cells were allowed to migrate/invade for 12 h
toward the bottom of the well, which contained media supplemented with 10% FCS. Cells
on the lower surface of the filter were fixed with 4% PFA and stained with CyQUANT™
Direct Red nucleic acid stain (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and
photographed with an ×10 objective under the microscope. The values for invasion were
taken as the average number of invaded cells per photographic field over five independent
fields per experiment and expressed as averages of triplicate experiments.

4.14. Immunofluorescence, Cell Size and Stress Fiber Analysis

12Z cells were seeded in 6-well plates and subject to siRNA knockdown for a non-
targeting control, LINC01133a and LINC01133b oligos, as described above. The cells were
trypsinized 48 h after transfection, 20,000 cells from each treatment re-plated on 8-well
chamber slides, and then 24 h later the cells were fixed and processed for immunofluores-
cence as previously described [60]. Cells were stained for F-actin (Rhodamine conjugated
Phalloidin, Invitrogen Cat. R415) and counterstained for DAPI. Cells were then imaged
with a Leica SP8 confocal microscope using an ×63 glycerol objective and images processed
using ImageJ.

We measured cell area in ImageJ using a previously described protocol (https://www.
youtube.com/watch?v=IeicxaeMUwA) (accessed on 15 March 2021). First, we used the
line tool to draw a line over a scale bar on one image and selected “measure” under the
analyze menu. Next, we selected “set scale” under the analyze menu, and entered the
number of pixels for 20 µM, a known distance of 20, and µM as the unit of length, and
ticked the “Global” box so that this scale would be applied to all images. To measure the
cross-sectional area of cells we chose the free-hand selection tool, mapped the outline of
the first cells with the computer mouse, and pressed “measure” under the analyze menu.
We then repeated this for all cells in each image.

We used ImageJ to measure fluorescence intensity in control and LINC01133a knock-
down cells followed an established technique https://theolb.readthedocs.io/en/latest/
imaging/measuring-cell-fluorescence-using-imagej.html (accessed on 15 March 2021) [61].
Briefly, we used drawing tools to select cells, chose “area integrated intensity” and “mean
grey value” in the “set measurements” menu, and then “measure” from the analyze menu.
We then measured an area near the cell with no fluorescence as a background control. We
then repeated this process until all cells in the field had been measured. We then calculated
the corrected total cell fluorescence (CTCF) for each cell in each image using the following
formula (Equation (1)):

CTCF = Integrated Density − (area of selected cell × mean fluorescence background) (1)

4.15. Statistics

All statistical tests were performed using SPSS version 27.0 (IBM, SPSS statistics 27.0,
Armonk, NY, USA: IBM Corp.) for patient cohort characterization and Prism (GraphPad
Prism 9.0 software, La Jolla, CA, USA) for the remaining experimental settings. The exact
statistical procedures for each analysis are described in the corresponding figure legends.
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4.16. Websites and Software

The following websites were used for analysis and to download software for this
study: http://bioinformatics.sdstate.edu/go/, http://www.gsea-msigdb.org/gsea, https:
//www.gencodegenes.org, https://github.com/MikeAxtell/bam2wig, https://www.
R-project.org/ (accessed on 25 November 2020).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168385/s1.
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Abstract: Endometriosis is a common gynaecological disorder characterized by the ectopic growth
of endometrial tissue outside the uterine cavity. It is associated with chronic pelvic inflammation
and autoimmune reactivity manifesting by autoantibody production and abrogated cellular immune
responses. Endometriotic peritoneal fluid contains various infiltrating leucocyte populations and a
bulk of proinflammatory and immunoregulatory cytokines. However, the nature and significance
of the peritoneal milieu in women with endometriosis still remains obscure. Therefore, the aim of
the present study was to investigate the immunoregulatory activity of the peritoneal fluid (PF) from
women with endometriosis. The peritoneal fluid samples were collected during laparoscopic surgery
from 30 women with and without endometriosis. Immunoregulatory cytokines (IL-2, IL-4, IL-6,
IL-10, IL-17A, IFN-γ and TNF) and chemokines (CCL2, CCL5, CXCL8 and CXCL9) were evaluated
in PF and culture supernatants generated by unstimulated and CD3/CD28/IL-2-stimulated CD4+

T cells cultured in the presence of PF. The effect of PF on the generation of Treg and Th17 cells in
CD4+ T cell cultures, as well as the natural cytotoxic activity of peripheral blood mononuclear cells,
was also investigated. Concentrations of IL-6, IL-10, CCL2, CXCL8 and CXCL9 were significantly
upregulated in the PF from women with endometriosis when compared to control women, whereas
concentrations of other cytokines and chemokines were unaffected. The culturing of unstimulated
and CD3/CD28/IL-2-stimulated CD4+ T cells in the presence of endometriotic PF resulted in the
downregulation of their IL-2, IFN-γ, IL-17A and TNF production as compared to culture medium
alone. On the other side, endometriotic PF significantly stimulated the production of IL-4 and IL-10.
Endometriotic PF also stimulated the release of CCL2 and CXCL8, whereas the production of CCL5
and CXCL9 was downregulated. Endometriotic PF stimulated the generation of Treg cells and had
an inhibitory effect on the generation of Th17 cells in cultures of CD4+ T cells. It also inhibited the
NK cell cytotoxic activity of the peripheral blood lymphocytes. These results strongly imply that
the PF from patients with endometriosis has immunoregulatory/immunosuppressive activity and
shifts the Th1/Th2 cytokine balance toward the Th2 response, which may account for deviation of
local and systemic immune responses. However, a similar trend, albeit not a statistically significant
one, was also observed in case of PF from women without endometriosis, thus suggesting that
peritoneal milieu may in general display some immunoregulatory/immunosuppressive properties.
It should be stressed, however, that our present observations were made on a relatively small
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number of PF samples and further studies are needed to reveal possible mechanism(s) responsible
for this phenomenon.

Keywords: endometriosis; peritoneal fluid; cytokines; chemokines; Th1 cells; Th2 cells; Treg cells;
Th17 cells

1. Introduction

Endometriosis is a common gynecological disorder affecting ca. 10% women of re-
productive age. The disease is related to the endometrial-like tissue (endometrial glands
and stroma) located outside the uterine cavity, mainly on the pelvic viscera and/or ovaries.
Endometriosis is associated with chronic pelvic inflammation and manifests with dys-
menorrhea, dyspareunia or chronic pelvic pain. It also accounts for ca. 50% of women’s
infertility. Endometriosis is a debilitating disorder having a significant impact on pa-
tients’ quality of life. Nevertheless, the etiopathogenesis of this disease is still poorly
understood [1–4].

There are several theories on the origin of the endometriosis; however, the most
accepted cause of this disease is retrograde menstrual blood flow [5]. In this mechanism
shed endometrial cells enter the peritoneal cavity, where they survive and form ectopic foci
of the endometriotic tissue. This may be possible owing to the resistance of endometriotic
cells to apoptosis and their increased adhesiveness and invasiveness [6–9]. It is also
plausible that the formation of ectopic endometriotic lesions may also be facilitated by a
permissive local peritoneal milieu as well as abrogated elimination of endometriotic cells
by the cells of the local immune system, e.g., NK cells and macrophages [10,11].

Due to chronic pelvic inflammation and the elevated production of a variety of au-
toantibodies such as anti-nuclear, anti-phospholipid, and anti-endometrial antibodies,
endometriosis may be considered as an autoimmune/autoinflammatory disorder [11–14].
The disease manifests with the local and systemic abnormal lymphocyte responses and
abrogated NK cell cytotoxicity [10,13,15–17]. Pelvic inflammation includes peritoneal infil-
tration with a variety of immune cells including various subsets of lymphocytes, activated
macrophages and granulocytes [18,19]. The endometriotic peritoneal milieu is also char-
acterized by a local excessive production and accumulation of a bulk of proinflammatory
and regulatory cytokines [20,21].

The role of the peritoneal milieu and the peritoneal fluid (PF) in the immunopathogen-
esis of endometriosis still remains obscure. Although endometriosis is considered to be an
inflammatory disorder there is a growing body of evidence that the local peritoneal milieu
may display, rather, an immunosuppressive character. Indeed, it has been reported that
endometriosis is characterized by increased numbers of the peritoneal Treg cells displaying
immunosuppressive and anti-inflammatory activity [22–25]. Furthermore, the PF from
women with endometriosis also contains increased levels of suppressive anti-inflammatory
cytokines such as TGF-β and IL-10 [20,26]. Thus, it is plausible that the PF from women
with endometriosis may display some immunoregulatory properties. These properties,
however, are still poorly characterized. Therefore, the present study was aimed at testing
the immunomodulatory effects of the PF from women with endometriosis in comparison
to control women without the disease. We investigated the effects of the PF on the im-
munoregulatory cytokine and chemokine production by the isolated CD4+ T cells as well
as on the differentiation of CD4+ T cells into Treg and Th17 cells. Finally, we also tested the
effect of PF on the cytotoxic activity of the peripheral blood natural killer (NK) cells.

2. Results
2.1. Concentrations of Cytokines and Chemokines in PF

Concentrations of IL-2, IFN-γ, IL-17A, TNF, IL-4, IL-10 and IL-6 in the peritoneal fluid
of control women and patients with endometriosis are shown in Table 1. Women with
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endometriosis had increased concentrations of IL-6 and IL-10. There were no differences
between the control and endometriosis groups in concentrations of IL-2, IFN-γ, IL-17A,
TNF, and IL-4.

Table 1. Immunoregulatory cytokine concentrations in peritoneal fluid from patients with en-
dometriosis and control women.

Cytokine Control (n = 14) Endometriosis (n = 16) p-Value *

IL-2 0.3 (0.1–0.6) 0.4 (0.1–0.9) ns

IFN-γ 0.3 (0–1.0) 0.1 (0–0.9) ns

IL-17A 2.0 (0–8.1) 3.5 (0–28.4) ns

TNF 1.2 (0.4–1.4) 0.9 (0.4–2.2) ns

IL-4 0 (0–1.4) 0 (0–0.6) ns

IL-10 1.5 (0–9.7) 8.0 (1.5–96.9) 0.0107

IL-6 35.8 (1.7–312.8) 313 (26.2–6436) 0.0435
Values are expressed in pg/mL and are shown as medians (range). * p-values were calculated by Mann–Whitney
U test. ns, non-significant.

Concentrations of CCL2, CCL5, CXCL8 and CXCL9 in PF of control women and
patients with endometriosis are shown in Table 2. PF from the women with endometriosis
displayed significantly increased concentrations of CCL2, CXCL8 and CXCL9 as compared
with the control subjects.

Table 2. Chemokine concentrations in peritoneal fluid from patients with endometriosis and con-
trol women.

Chemokine Control (n = 14) Endometriosis (n = 16) p-Value *

CCL2 64.7 (16.6–198.7) 316.8 (10.1–10,333) 0.0232

CCL5 14.2 (5.8–227.2) 8.0 (5.3–33.9) ns

CXCL8 7.7 (1.4–62.0) 72.2 (8.7–9027) 0.0015

CXCL9 16.6 (5.2–50.8) 46.2 (24.1–628.3) 0.0030
Values are expressed in pg/mL and are shown as medians and a range. * p-values were calculated by Mann–
Whitney U test. ns, non-significant.

2.2. Effect of PF on Cytokine and Chemokine Production by CD4+ T Cells

To reveal whether the PF from the patients with endometriosis and the control sub-
jects may affect the cytokine and chemokine production by CD4+ T cells, we evaluated
cytokine and chemokine production following the 5-day culture of unstimulated and
CD3/CD28/IL-2-stimulated CD4+ T cells, where stimulation with CD3/CD28 beads mim-
ics antigen stimulation conditions [27,28]. The results of IL-2, IFN-γ, IL-17A, TNF, IL-4,
IL-10 and IL-6 concentrations in CD4+ T cell culture supernatants are shown in Figure 1.
As can be seen, CD4+ T cell stimulation with CD3/CD28 beads and IL-2 resulted in the
very high upregulation of production of all tested cytokines as compared to unstimulated
cells. The addition of the endometriotic PF to the culture of CD4+ T cells revealed its sup-
pressive effect on the production of IL-2 (Figure 1A), IFN-γ (Figure 1B), IL-17A (Figure 1C)
and TNF (Figure 1D), particularly by stimulated cells. Control PF also displayed some
inhibitory activity toward the production of these cytokines; however, a statistically sig-
nificant inhibition was seen only in the case of IL-2 production (Figure 1A). On the other
hand, endometriotic PF significantly upregulated production of IL-4 (Figure 1E) and IL-10
(Figure 1F) by stimulated CD4+ T cells. The production of IL-10 by stimulated CD4+ T cells
was also upregulated by the control PF (Figure 1F). The production of IL-6 by unstimulated
CD4+ T cells was significantly stimulated by endometriotic PF, whereas the production of
this cytokine by stimulated lymphocytes was affected by neither control nor endometriotic
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PFs (Figure 1G). There were no significant differences between PF from endometriosis and
control group.
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Figure 1. Production of (A) IL-2, (B) IFN-γ, (C) IL-17A, (D) TNF, (E) IL-4, (F) IL-10 and (G) IL-6 by cultured CD4+ T
cells unstimulated or stimulated with CD3/CD28 beads and IL-2 in the presence of the culture medium alone (CM),
peritoneal fluid from control woman (Control PF) or peritoneal fluid from woman with endometriosis (ENDO PF). The
results are shown as scatter dot plots with a median and interquartile range. Statistical significance was computed by paired
non-parametric ANOVA (Friedman’s test) followed by a post hoc test. * Statistically significant from the control group at
least at p < 0.05. Baseline concentration ranges of the tested cytokines (pg/mL), respectively, in Control PF and ENDO PF
used for the experiments were as follows. IL-2, 0.13–0.56 and 0.13–0.88; IFN-γ, 0–0.82 and 0–0.95; IL-17A, 0–8.10 and 0–8.70;
TNF, 0.43–1.32 and 0.38–2.24; IL-4, 0–0.70 and 0–0.59; IL-10, 0.59–9.65 and 1.46–11.2; IL-6, 16.4–312.8 and 47.1–492.

The results of the evaluation of the effects of PF on chemokine (CCL2, CCL5, CXCL8
and CXCL9) production by CD4+ T cells are shown in Figure 2. As seen, CD3/CD28/IL-2
stimulation of CD4+ T cells significantly affected the production of all chemokines except
CXCL8. It should be stressed, however, that production of the latter was extremely rela-
tively high even in unstimulated CD4+ T cells. The production of CCL2 was significantly
upregulated in both unstimulated and stimulated CD4+ T cells by the control as well
as endometriotic PF (Figure 2A). The stimulation of CXCL8 production was seen only
with endometriotic PF in unstimulated CD4+ T cells (Figure 2C). On the other hand, both
control and endometriotic PF significantly inhibited the production of CCL5 (Figure 2B)
and CXCL9 (Figure 2D) by stimulated CD4+ T cells. There were no significant differences
between PF from endometriosis and control group.
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range. Statistical significance was computed by paired non-parametric ANOVA (Friedman’s test)
followed by a post hoc test. * Statistically significant from the control group at least at p < 0.05.
Baseline concentration ranges of the tested chemokines (pg/mL), respectively, in Control PF and
ENDO PF used for the experiments were as follows. CCL2, 16.6–198.7 and 10.12–393.2; CCL5, 2.5–9.6
and 6.0–33.9; CXCL8, 7.08–61.98 and 15.4–400.0; CXC9, 12.1–50.8 and 39.2–72.6.

2.3. Effect of PF on Generation of Treg and Th17 Cells

To see whether the PF from the patients with endometriosis and the control subjects
may affect in vitro generation of Treg and Th17 cells we evaluated specific phenotype
changes of the unstimulated and CD3/CD28/IL-2-stimulated CD4+ T cells following their
5-day culture. As seen in Figure 3, stimulation of CD4+ T cells with CD3/CD28 beads
and IL-2 resulted in significant generation of CD25high and CD25high FOXP3+ Treg cells.
The addition of the endometriotic PF significantly enhanced generation of the CD25high

T cells as compared to culture medium control and PF from women without endometriosis.
A similar effect of the endometriotic PF on the generation of CD25high FOXP3+ cells was
also seen in cultures of unstimulated CD4+ T cells (Figure 3B), whereas there were no
differences in the generation of CD25high FOXP3+ cells in CD3/CD28/IL-2-stimulated
cultures. Control PF did not affect generation of CD25high and CD25high FOXP3+ T cells in
either unstimulated or stimulated CD4+ T cell cultures.

Figure 4 shows that stimulation with CD3/CD28/IL-2 significantly increased the
generation of CD161+ T cells while having no significant effect on the generation of the
CD161+ RORγ+ cells. Endometriotic PF had a significant suppressive effect on generation
of CD161+, both in unstimulated and stimulated CD4+ T cell populations (Figure 4A).
Neither PF affected the generation of CD161+ RORγ+ cells (Figure 4B). There were no
significant differences between PF from endometriosis and control group.
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Figure 3. Effect of culture medium alone (CM), peritoneal fluid from control woman (Control PF) or
peritoneal fluid from woman with endometriosis (ENDO PF) on generation of CD25high and CD25high

FOXP3+ Treg cells in cultures of CD4+ T cells unstimulated or stimulated with CD3/CD28 beads
and IL-2. (A) Gating strategy and a representative flow cytometry analysis showing identification
of the respective CD25high and CD25high FOXP3+ T cell subpopulations in CD4+ T cells under
different culture conditions. (B) Proportions of CD25high T cells and (C) CD25high FOXP3+ Treg
cells in population of unstimulated or CD3/CD28 beads+IL-2-stimulated CD4+ T cells. The results
are shown as scatter dot plots with a median and interquartile range. Statistical significance was
computed by paired (Friedman’s test) or unpaired (Kruskal–Wallis test) non-parametric ANOVA
followed by a post hoc test.
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Figure 4. Effect of culture medium alone (CM), peritoneal fluid from control woman (Control PF) or
peritoneal fluid from woman with endometriosis (ENDO PF) on generation of CD161+ and CD161+

RORγ+ Th17 cells in cultures of CD4+ T cells unstimulated or stimulated with CD3/CD28 beads
and IL-2. (A) Gating strategy and a representative flow cytometry analysis showing identification of
the respective CD161+ and CD161+ RORγ+ T cell subpopulations in CD4+ T cells under different
culture conditions. (B) Proportions of CD161+ T cells and (C) CD161+ RORγ+ Th17 cells in population
of unstimulated or CD3/CD28 beads+IL-2-stimulated CD4+ T cells. The results are shown as scatter dot
plots with a median and interquartile range. Statistical significance was computed by paired (Friedman’s
test) or unpaired (Kruskal–Wallis test) non-parametric ANOVA followed by a post hoc test.
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2.4. Effect of PF on NK Cell Cytotoxicity

To reveal an effect of the PF from the patients with endometriosis and the control sub-
jects on the NK cells, we evaluated the cytotoxic activity of the cultured PBMC against K562
erythroleukemia cells. As seen in Figure 5, a one day culture of PBMC with endometriotic
PF resulted in a significant decrease in their cytotoxic activity. The control PF also displayed
some inhibitory effect; this, however, was not statistically significant. There was also no
significant difference between PF from endometriosis and control group.
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Figure 5. Effect of culture medium alone (CM), peritoneal fluid from control woman (Control PF) or peritoneal fluid from
woman with endometriosis (ENDO PF) on the NK cell cytotoxic activity of cultured PBMC. (A) The representative flow
cytometry analysis showing the controls for the NK assay. Shown are the fluorescence-negative effector cells (PBMC),
green fluorescence (FITC) labeled K562 target cells and spontaneously dying K562 cells (red fluorescence, PE). Spontaneous
death of target cells was determined in cultures without effector cells. (B) An example of identification of target K562 cells
killed by NK cells from the PBMC population (red fluorescence). (C) Relative cell mediated cytotoxicity of untreated and
peritoneal fluid-treated PBMC against K562 cells. The results are expressed as an index of specific cytotoxicity of peritoneal
fluid-treated PBMC relative to untreated control PBMC. Each bar represents mean ± SD from 4 independent experiments.
Statistical significance was computed by paired non-parametric ANOVA (Friedman’s test) followed by a post hoc test.

3. Discussion

The results of the present study show for the first time that PF from women with
advanced endometriosis displays immunomodulatory activity toward both unstimulated
and CD3/CD28/IL-2-stimulated CD4+ T cells. We chose the stimulation of CD4+ T cells
with CD3/CD28 beads and IL-2 as this method is considered to be a good model for
assessment of T cell receptor-dependent T cell activation and expansion [27,28]. We found
that endometriotic PF inhibited the production of IL-2, IFN-γ, IL-17A and TNF by CD4+

T cells. On the other hand, it stimulated the production of IL-4 and IL-10. The production
of IL-2, IFN-γ and TNF is a feature of the Th1 subpopulation of CD4+ T cells, which is
responsible for inflammatory and cell-mediated immunity, whereas the production of IL-4
and IL-10 is an attribute of Th2 cells, which are involved in the regulation of antibody
production and the downregulation of cell-mediated responses [29,30]. Thus, our results
may suggest that endometriotic PF displays an ability to shift CD4+ T cell differentiation
into the Th2 phenotype. This observation is in line with the previous suggestions that the
Th1/Th2 balance is abrogated in the endometriosis patients and that Th2 cells may favor
development of the disease [31,32]. It should be stressed, however, that our observations
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were limited to cytokine evaluations and further studies on the shifting of the Th1/Th2
balance to Th2 phenotype are required.

We also found that the PF from women with endometriosis modulates the production
of some T cell-derived chemokines. The treatment of CD4+ T cells with endometriotic PF
resulted in stimulation of CCL2 (also known as MCP-1) release. This is consistent with our
observation that CCL2 concentrations are elevated in the PF from endometriosis patients
as compared to healthy women (Table 2) as well as previous observations of many other
investigators [33]. CCL2 is a key chemokine responsible for chemotaxis/infiltration and
activation of monocytes/macrophages [34], thus, our present results strongly argue for the
role of the PF milieu in generation of pelvic inflammation in the course of endometriosis.
Interestingly, we also found that endometriotic PF inhibited the production of CCL5
(RANTES) and CXCL9 (MIG) by the CD4+ T cells. CCL5 is responsible for the chemotaxis
of T cells and some other leukocyte populations [35] and is considered to play a part in the
pathogenesis of endometriosis [33]. CXCL9 is also responsible for T and NK cell infiltration,
and, in particular, Th1 cells [36,37]. The expression of CXCL9 is upregulated by IFN-γ,
thus, its downregulated production in endometriotic PF may reflect the inhibition of this
cytokine release. These results seem to be in line with and extend the previous observations
of Na et al. that endometriotic PF modulated production of CCL2, CCL3 (MIP-1α) and
CCL5 by monocytes, neutrophils and T cells [38]. These findings strongly suggest that the
PF from women with endometriosis displays immunosuppressive properties which may
affect local infiltration and differentiation of T cells.

In addition to the observation that the PF from women with endometriosis affects
cytokine/chemokine production by CD4+ T cells. We also found that it stimulates dif-
ferentiation/expansion of CD25high FOXP3+ Treg cells. Increased numbers of Treg cells
were repeatedly reported in the peritoneum of patients with endometriosis, thus sug-
gesting their role in the suppression of the local immune responses [17,23,25,39,40]. Our
present result suggests that the mechanism responsible for the increased numbers of Treg
cells in the endometriotic PF may be at least partially due to their local activation by the
peritoneal milieu.

A stimulatory effect of the endometriotic PF on generation of Treg cells was accompa-
nied by an inhibition of expansion of CD161+ Th17 cells. However, it should be noted that
we did not observe any effect on the CD161+ RORg+ cells. It has been claimed that Th17
cells may play a part in the immunopathogenesis of endometriosis by exacerbation of the
inflammatory response [41–43]. Nevertheless, our present observation suggests that the
activity of Th17 cells may be suppressed by the factors present in the PF. Our observation
might also explain the differential levels of Treg and Th17 cells in patients with different
stage of the endometriosis [25].

Finally, we also confirmed the previous observations that the peritoneal fluid form
women with endometriosis may also inhibit the cytotoxic activity of the NK cells [44,45].

Interestingly, the suppressive/modulatory effects of the PF of women with endometrio-
sis were also reported on monocytes/macrophages. Accordingly, PF from the patients
with endometriosis was reported to downregulate the expression of the MHC class II
molecules as well as CD80 and CD86 costimulatory molecules in monocytes [46]. Further-
more, PF from women with endometriosis was also found to inhibit production of matrix
metalloproteinases in the peritoneal macrophages [47].

Taken all together, our present results provide evidence that the PF of patients with
endometriosis displays immunomodulatory/immunosuppressive activities toward CD4+

T cells. These activities manifest by inhibition of Th1 and stimulation of Th2 cytokine
production, the inhibition of some lymphocyte chemotactic factor production, the shift
of the Treg/Th17 balance to Treg phenotype and the inhibition of NK cell cytotoxic ac-
tivity. The nature of these modulatory/suppressive properties of the endometriotic PF
remains a subject of speculations. It should be stressed, however, that unlike in compar-
ison to culture medium control, there were no significant differences in immunomod-
ulatory/immunosuppressive activities between endometriotic PF and PF from control
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women without the disease. Furthermore, some inhibition of IL-2 and stimulation of IL-10
production by CD4+ T cells was also seen in the case of PF from the control women. The
control PF also stimulated CCL2 and inhibited CCL5 and CXCL9 production. This strongly
suggests that PF from control women with ovarian dermoid cysts also displays some im-
munoregulatory activity. We included patients with ovarian dermoid cysts as control since
this is a benign ovarian teratoma that typically does not manifest with local inflammatory
response or systemic immune deviations [48]. Considering that the immunology of ovarian
dermoid cysts remains elusive, the significance our present observation and the nature of
this phenomenon remains to be elucidated.

The levels of some investigated cytokines and chemokines, such as IL-6, IL-10, CCL2,
CXCL8, and CXCL9, were significantly increased in PF from patients with endometrio-
sis as compared to control. This observation is consistent with a variety of previous
reports [20,21,49,50] and argues for the role of endometriotic peritoneal milieu in the
regulation of local inflammatory responses. It is tempting to speculate that the modula-
tory/suppressive activity of the endometriotic PF is at least partially attributable to the
increased local production of some regulatory cytokines such as TGF-β and IL-10 [20].
Both cytokines exert strong anti-inflammatory activity and were found to be produced by
and to facilitate the induction of Treg cells [51–54]. TGF-β may be also responsible for local
inhibition of the NK cell activity [45]. It should be stressed, however, that the regulation
of the Treg/Th17 balance cannot simply be explained by an excessive stimulation with
TGF-β [55] and this issue requires further investigations. Similarly, it is also difficult to
speculate about the possible mechanisms responsible for the change of the Th1/Th2 bal-
ance. The differentiation of both subpopulations of Th cells appears to be a complicated
phenomenon depending on a bulk of immunoregulatory cytokines and accessory cells [56]
and also deserves further study.

It should be stressed that due to difficulties in obtaining the sufficient amounts of
PF for the research purposes, the present study was performed on a limited number
of PF samples. Nevertheless, the present results suggest that the peritoneal milieu of
women with endometriosis shows immunosuppressive properties and shifts the Th1/Th2
balance toward the Th2 phenotype. These properties may help us to understand how the
endometrioid tissue may escape from under local immune surveillance. The shift of the
Th1/Th2 balance may also account for the dysregulated control of antibody production
and may explain the origin of endometriosis-associated autoimmune phenomena. This
may strongly support the view that the peritoneal milieu plays an important part in the
pathogenesis of endometriosis and may be a target for specific clinical interventions.

4. Materials and Methods
4.1. Patients

The study included 16 women (mean age 35.8 years, range 25–46) with laparoscopi-
cally and histopathologically confirmed endometriosis. All patients had ovarian endometri-
otic cysts and the disease was classified as moderate/severe (III/IV) stage according to the
revised criteria of the American Society for Reproductive Medicine [57]. The control group
comprised 14 women (mean age 31.8 years, range 19–46) without visible endometriosis
foci, pelvic inflammation or related pathology who underwent laparoscopic excision of
ovarian dermoid cysts. All women had regular menses and none of them had a history of
previous pelvic surgery or chronic systemic disease. The patients were not subjected to any
hormonal or immunomodulatory therapy for at least six months prior to the study.

All participants gave a written informed consent to the study. The procedures were
approved by the Institutional Bioethical Review Board of the Medical University of Warsaw,
Poland and were conducted according to the Helsinki Declaration ethical principles.
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4.2. PF Sample Collection

PF samples were collected on the same day at the mid-follicular phase (8–10 day) of
the menstrual cycle. The mid-follicular menstrual cycle phase was additionally confirmed
by the ultrasound examination.

PF was aspirated from the cul de sac at the beginning of the standard laparoscopic
procedure under general anesthesia. Samples of the peritoneal fluid contaminated with
blood were excluded from the study. PF samples were centrifuged at 400g at 4 ◦C for
10 min and the cell-free supernatants were collected, aliquoted, and stored frozen at −80 ◦C
until used for further evaluations and experiments. The mean yield of PF obtained from
the endometriosis patients and the control subjects was 6.2 (range 2–12.5) and 4.6 (range
0.5–13) mL, respectively.

4.3. Isolation, Stimulation and Culture of CD4+ T Cells

Peripheral blood mononuclear cells (PBMC) were isolated from the buffy coat from
healthy volunteers from the local blood drive by Histopaque®-1077 (Sigma-Aldrich, St. Louis,
MO, USA) density gradient centrifugation. Then, CD4+ T cells were isolated using CD4+

Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the detailed
protocol provided by the manufacturer. The purity of isolated cells was >90% as evaluated
by flow cytometry analysis (see below). A representative flow cytometry analysis of CD4+

T cell purity is shown in Supplementary Figure S1.
Isolated CD4+ T cells were resuspended in RPMI 1640 culture medium supplemented

with 10% Fetal Bovine Serum, 1% HEPES buffer and 1% Pen-Strep (all from Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA) and subjected or not to stimulation with
Dynabeads™ Human T-Activator CD3/CD28 [27,28] at bead-to-cell ratio 1:1 and 30 U/mL
rIL-2 (all from Invitrogen, TermoFisher Scientific) according to the protocol provided by the
manufacturer. Then, 1 × 106 of unstimulated or stimulated cells were cultured for 5 days in
the medium alone or in the medium with control or endometriotic PF at 1:1 ratio without
medium refreshment in the wells of 12-well plates (Corning Inc., Corning, NY, USA) at
37 ◦C and 5% CO2 atmosphere.

The following culture cell-free supernatants were collected and stored frozen at −70 ◦C
until used for cytokine and chemokine quantification. The cells were also harvested, and
their phenotype was evaluated by flow cytometry as described below.

Peritoneal fluids containing particular cytokines or chemokines at concentrations far
exceeding interquartile range values were not used in the experiments. Baseline concentra-
tion ranges of each tested cytokines and chemokines present in control and endometriotic
PF used in the experiments are given in the legends to Figures 2 and 3. As seen, these
baseline concentrations of cytokines and chemokines were relatively very low compared to
those found in the cell-free supernatants following CD4+ T cell cultures and therefore may
be considered as negligible.

4.4. Cytokine Evaluations

Concentrations of cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ, and TNF) and
chemokines (CCL2, CCL5, CXCL8, and CXCL9) in peritoneal fluids and culture media
were measured using the BD™ Cytometric Bead Array (CBA) Human Th1/Th2/Th17
Cytokine and Human Chemokine kits (BD Bioscience, USA), respectively. The samples
were evaluated using a FACSVerse flow cytometry with BD Suite software (BD Bioscience)
according to the protocol provided by the manufacturer. The results were analyzed with
FCAP Array software (BD Bioscience). The advertised theoretical limit of detection de-
fined as the corresponding concentration at two standard deviations above the median
fluorescence of 20–30 replicates of the negative control (0 pg/mL) for IL-2, IL-4, IL-6, IL-10,
IL-17A, IFN-γ, and TNF was 2.6, 4.9, 2.4, 4.5, 18.9, 3.7, and 3.8 pg/mL, respectively. The
respective theoretical limit of detection for CCL2, CCL5, CXCL8, and CXCL9 was 2.7, 1.0,
0.2, and 2.5 pg/mL. The measurements were always within the respective standard curve.
Raw data of standard curves for all assays are shown in a supplementary file.
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4.5. Flow Cytometry Analysis

For flow cytometry analysis 0.5 × 106 cells were labelled with 1 mg/mL of a respective
antibody for 30 min at 4 ◦C, as described in detail elsewhere [23,58]. In brief, for evaluation
of the purity of isolated CD4+ T cells the cells were labelled with FITC-conjugated anti-CD4
monoclonal antibodies (BD Biosciences, San Jose, CA, USA). For evaluation of Treg cells in
CD4+ T cell cultures the harvested cells were labelled with PerCP-conjugated anti-CD4 and
APC-conjugated anti-CD25 monoclonal antibodies (both from BD Biosciences) followed by
a permeabilization-fixation procedure and intracellular staining with Phycoerythrin (PE)
Anti-Human Foxp3 Staining Set (eBioscience Inc., San Diego, CA, USA) according to the
detailed protocol provided by the manufacturer. For identification and evaluation of Th17
cells cultured CD4+ T cells were labelled with FITC-conjugated anti-CD161 monoclonal
antibody (BD Biosciences) followed by intracellular staining with Phycoerythrin (PE)-
conjugated Anti-Human ROR-γ antibody (eBioscience Inc.). As a negative control served
nonspecific isotype IgG antibodies conjugated with the respective fluorochrome.

Cell samples were analyzed on the FACSCalibur using CellQuest / BD FACS DivaTM

software (BD Biosciences). The cells were specifically analyzed by selective gating, based on
the parameters of forward and side scatter as described elsewhere [23,58]. The results were
based on analysis of at least 100,000 cells and were shown as the percentage of positively
labelled cells. The gating strategy for identification and evaluation of Treg and Th17 cells is
shown in Supplementary Figures S2 and S3, respectively.

4.6. NK Cell Cytotoxicity Assay

PBMC were isolated from the buffy coat by Histopaque®-1077 (Sigma-Aldrich) den-
sity gradient centrifugation, washed and cultured in RPMI 1640 + GlutaMAX medium
supplemented with 10% FBS and 1% antibiotic–antimycotic solution (all from Invitrogen,
TermoFisher Scientific) with or without addition of PF (1:1) from patients with endometrio-
sis or control subjects at a density of 2 × 106/mL in 12-well plates at 37 ◦C in 5% CO2
atmosphere. Following 24 h of culture natural cytotoxic activity of PBMC was evaluated
by means of NKTEST™ (Glycotope Biotechnology, Heidelberg, Germany) according to
the detailed description provided by the manufacturer. In brief, cultured effector PBMC
and K562 target cells prestained with a green fluorescent membrane dye were mixed at
50:1, 25:1 and 12.5:1 effector-to-target (E:T) ratio in a test medium and incubated for 3 h
at 37 ◦C in 5% CO2 atmosphere. Following incubation, the cells were stained with DNA
staining solution for 5 min at 4 ◦C and the cytotoxicity was measured using CytoFLEX
(Beckman Coulter) and CytExpert 2.0 software. Specific cytotoxicity was calculated on the
basis of analysis of 5000 target cells and shown as percentage of positively stained cells.
The results of cytotoxicity of PF-preincubated effector cells were presented in relation to
control effector cells preincubated in medium alone.

4.7. Statistical Analyses

All statistical analyses and graphical presentations were performed using GraphPad
Prism 8.2.0 (GraphPad Software, San Diego, CA, USA). Statistical differences between
groups were calculated using the Mann–Whitney U-test or non-parametric analysis of vari-
ance (ANOVA) for paired or unpaired samples followed by post hoc multiple comparison
test where applied. Differences were considered significant at least at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22158134/s1.
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Abstract: BMI-1 is a key component of stem cells, which are essential for normal organ development
and cell phenotype maintenance. BMI-1 expression is deregulated in cancer, resulting in the alteration
of chromatin and gene transcription repression. The cellular signaling pathway that governs BMI-1
action in the ovarian carcinogenesis sequences is incompletely deciphered. In this study, we set out
to analyze the immunohistochemical (IHC) BMI-1 expression in two different groups: endometriosis-
related ovarian carcinoma (EOC) and non-endometriotic ovarian carcinoma (NEOC), aiming to
identify the differences in its tissue profile. Methods: BMI-1 IHC expression has been individually
quantified in epithelial and in stromal components by using adapted scores systems. Statistical
analysis was performed to analyze the relationship between BMI-1 epithelial and stromal profile in
each group and between groups and its correlation with classical clinicopathological characteristics.
Results: BMI-1 expression in epithelial tumor cells was mostly low or negative in the EOC group, and
predominantly positive in the NEOC group. Moreover, the stromal BMI-1 expression was variable
in the EOC group, whereas in the NEOC group, stromal BMI-1 expression was mainly strong. We
noted statistically significant differences between the epithelial and stromal BMI-1 profiles in each
group and between the two ovarian carcinoma (OC) groups. Conclusions: Our study provides solid
evidence for a different BMI-1 expression in EOC and NEOC, corresponding to the differences in
their etiopathogeny. The reported differences in the BMI-1 expression of EOC and NEOC need to be
further validated in a larger and homogenous cohort of study.

Keywords: ovarian cancer; endometriosis; BMI-1; epithelial tumor cells; stroma

1. Introduction

Ovarian cancer (OC) is a gynecological malignancy that commonly originates from the
ovaries, fallopian tubes, and peritoneum [1] and is considered as the most lethal malignancy
with a high rate of chemoresistance and relapses. Regarding their histology, 90% of ovarian
tumors are of the epithelial type [2].

Endometriosis represents a precursor lesion for certain types of epithelial OC, be-
ing related to microenvironment changes (such as estrogen production and dependency,
progesterone resistance, and inflammation), which lead to genetic alterations and/or ge-
netic susceptibilities that favour endometriosis-associated ovarian carcinogenesis [2–4]. It
has been demonstrated that ovarian endometriosis, ovarian atypical endometriosis, and
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endometriosis-related OC (EOC) share the same genetic alterations and express clonality,
while the ovarian malignant endometriosis-associated phenotype is promoted by chronic
inflammation, which provides permanent mutations and nonpermanent cytokine pro-
duction [2]. The different clinicopathological features and distinct mutational statuses
justify the classification of OC into EOC, represented mainly by clear cell and endometrioid
subtypes, and non-endometriotic OC (NEOC) [5].

OC is commonly diagnosed in advanced stages III and IV when the tumor has a
high potential of metastasis [6]. Therefore, the early detection of OC by using different
biomarkers is an important clinical desideration. Concomitantly, the researchers’ interest
is directed towards a deep insight into the genetic and molecular substrate of ovarian
carcinogenesis, aiming not only to understand the sequence of carcinogenic events, but
also to identify new potential prognostic factors and therapeutic targets. The exclusive
recent list of potential candidate biomarkers includes molecules expressed by the cancer
stem and stem-like cells [7], BMI-1 protein being one of them [8,9]. BMI-1 protein, a stem-
like marker, represents a homologue of the Drosophila polycomb group of proteins, and
its role is the regulation of homeotic genes expression by transcription repression [10].
The BMI-1 gene has been initially isolated as an oncogene, which cooperates with c-
Myc in lymphoma experimental models [11]. It belongs to the Polycomb-group (PcG) of
proteins, which are involved in axial pattern establishment, hematopoiesis, cementogenesis,
and senescence [11].

Considering BMI-1’s involvement in cellular proliferation and tumor progression, this gene
has been identified, as expected, in a large variety of human tumors, such as: lymphoma [12–14],
brain [15], prostate [16], oropharynx and nasopharynx [10,17,18], breast [19,20], bladder [11],
gastric [21], pancreas [22], esophagus [23], lungs [24,25], head and neck cancers [26],
malignant melanoma [27], pleomorphic adenoma [28], and also displaying a prognosis
value in mielodysplastic syndromes [29] and in gallbladder cancer [30]. Although its action
has been initially thought to be achieved by p16 suppressor gene repression, subsequent
studies have demonstrated another specific mechanism of action by intercellular adhesion
pathway modulation [31].

Limited information is available about BMI-1 in OC, as few studies address this topic,
mainly providing experimental evidences [10,32–41]. BMI-1 increased expression mirrors
an early and maybe reversible event in carcinogenesis [10], suggestive for an invasive and
aggressive phenotype during tumor development [10,42]. It is demonstrated that BMI-1
regulates cell cycle and promotes cell proliferation, which has self-renewal and differentia-
tion potential [9], acts as a potential modulator of cellular adhesion in endometriotic tumor
cells, and alters endometrial stromal cells by changing microenvironment interactions in
OC [43]. Several results support its potential value as an independent predictor for poor
outcomes [39] and as a possible new therapeutic target in chemoresistant OC [7,9,33,40,41].

Currently, there is a high interest in a better understanding and characterization of
EOC, in an attempt to provide a different clinical and therapeutic management compared
to that of NEOC. In this regard, the purpose of our study was to evaluate the immunohisto-
chemical (IHC) BMI-1 expression in two different groups of OC (associated or not with
endometriosis), aiming to identify the differences in its tissue profile. The novelty of this
research consisted in a double assessment of BMI-1, in tumor epithelial cells and stromal
cells, following the potentiation relationship of these two cell types in tumor progression.
Nevertheless, the BMI-1 expression was correlated with clinicopathological data that offer
a solid functional image of the tumor progression.

2. Results
2.1. BMI-1 Expression—Qualitative Assessment

The qualitative evaluation showed, at a glance, a heterogeneous expression in both
groups, without a specific pattern for each group.

A double BMI-1 staining was found: a nuclear and cytoplasmic/membrane immu-
noexpression in EOC group. Strong expression of epithelial cells was observed in cases
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with poor prognosis, such as high-grade serous and endometrioid carcinomas (HGSCs
and HGECs), as well in clear cell ovarian carcinomas (COCs). A negative BMI-1 stroma
expression in the endometrioid phenotype of EOC group was found, while positive stroma
was dominant in the serous phenotype, clear cell and mixed subtypes. Relevant aspects of
BMI-1 expression in EOC are presented in Figure 1.

In the NEOC group, the intensity of BMI-1 was predominantly moderate or strong
in epithelial (nuclear or cytoplasmic/membrane immunoexpression) and stromal cells.
Moderate and strong nuclear expression and weaker cytoplasmic expression was observed
in cases with a serous phenotype and a more aggressive course, such as HGSC, while
the endometrioid phenotype preserved a strong, diffuse, membrane BMI-1 staining. In
undifferentiated carcinomas, BMI-1 expression was heterogeneous, displaying a weak
cytoplasmic staining. Differences between BMI-1 expression in variable types of NEOC are
illustrated in Figure 2.

We also noted the lack of BMI-1 expression in normal ovary or ovarian surface, and
its positivity in the normal tubal surface epithelium.

2.2. BMI Expression—Semi-Quantitative Assessment

In the whole group of study, without division into EOC and NEOC categories, the BMI-
1 semi-quantitative assessment showed the following: a high expression in 31 cases (65.96%)
and a low expression in 16 cases (34.04%), in tumor cells, along with immunopositivity
in 34 cases (72.34%), and immunonegativity in 13 cases (27.65%) in tumor stroma. The
statistical analysis revealed significant correlations between BMI-1 expression in epithelial
tumor cells (low/high) versus tumor stroma (negative/positive) (p = 0.01).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 15 
 

 

The qualitative evaluation showed, at a glance, a heterogeneous expression in both 
groups, without a specific pattern for each group.  

A double BMI-1 staining was found: a nuclear and cytoplasmic/membrane 
immunoexpression in EOC group. Strong expression of epithelial cells was observed in 
cases with poor prognosis, such as high-grade serous and endometrioid carcinomas 
(HGSCs and HGECs), as well in clear cell ovarian carcinomas (COCs). A negative BMI-1 
stroma expression in the endometrioid phenotype of EOC group was found, while 
positive stroma was dominant in the serous phenotype, clear cell and mixed subtypes. 
Relevant aspects of BMI-1 expression in EOC are presented in Figure 1. 

In the NEOC group, the intensity of BMI-1 was predominantly moderate or strong in 
epithelial (nuclear or cytoplasmic/membrane immunoexpression) and stromal cells. 
Moderate and strong nuclear expression and weaker cytoplasmic expression was 
observed in cases with a serous phenotype and a more aggressive course, such as HGSC, 
while the endometrioid phenotype preserved a strong, diffuse, membrane BMI-1 staining. 
In undifferentiated carcinomas, BMI-1 expression was heterogeneous, displaying a weak 
cytoplasmic staining. Differences between BMI-1 expression in variable types of NEOC 
are illustrated in Figure 2. 

We also noted the lack of BMI-1 expression in normal ovary or ovarian surface, and 
its positivity in the normal tubal surface epithelium. 

  
(a) (b) 

  
(c) (d) 

Figure 1. Cont.

111



Int. J. Mol. Sci. 2021, 22, 6082

1 
 

  
(e) (f) 

 Figure 1. (a–f) Histologic features and BMI-1 expression in EOC group in different ovarian tumor subtypes: (a,b) HGSC:
(a) papillary growth, enlarged and irregular nuclei, prominent nucleoli, high cellular size and shape (hematoxylin and
eosin–H&E, magnification 10×), (b) strong BMI-1 nuclear staining in epithelial tumor cells of HGSC (magnification
10×); (c,d) HGEC: (c) crowded back-to-back glands, lined by atypical columnar epithelium, and smooth luminal borders
(H&E, magnification 10×), (d) weak BMI-1 cytoplasmic staining in epithelial tumor cells of HGEC (magnification 10×);
(e,f) COC: (e) papillary and tubulocystic pattern, combined with clear and eosinophilic cells and stromal hyalinization
(H&E, magnification 10×), (f) strong BMI-1 cytoplasmic staining of tumor cells and stroma in COC (magnification 10×).
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Figure 2. (a–h) Histologic features and BMI-1 expression in NEOC group in different ovarian tumor subtypes: (a,b) MOC: 
(a) atypical mucin-producing tumor cells with an infiltrative pattern of invasion (H&E, magnification 10×), (b) negative 
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LGSC (magnification 10×); (g,h) LGEC: (g) papillary and glandular differentiation in LGEC (H&E, magnification 10×), (h) 
strong BMI-1 cytoplasmic staining of tumor cells and stroma in LGEC (magnification 10×). 

2.2. BMI Expression—Semi-Quantitative Assessment 
In the whole group of study, without division into EOC and NEOC categories, the 

BMI-1 semi-quantitative assessment showed the following: a high expression in 31 cases 
(65.96%) and a low expression in 16 cases (34.04%), in tumor cells, along with 
immunopositivity in 34 cases (72.34%), and immunonegativity in 13 cases (27.65%) in 
tumor stroma. The statistical analysis revealed significant correlations between BMI-1 
expression in epithelial tumor cells (low/high) versus tumor stroma (negative/positive) (p 
= 0.01). 

The semi-quantitative expression of BMI-1 showed a different profile in the two 
analyzed groups.  

BMI-1 expression in epithelial tumor cells was mostly low or negative in the EOC 
group and predominantly positive in NEOC group. On the other hand, the cases of the 
EOC group expressed positive and negative stromal BMI-1 immunoreactions 
approximately equally, whereas the stromal BMI-1 expression was mainly strong in the 
NEOC group (Table 1). We noted statistically significant differences between the BMI-1 
epithelial and stromal profiles in each group (Table 1) 

Comparing the epithelial and stromal BMI-1 expressions between the EOC and 
NEOC groups, we obtained statistically significant differences only for the epithelial 
component (p = 0.0002), not for the stromal one (p = 0.06). 

Figure 2. (a–h) Histologic features and BMI-1 expression in NEOC group in different ovarian tumor subtypes: (a,b) MOC:
(a) atypical mucin-producing tumor cells with an infiltrative pattern of invasion (H&E, magnification 10×), (b) negative
BMI-1 staining in tumor stroma of MOC (magnification 10x); (c,d) HGSC: (c) variation in cellular size and shape, marked
nuclear atypia, dense fibrous stroma, and inflammation around the tumor nests (H&E, magnification 10×), (d) strong BMI-1
cytoplasmic staining of tumor stroma in HGSC (magnification 10×); (e,f) LGSC: (e) micropapillary growth with minimal
nuclear atypia in LGSC (H&E, magnification 10×), (f) moderate BMI-1 cytoplasmic staining of tumor cells and stroma in
LGSC (magnification 10×); (g,h) LGEC: (g) papillary and glandular differentiation in LGEC (H&E, magnification 10×),
(h) strong BMI-1 cytoplasmic staining of tumor cells and stroma in LGEC (magnification 10×).

The semi-quantitative expression of BMI-1 showed a different profile in the two
analyzed groups.

BMI-1 expression in epithelial tumor cells was mostly low or negative in the EOC
group and predominantly positive in NEOC group. On the other hand, the cases of the EOC
group expressed positive and negative stromal BMI-1 immunoreactions approximately
equally, whereas the stromal BMI-1 expression was mainly strong in the NEOC group
(Table 1). We noted statistically significant differences between the BMI-1 epithelial and
stromal profiles in each group (Table 1).

Comparing the epithelial and stromal BMI-1 expressions between the EOC and NEOC
groups, we obtained statistically significant differences only for the epithelial component
(p = 0.0002), not for the stromal one (p = 0.06).

2.3. Relationship between BMI-1 Epithelial and Stromal Expression, and Clinicopathological
Parameters in EOC

The results of the statistical analysis revealed a significant relationship between BMI-1
expression in tumor cells (low/high) and tumor grade (well and moderately differentiated
versus poorly differentiated) (p = 0.04). On the other hand, stromal BMI-1 expression was
significantly correlated with the median value of cancer antigen 125 (CA 125) (p = 0.03).
No other significant differences were registered (Table 2).
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Table 1. Correlations between the epithelial and stromal BMI-1 expression in the EOC and the NEOC groups.

BMI-1

EOC NEOC

High Score/
Positive Reaction

Low Score/
Negative Reaction p Value High Score/

Positive Reaction
Low Score/

Negative Reaction p Value

Epithelial
tumor cells 5 (26.31%) 14 (73.68%)

0.04
26 (92.85%) 2 (7.14%)

0.001

Stromal cells 11 (57.89%) 8 (42.10%) 23 (82.14%) 5 (17.85%)

Table 2. Correlations between BMI-1 expression in tumoral cells and clinicopathological parameters—EOC group.

Clinicopathological
Characteristics #

Tumor Cells BMI-1

p Value

Stromal BMI-1

p ValueLow Score High Score Negative
Reaction

Positive
Reaction

# % # % # % # %

Age

<55 age 8 5 62.5 3 37.5
0.34

4 50 4 50
0.55

≥55 age 11 9 81.82 2 18.18 4 36.36 7 63.64

Tumor stage

1 4 4 100 0 0

0.48

1 25 3 75

0.552 6 4 66.66 2 33.33 3 50 3 50

3 8 5 62.50 3 37.50 3 37.50 5 62.50

4 1 1 100 0 0 1 100 0 0

Tumor grade

I/II 7 7 100 0 0
0.04

4 57.14 3 42.85
0.31

III 12 7 58.33 5 41.66 4 33.33 8 66.66

Histological subtype

LGSC 0 0 0 0 0

0.78

0 0 0 0

0.93

LGEC 0 0 0 0 0 0 0 0 0

COC 4 3 75 1 25 1 25 3 75

MOC 0 0 0 0 0 0 0 0 0

HGSC 3 1 33.33 2 66.66 1 33.33 2 66.66

HGEC 8 6 75 2 25 5 62.50 3 37.50

Undifferentiated 0 0 0 0 0 0 0 0 0

Mixed 4 4 100 0 0 1 25 3 75

Type

Type I 4 3 75 1 25
0.94

1 25 3 75
0.57

Type II 15 11 73.33 4 26.67 7 46.67 8 53.33

Residual disease

NED/<1 cm 6 5 83.33 1 16.67
0.51

2 33.33 4 66.67
0.59

≥1 cm 13 9 69.23 4 30.77 6 46.15 7 53.85

CA 125—median value

<1201.5 U/mL 10 8 80 2 20
0.51

2 20 8 80
0.03

≥1201.5 U/mL 9 6 66.67 3 33.33 6 66.67 3 33.33

LGSC (low-grade serous carcinoma); LGEC (low-grade endometrioid carcinoma); COC (clear cell ovarian carcinoma); MOC (mucinous
ovarian carcinoma); HGSC (high-grade serous carcinoma); HGEC (high-grade endometrioid carcinoma); NED (no evident data about
residual tumor).
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2.4. Relationship between BMI-1 Epithelial and Stromal Expression and Clinicopathological
Parameters in NEOC

The statistical analysis showed significant correlations between BMI-1 expression in
the tumor cells (low/high), the stroma (negative/positive), and the tumor histological
subtypes (p = 0.002 and p = 0.04, respectively) (Table 3). No associations were found for the
other clinical clinicopathological parameters.

Table 3. Correlations between BMI-1 expression in tumor stroma and clinicopathological parameters—NEOC group.

Clinicopathological
Characteristics #

Tumor Cells BMI-1

p Value

Stromal BMI-1

p ValueLow Score High Score Negative
Reaction

Positive
Reaction

# % # % # % # %

Age

<55 age 14 1 7.14 13 92.86
0.30

2 14.29 12 85.71
0.62

≥55 age 14 1 7.14 13 92.86 3 21.43 11 78.57

Tumor stage

1 13 1 7.69 12 92.30

0.91

3 23.07 10 76.92

0.712 5 0 0 5 100 0 0 5 100

3 10 1 10 9 90 2 20 8 80

4 0 0 0 0 0 0 0 0 0

Tumor grade

I/II 15 0 0 15 100
0.11

3 20 12 80
0.75

III 13 2 15.38 11 84.61 2 15.38 11 84.61

Histological subtype

LGSC 4 0 0 4 100

0.002

0 0 4 100

0.04

LGEC 5 0 0 5 100 3 60 2 40

COC 5 0 0 5 100 0 0 5 100

MOC 5 1 20 4 80 1 20 4 80

HGSC 5 0 0 5 100 0 0 5 100

HGEC 3 0 0 3 100 0 0 3 100

Undifferentiated 1 1 100 0 0 1 100 0 0

Mixed 0 0 0 0 0 0 0 0 0

Type

Type I 19 1 5.26 18 94.74
0.57

4 21.05 15 78.95
0.43

Type II 9 1 11.11 8 88.89 0 0 9 100

Residual disease

NED/<1 cm 16 1 6.25 15 93.75
0.83

2 12.5 14 87.5
0.72

≥1 cm 12 1 8.33 11 91.67 1 8.33 11 91.67

CA 125—median value

<101 14 1 7.14 13 92.86
1

4 28.57 10 71.43
0.13

≥101 14 1 7.14 13 92.30 1 7.14 13 92.86

LGSC (low-grade serous carcinoma); LGEC (low-grade endometrioid carcinoma); COC (clear cell ovarian carcinoma); MOC (mucinous
ovarian carcinoma); HGSC (high-grade serous carcinoma); HGEC (high-grade endometrioid carcinoma); NED (no evident data about
residual tumor).
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3. Discussion

Numerous hypotheses regarding the mechanisms involved in OC etiopathogenesis
have been proposed over time as attempts to explain the multiple tumor phenotypes, poor
prognosis, and chemoresistance. Endometriosis represents a precursor lesion for certain
types of epithelial OC, since the identification of the same genetic alterations in both dis-
eases are demonstrated [3,4,31]. Accordingly, the corroboration of specific clinicopathologi-
cal findings with specific mutations led to the EOC and NEOC categories distinction [44].

The BMI-1 protein, involved in homeotic genes regulation by transcription inhibi-
tion [10], represents a survival factor of malignant stem cells [10], and is correlated to
hormonal receptor expression, and is considered as a prognosis factor surrogate [44,45].

BMI-1 has been identified in experimental studies of OC (cell lines, clone derivation,
and animal experiments) [32–38], both in protein and the protein-coding gene [39], and
in human ovarian tumors or ascites fluid samples [10,32,34,36,39,46,47]. Despite these
reported results, BMI-1 expression is not fully established in OC. The review of the literature
shows that less than 10 studies have addressed BMI-1’s involvement in OC, most of
them highlighting the molecular action and potential therapeutic value of this protein.
A positive correlation between BMI-1 positive expression in human epithelial OC and
elevated telomerase activity was demonstrated [46,47]. Another study, based on human
specimens and ovarian cancer cells, showed that BMI-1 expression is downregulated
by MiR-15a or MiR-16 underexpression, with subsequent significant decreases in cell
proliferation and clonal growth [40]. Therefore, BMI-1 seems to be a potential target in
OC therapy. Eloquent evidences in this direction are provided in recent papers that have
demonstrated the therapeutic activity of PTC-028 as a novel inhibitor of BMI-1 function in
OC [37] and the role of MiR-132 in cisplatin resistance and OC metastasis by the targeted
regulation of BMI-1 [41]. In terms of the number of human OC samples, the studies on
BMI-1 have been generally performed on small groups, with a median number of research
sample of 41 (range 5–179) [10,32,34,36,40,46,47]. These samples were collected from tumor
tissue [10,32,34,36,39,40,46,47], fresh ascites [34], and frozen ovarian tissues [47].

The reported data target only BMI-1 in epithelial tumor cells, showing a high ex-
pression in 80.9% of OC and its relationship with tumor aggressiveness [46]. Moreover, a
positive correlation between BMI-1 expression and advanced International Federation of
Gynecology and Obstetrics (FIGO) stages, bilaterality, higher tumor grades, and serous
morphology [42,47], and a progressive incremental number of BMI-1-positive cases in
accordance with the increase of tumor grade and stage were demonstrated, while increased
BMI-1 expression was associated with reduced patient survival [39].

This short review of data concerning the correlation between BMI-1 and OC shows
that the current knowledge is predominantly based on experimental data as the first
level of evidence regarding its role in carcinogenesis, while the results obtained by the
investigation of BMI-1 in human tissues is very scarce. Within this general context, our
study complements the knowledge on BMI-1 in OC by doing research that translates
the evidences level from the experimental area to the clinical domain by reference to the
clinicopathological characteristics of OC with different parameters for EOC and NEOC.

Our work has demonstrated high BMI-1 expression levels in the epithelial tumor cells
in 66% of OC (26% in EOC and 93% in NEOC). Moreover, our study provides valuable data
on BMI-1 profile in OC, bringing to the foreground the relationship of OC with endometrio-
sis, and the differences between the epithelial and stromal expression. This endeavor
was possible by consistent differences in the design of the patient’s cohort, comprising
47 cases of OC separated in two different tumor groups: EOC and NEOC. Thus, we have
demonstrated, for the first time, the possible correlations between epithelial and stromal
BMI-1 profiles in EOC and NEOC and several classical clinicopathological parameters.

The segregation into EOC and NEOC has been justified by the findings that certain
histological types of EOC, mainly endometrioid and clear cell carcinomas, have different
clinical features, such as younger age at diagnosis, unilaterality, identification at an earlier
stage, and a better survival rate, compared to the counterpart entities of NEOC [5]. Our
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study supports the hypothesis of EOC development within endometriosis, showing mostly
an endometrioid (42% in EOC versus 28.57% in NEOC) or clear cell phenotype (21% in
EOC versus 18% in NEOC), and, implicitly, the quality of precursor lesion of ovarian
endometriosis. Endometriosis and EOC represent two entities with the same target organ
(ovary), the same tissue of origin (endometrial-like), and the same pathogenic mechanism
which progresses from benign to atypical and malignant phenotypes. Having these in
mind, tubal ligature or salpingectomy may be used as preventative maneuvers which may
be applied within a screening and early therapy algorithm.

An original finding in our research is the dual staining pattern, nuclear and cyto-
plasmic/membrane in both study groups, although only a nuclear staining is reported in
literature [27,41,42,48]. This immunostaining pattern may indicate a possible relocation of
protein during the transition to tumor phenotype. Moreover, it may suggest the involve-
ment of additional factors as a possible reflection of adhesion molecules interrelationship
in the context of epithelial mesenchymal transition (EMT) [27,48] or of the involvement of
variable ovarian microenvironmental factors in both EOC and NEOC.

Our study confirms the relationship between BMI-1 in epithelial tumor cells and
stroma in three instances: (i) in the general OC group (p = 0.01), (ii) in the NEOC group
(p = 0.001), and (iii) in the EOC group (p = 0.04). In parallel, the comparative analysis of BMI-
1 expression in EOC and NEOC showed a statistically significant higher expression of BMI-1
in the epithelial tumor component than in the stroma (p = 0.0002). Our results clearly show
EOC’s association with BMI-1 low expression in epithelial tumor cells without a dominant
expression profile in stromal cells, while NEOC is characterized by high BMI-1 expression
in both the epithelial and stromal types of cells. However, stromal BMI-1 expression
is reflecting EMT involvement in tumor progression and the interrelationship between
the two cellular components, which result in BMI-1 synthesis as a stromal-dependent
mechanism. Therefore, if present, stromal BMI-1 could be considered as a valuable marker
for poor survival.

To the best of our knowledge, our study provides for the first time evidence for
BMI-1 expression in human EOC. Differently from NEOC group findings, a progressive
gain of BMI-1 expression in epithelial tumor cells has been noticed in the EOC group
along with tumor grade, with statistically significant differences when we compared well
and moderately differentiated with poorly differentiated tumors. This finding indicates
a relationship between BMI-1 epithelial overexpression and a poorer prognosis in the
selected EOC cases. Currently, CA125, expressed in the embryonic development of ovaries
and re-expressed in endometriosis and ovarian neoplasms, can be used as a prognostic and
predictive biomarker related to patient survival, independent of OC treatment [48].

CA 125 shows significant different values in the two major types of OC, suggesting
that they occur as a result of different factors, following specific pathway initiations and
progressions [49]. Many studies have shown that the CA125 profiles of HGSC and HGEC
are different from other subtypes [50]. We also found a statistically significant correlation
between stromal BMI-1 and CA 125 level, suggesting that EOC may be influenced by
a microenvironment modulation specific for endometriosis-based ovarian carcinomas,
supporting the rapid growth pattern and the unfavorable prognosis in a subcategory of
cases. Thus, we may conclude that the interrelationship and reciprocal stimulation between
a tumor’s epithelial and stromal components occurs latter during the endometriosis-related
carcinogenic process, with a subsequent uptake of BMI-1 expression by stromal component,
which may be reflected in an increased CA-125 level. The aggressive behavior of these EOC
cases has a different significance from that of aggressive type I OC, probably originating
from fallopian tube epithelium. It is worth mentioning that BMI-1 was absent in the
normal ovaries or ovarian surface in the study groups, while BMI-1 expression has been
identified in the normal tubal surface epithelium; this finding comports with the hypothesis
of some OCs development from the fallopian tube, providing another support for this
pathogenic mechanism.
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On the other hand, in the NEOC group, we have shown statistically significant
differences between BMI-1 immunopositivity in the tumor’s epithelial cells, stromal cells,
and histological subtypes. In our opinion, these results may be considered as solid evidence
for the association of BMI-1 with high grade OC phenotypes and, consequently, with
tumor aggressiveness.

Overall, our study reveals a different BMI-1 profile in the EOC an NEOC groups, thus
underlying the differences in their etiopathogeny. We are aware of the limitations of our
study due to the small size of the study groups and their heterogeneity in histological types,
as the selection criteria have been strictly applied. Despite these limitations, our results
open promising perspectives for differentiation of EOC from NEOC that need to be further
validated in a larger and homogenous cohort of study. An interesting research item can be
directed to the high-grade serous phenotype of OC that may be further subdivided into
subcategories according to their affiliation to the EOC or to NEOC groups.

4. Materials and Methods
4.1. Patients

Our study group included 47 cases of OC, diagnosed between 2006 and 2017 and
treated in several hospitals of Iasi, Romania: “Sf. Spiridon” County Clinical Emergency
Hospital, “Cuza Vodă” and “Elena Doamna” Obstetrics and Gynecological Hospitals,
and Oncology Regional Institute. All cases were histopathologically reassessed by two
pathologists to ascertain the OC histological subtype and then divided into two groups:
EOC and NEOC. The study has been approved by the Ethics Committee of “Grigore
T. Popa” University of Medicine and Pharmacy, Iaşi, based on the patients’ informed
consent (12378/June 2015). All subjects who provided ovarian tissue had given written
and informed consent prior the surgery.

4.1.1. Clinicopathological and Tumor Serum Marker Profile of the Study Cohort

At the time of the diagnosis, the age of the patients ranged between 37 and 76 years
old: 22 patients were younger (<55 years old) and 25 patients were older (≥55 years old).

Based on the standards of the FIGO staging, 17 cases were staged as FIGO stage I,
11 cases as FIGO stage II, 18 cases as FIGO stage III, and 1 case FIGO stage IV. According
to tumor grade, 13 cases were graded as G1 (well differentiated), 9 cases as G2 (moder-
ately differentiated), and 25 cases as G3 (poorly differentiated or undifferentiated). The
distribution of OC histological variants was as follows: LGSC—4 cases; LGEC—5 cases;
COC—9 cases; MOC—5 cases; HGSC—8 cases; HGEC—11 cases; undifferentiated—1 case;
and mixed tumor (serous, endometrioid, and clear cells phenotypes)—4 cases. According
to the pathogenic classification, the cases have been divided in low-grade (type I; 23 cases)
and high-grade (type II; 24 cases). The histopathological exam revealed the tumor extension
(residual tumor after primary surgery) in 25 cases (residual tumor≥ 1 cm), with 13 patients
diagnosed with a residual tumor < 1 cm and 9 cases without evident data about a residual
tumor. Preoperatory CA125 levels higher than 35 U/mL were found in all cases comprised
in the study group, ranging between 46–4163 U/mL.

4.1.2. Clinicopathological and Tumor Serum Marker Profile of the EOC and NEOC Groups

In the whole group, 19 of 47 (40%) patients belonged to the EOC group and 28 patients
(60%) belonged to the NEOC group.

Cases included in the EOC group were characterized by the presence of associate
endometriotic lesions consisting of the endometriosis area in the form of an endometriotic
cyst lined with endometrial epithelium and endometrial stroma, as well as evidence of
hemosiderin deposits and chronic hemorrhage or proliferative endometriosis foci with a
well-developed glandular profile.

The mean age of patients was 59.10 ± 8.66 years in the EOC group and 56.57 ± 2.64 years
in the NEOC group. The EOC group comprised the following histological types: COC—4 cases;
HGSC—3 cases; HGEC—8 cases; mixed tumors—4 cases; and none of LGSC, LGEC, MOC,
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or undifferentiated carcinoma cases were classified as EOC. The histological types in NEOC
group were: LGSC—4 cases; LGEC—5 cases; COC—5 cases; HGEC—3 cases; MOC—5
cases; HGSC—5 cases; and undifferentiated—1 case. The median value of the preoperatory
CA 125 level in the EOC group was 1201.5 U/mL, while a median value of 101 U/mL was
found in the NEOC group.

4.2. Immunohistochemistry (IHC)

The immunohistochemical staining for the identification of Antigens has been achieved
using BenchMark XT automatic system (Ventana Medical System, Inc., Tucson, AZ, USA),
according to protocols that needed standardization for different types of antibodies. The
sections obtained from the selected paraffin-embedded blocks were dewaxed in xylene,
rehydrated in ethanol, and rinsed in distillated water. The antigen retrieval was made
by using the Heat-Induced Epitope Retrieval (HIER) procedure, with an antigen retrieval
solution of pH 9 using CC1 solution (Ventana Medical System, Tucson, AZ, USA), consist-
ing of a combination of ethylenediaminetetraacetic and boric acid diluted in Tris buffer
for 30—60 minutes. After the endogenous peroxidase blocking with 3% hydrogen per-
oxide and treatment with normal goat serum 10%, used to block the non-specific protein
bonds, the sections were incubated with the primary antibody BMI-1 (clone F6/ABCAM,
1/50 dilution, Abcam, Cambridge, MA, USA). Consequently, the incubation with Ultra-
Vision Quanto Detection System Horseradish peroxidase (HRP) (Igs; Ventana Medical
Systems) has been performed. Antigen-antibody reaction has been visualized using 3,3′-
Diaminobenzidine as a chromogen (UltraView, Ventana Medical Systems, Tucson, AZ,
USA). The counterstaining of the sections was done with Mayer’s Hematoxylin. After
counterstaining, the slides have been washed with liquid soap in order to eliminate the
oily film, they have been rinsed with taping water and have been also bathed twice in dis-
tilled water. Negative controls have been used for results interpretation, in which primary
antibodies have been skipped and replaced with distilled water and positive controls have
been considered as endothelial cells and stromal fibroblasts immunostaining.

4.3. Semi-Quantitative Assessment

BMI-1 expression has been individually quantified in the epithelial and in the stromal
components. The semi-quantitative assessment of the BMI-1 in tumor cells was done
by using adapted scores based on literature reports [27,51] that took into account the
staining intensity (I) and the percentage of positive cells (P). BMI-1 showed a double
immunostaining, nuclear, and cytoplasmic/membrane [27,51]. The intensity of BMI-1
immunoreaction was scored as: 0—absent, 1—weak, 2—moderate, and 3—strong. The
percentage of BMI-1 positive cells was scored as follows: 1—< 10%, 2—10–50%, 3—> 50%.
The final BMI-1 score was obtained by multiplying P by I. BMI-1 score values < 3 were
considered as a low score, and score values ≥ 3 were considered as a high score.

For the semi-quantitative assessment of stromal BMI-1, we used a standard 2-point
scale scoring system. The immunoreaction was considered negative when ≤ 10% of the tu-
mor stromal area had a positive immunostaining of BMI-1, and positive when > 10% of the
stromal area showed BMI-1 immunostaining, regardless of the level of staining intensity.

BMI-1 expression has been independently evaluated and scored by three histopatholo-
gists with experience in immunohistochemistry interpretation and scoring differences have
been revised in the evaluation panel in order to reach a consensus.

4.4. Statistical Analysis

Statistical analysis was carried out with Statistical Package for the Social Sciences
(SPSS) v. 19 program (SPSS Inc., IBM Corporation, Chicago, IL, USA). A Chi-square (χ2)
test was performed to analyze the differences in BMI-1 epithelial and stromal profile in
each group and between groups, and its relationship with classical clinicopathological
characteristics (age, tumor stage, grade, histological subtype, tumorigenic dualistic tumor
types, residual disease, and preoperatory CA 125 level). Yates’ correction was applied

119



Int. J. Mol. Sci. 2021, 22, 6082

when the number of cases in a subgroup was lower than five. Statistical significance was
considered when p < 0.05.

5. Conclusions

Our study provides solid evidence for a different BMI-1 expression in EOC and
NEOC, corresponding to the differences in their etiopathogeny. The EOCs were largely
characterized by a low BMI-1 expression in epithelial tumor cells, without a dominant
expression profile in stromal cells. Epithelial BMI-1 is progressively increased alongside the
tumor grade and strong stromal BMI-1 may be correlated to microenvironment modulation,
supporting the rapid growth pattern and the recognized poor prognosis in a subcategory of
EOC cases. The NEOCs were characterized by high BMI-1 expression in both the epithelial
and stromal types of cells; therefore, BMI-1 expression could be regarded as an indicator
of aggressiveness of this type of malignancies in general, and for HGSC in particular.
Additionally, BMI-1 expression limited to the normal tubal surface epithelium and its lack
in normal germinal/surface ovarian epithelium may support the hypothesis that many
OCs are originating from the fallopian tube epithelium.

Nevertheless, the reported differences in BMI-1 expression in EOC and NEOC need to
be further validated in a larger and homogenous cohort of study.
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Abstract: The pathogenesis of endometriosis is still controversial, although it is known that the
inflammatory immune response plays a critical role in this process. The resolution of inflammation
is an active process where the activation of endogenous factors allows the host tissue to maintain
homeostasis. The mechanisms by which pro-resolving mediators (PRM) act in endometriosis are
still little explored. Thus, this integrative review aims to synthesize the available content regarding
the role of PRM in endometriosis. Experimental and in vitro studies with Lipoxin A4 demonstrate a
potential inhibitory effect on endometrial lesions’ progression, attenuating pro-inflammatory and
angiogenic signals, inhibiting proliferative and invasive action suppressing intracellular signaling
induced by cytokines and estradiol, mainly through the FPR2/ALX. Investigations with Resolvin D1
demonstrated the inhibition of endometrial lesions and decreased pro-inflammatory factors. Annexin
A1 is expressed in the endometrium and is specifically present in women with endometriosis,
although the available studies are still inconsistent. Thus, we believe there is a gap in knowledge
regarding the PRM pathways in patients with endometriosis. It is important to note that these
substances’ therapeutic potential is evident since the immune and abnormal inflammatory responses
play an essential role in endometriosis development and progression.

Keywords: endometriosis; inflammation mediators; annexin A1; Lipoxin A4; receptors; Lipoxin;
Resolvin; review

1. Introduction

Endometriosis is a chronic, inflammatory and estrogen-dependent disease charac-
terized by endometrial tissue outside the uterine cavity. It affects approximately 10%
of women of reproductive age and is associated with chronic pelvic pain and infertil-
ity [1]. The pathophysiology of endometriosis is controversial. Sampson’s (1927) retrograde
menstruation theory is still the most accepted, describing that the reflux of endometrial
fragments would allow the implantation of these cells outside the uterus, especially in the
pelvic cavity [2]. However, genetic, neuronal, hormonal and immunological variations
may facilitate the adhesion and development of endometrial implants [3].

It is known that 17-β-estradiol (E2) plays a strong influence on the development
and progression of endometriosis, acting via estrogen receptors (ER) that are abundant in
reproductive tissues, in addition to activating several intracellular signaling cascades in
the inflammatory process [4].

Several studies demonstrate that the immune response plays an essential role in the
genesis of endometriosis. Many active immune cells, especially peritoneal macrophages,
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are involved in the development, maintenance and progression of endometrial lesions [1].
High concentrations of cytokines, growth factors and angiogenic factors are observed in
the peritoneal fluid of subjects with endometriosis [5]. Interleukins, tumor necrosis factors
(TNF) and other chemotactic cytokines act as recruiting macrophages and T lymphocytes to
the peritoneum, modulating the inflammatory response associated with endometriosis [6].
Among the factors that support the invasive and proliferative activity of endometrial im-
plants, the epithelial-mesenchymal transition (EMT) is characterized as a biological process
in which cells lose cell polarity cell-cell adhesion, and gain migratory and invasive proper-
ties to become mesenchymal stem cells [7]. Additionally, matrix metalloproteinases (MMPs)
act out as cell-matrix remodeling enzymes that induce the release of growth factors and
pro-inflammatory cytokines, favoring the progression of inflammation angiogenesis, tissue
remodeling and, therefore, contributing to the implantation and increase of endometriotic
lesions [8].

Furthermore, cellular signaling proteins such as p38 MAPK (p38 mitogen-activated
protein kinases) and ERK (extracellular signal-regulated kinase) are critical in the inflam-
matory response. They are characterized as intracellular signal transduction molecules
activated by phosphorylation via membrane receptors, increasing levels of cytokines
such as interleukins, and TNF, in addition to increasing MMP activity. In addition, sev-
eral studies show its influence on the pathogenesis of endometriosis [9]. The multidrug
resistance-associated protein 4 (MRP4) can transport several endogenous molecules, play-
ing a critical role in cellular communication and signaling. Among these molecules, there is
a strong affinity with Prostaglandin E2 (PGE2), consequently potentiating the inflammatory
process [10].

Several inflammatory response events can limit their magnitude and duration [5].
The resolution of inflammation is an active process where the activation of endogenous
factors allows the host tissue to maintain homeostasis [11]. This process occurs differently
concerning the known anti-inflammatory pathways since the pro-resolving molecules
act in a multifactorial way at the inflammatory site. In addition to producing powerful
signals to reduce neutrophils and eosinophils’ infiltration, they also promote the uptake
and elimination of apoptotic cells and microorganisms by macrophages at the inflamed
tissue. At the beginning of the inflammatory process, classic lipid mediators such as
prostaglandins and leukotrienes are released, activating and amplifying the inflammatory
process. After the acute phase, some of these molecules start to produce substances that
synthesize endogenous mediators with anti-inflammatory and pro-resolving activity, such
as lipoxins, resolvins, protectins and maresines [12–14].

The pro-resolving mediators (PRM) are lipids or proteins. Lipid mediators are gen-
erated through lipoxygenases (LOX) and cyclooxygenases (COX) by the metabolism of
arachidonic acid (AA), such as lipoxins, or originated from omega-3 polyunsaturated
fatty acids (omega-3 PUFAS), represented by the acid eicosapentaenoic (EPA)-derived
resolvin E (RvE) and docosahexaenoic acid (DHEA)-derived resolvin D (RvD), protectins
and maresines. These mediators promote the sequestration of pro-inflammatory cytokines,
in addition to removing polymorphonuclear cells (PMN) from the epithelial surface, phago-
cyting apoptotic PMNs, removing inflammatory residues through the lymphatic vessels
and reducing inflammatory pain [15–17].

In endometriosis, the signaling pathways for Lipoxin A4 (LXA4) are the most studied.
Its cascades are mediated by several membrane receptors [18] with higher affinity for
the formyl peptide 2/”aspirin-triggered lipoxin” receptor (FPR2/ALX); therefore, most
studies show how LXA4 acts through this receptor [19], allowing it to act in a double,
anti-inflammatory and pro-resolutive manner [12]. Some works have already shown that
LXA4 presents a high structural similarity with estriol, a weak agonist of the ER-α in the
endometrium’s epithelial cells. For this reason, LXA4 can also occupy these receptors and
decrease E2-mediated signaling, triggering anti-inflammatory and pro-resolving effects, in
addition to modulating the expression of ERs [4,18,20].
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The PRM proteins are Annexin A1 (ANXA1), galectins and melanocortins. These
mediators have a crucial modulating function in neutrophil trafficking. They can reduce
infiltration, activate apoptosis at the inflammatory site, stimulate phagocytosis and the
elimination of apoptotic neutrophils, in addition to inducing the phenotypic change from
inflammatory M1 macrophages to M2 anti-inflammatory macrophages, which causes a
reparative response [17,21,22]. ANXA1 is a calcium-dependent phospholipid-binding
protein and has been observed as an anti-inflammatory mediator, regulating physiological
and pathological cellular processes. Additionally, ANXA1 is expressed in several tissues,
including the endometrium, where it acts via the FPR2/ALX and other mediators [23].

The FPR2/ALX regulates the action of PRM, such as ANXA1 and LXA4, belonging to
the superfamily of formyl peptide receptors. These receptors are critical in endometriosis
since the expression of FPR2/ALX proved to be more significant in the cells of endometri-
otic lesions compared to the normal endometrium. In addition, these receptors are regu-
lated by estrogen and other cytokines and mediate specific cellular pathways to suppress
inflammation [18,23].

Failures in these pro-resolving pathways can predispose the host to chronic inflamma-
tory diseases [12]. In this process, cellular mechanisms and their biochemical pathways
open new strategies for potential therapeutic interventions [24]. Evidence that PRM are
promising targets for the development of pharmacological treatments for chronic inflam-
matory diseases is pointed out by Serhan (2017); in this, the author demonstrates examples
of conditions for which drugs like PRM have been successfully studied in clinical trials in
humans (phase I and phase II), including periodontal diseases, inflammation associated
with dry eye and childhood eczema [25].

The mediators that act as PRM in endometriosis are still little explored. Thus, this
review aims to synthesize the information available in the literature regarding the inflam-
matory role of PRM in endometriosis.

2. Methods
2.1. Search Strategy

For this integrative review, a survey of all articles published and indexed in the
main known databases was conducted: MEDLINE (PubMed), Bireme (LILACS, ADOLEC,
IBECS and BDENF), EMBASE (Elsevier) and DOAJ. The search was carried out between
June and August 2020, without restrictions regarding the date limit of publication or
language. The terms “endometriosis”, “pro-resolution mediators”, “lipoxin”, “maresin”,
“resolvin”, “protectin”, “FPR”, “Annexin A1”, “galectin” and “melanocortin” were used,
and additionally the Boolean operators “AND” and “OR” applied for “endometriosis” and
the other terms, respectively.

2.2. Articles Eligibility Criteria

The eligibility criteria were applied to the selected articles with support of the reference
manager software Mendeley© Version 1.19.4 (Mendeley Ltd., London, UK), by which
duplicates were identified and excluded. Two independent researchers screened the
articles by reading the title and abstract. Full-length original articles whose theme covered
the role of PRM in endometriosis by experimental models, cell culture or in humans were
included. Articles written in an alphabet other than the Roman alphabet and review articles
were excluded.

2.3. Data Processing

After the screening, two independent researchers performed the data extraction by
filling out a clinical form in a previously established spreadsheet. Finally, the findings were
analyzed and the written data descriptively synthesized.
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3. Results and Discussions

In the initial search, 336 articles were identified, 90 of which were duplicates, resulting
in 246 articles. The studies were screened by reading the title and abstract, with 19 articles
selected and one excluded since the full-length text was only available in the Mandarin
language (Figure 1). The distribution of the captured articles and the related terms are
shown in Table 1. No research was found addressing the terms “protectin”, “galectin” or
“melanocortin” associated with “endometriosis”. The included studies and their main
findings are shown in Table 2.
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Table 1. Articles captured in the database and grouped according to the main observed mediators.
São José, SC—Brazil, 2021.

Database PRM Lipoxin Resolvin Maresin ANXA1 FPR

DOAJ - 2 - - 3 -
EMBASE 2 92 25 9 81 25
PUBMED - 20 2 - 4 3

BIREME/LILACS - 20 2 - 32 3
Total 4 134 39 18 120 31

PRM: pro-resolving mediators; ANXA1: Annexin A1; FPR: formyl peptide receptors.

Table 2. Categorization of articles selected by the main authors, journal, design and study target. São José-SC—Brazil, 2021.

Authors Journal/Year Study Design Study Target

Motohashi et al. [26] Biomed Pharmacother, 2005
Experimental—treatment with LXA4

FPR2/ALX
Cross-sectional

Chen et al. [27] Eur J Obstet Gynecol Reprod Biol,
2009

In vitro: ESC culture—treatment with LXA4 and
IL-β LXA4

Chen et al. [28] Fertil Steril, 2010 Experimental—treatment with LXA4 LXA4

Xu et al. [29] Am J Reprod Immunol, 2012 Experimental—treatment with LXA4 LXA4

Gori et al. [30] Fertil Steril, 2013
Cross-sectional

LXA4
In vitro: ESC culture—treatment with LXA4

Wu et al. [19] British J Pharmacol, 2014

Experimental—treatment with LXA4 LXA4

In vitro: Endometrioma culture—treatment with
LXA4, Boc-2 and IL-1β LXA4 and FPR2/ALX

Cross-sectional

Chen et al. [31] Fertil Steril, 2014
In vitro: ESC culture—treatment with LXA4

LXA4
Cross-sectional

Kumar et al. [32] PloS ONE, 2014 Experimental—treatment with LXA4 LXA4 and FPR2/ALX

Sobel et al. [33] Front Endocrinol, 2016 In vitro: ESC culture—treatment with LXA4 and E2 LXA4

Wu et al. [34] J Obst Gynaecol Res, 2017 In vitro: ESC culture—treatment with LXA4 and
IL-1β LXA4

Wu et al. [6] Reprod Sci, 2017
Experimental—treatment with LXA4 and Boc-2

LXA4 and FPR2/ALXIn vitro: Endometrioma culture—treatment with
LXA4, Boc-2 and E2

Dai et al. [35] Reprod Sci, 2019
Experimental—treatment with LXA4 and Boc-2

LXA4 and FPR2/ALXIn vitro: Endometrioma culture—treatment with
LXA4, MAPK inhibitor and IL-1β

Li et al. [36] Chin Med J, 2008 Cross-sectional ANXA1

Rasheed et al. [37] J Stem Cel Regen Med, 2010 In vitro: stem cell culture ANXA1

Paula Jr et al. [38] J Mol Hist, 2015 Cross-sectional ANXA1 and FPR1

Volpato et al. [39] J Reprod Immunol, 2018 Cross-sectional ANXA1 and FPR2/ALX

Tomio et al. [40] PloS ONE, 2013 Experimental RvE2

Dmitrieva et al. [41] Fertil Steril, 2014 Experimental RvD1

3.1. Methods Used in the Studies Reviewed
3.1.1. Experimental Studies: Methods to Induce and Evaluate Endometriosis

In experimental studies, endometriosis is induced in mice with transplantation of
endometrial fragments in the peritoneal cavity by autologous or heterologous transplanta-
tion of the uterine horns. The endometrium-rich fragments are obtained by removing the
uterine corn from the donor or through minor surgery to collect endometrial tissue and
transplant it in the same animal. The fragments are injected or implanted in the recipient
animals’ peritoneal cavity. The animals have randomly grouped accordingly: those submit-
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ted to endometriosis that received treatment, those submitted to endometriosis without
treatment and a control group not submitted to experimental endometriosis. Following the
treatment with the respective mediator, the mice are sacrificed or re-operated to assess the
lesions and collect the tissue to measure the intervention effects [7,19,26,28,29,32,35,40,41].

Some studies have also carried out hormonal stimulation of endometrial lesions
with estrogen administration [29] or estrogen and 17-OH-progesterone [26]. In Tomio
et al. investigation, donor and recipient were oophorectomized and stimulated with
estrogen [31]. In addition, researchers have used vaginal cytology in mice to define
its estrous cycle stage [27–29,41]. Further, Dmitrieva et al. injected Evans Blue dye to
assess leakage in endometrial lesions and implant a telemetric probe to analyze vaginal
nociception in mice [30].

3.1.2. In Vitro Studies

In vitro studies were carried out using primary endometriotic stromal cells (ESCs) col-
lected and isolated from endometriotic lesions or cells from patients’ eutopic endometrium
endometriosis diagnosed by surgery and histological process. The disease stage was es-
tablished according to the American Society for Reproductive Medicine (ASRM). Control
group patients were confirmed with the absence of endometriosis; tissue cells from the
peritoneal cavity were collected when operated due to other reasons. In these studies,
patients were at least 3–6 months without hormonal or anti-inflammatory treatment. ESCs
were treated in cell culture with the mediator under investigation, and the evaluation
was carried out through several types of laboratory analysis [7,19,30,31,33–35]. Rasheed
et al. analyzed in vitro halogenic stem cells by adding serum from patients diagnosed with
endometriosis to evaluate cell differentiation and the expression of ANXA1 [37].

3.1.3. Cross-Sectional Studies in Humans

Cross-sectional studies evaluated biopsies of endometrial lesions and peritoneal fluid
in patients with endometriosis who underwent surgery. The disease stage was classified
according to criteria established by the ASRM. Additionally, patients in the control group
were confirmed with the absence of endometriosis and tissue cells from the peritoneal
cavity collected when operated on due to other reasons. Then, the study was conducted
based on an analysis of different types of laboratory exams [26,31,36–39].

3.2. PRM and Endometriosis
3.2.1. Lipoxin A4
LXA4 Inhibits the Progression of Endometrial Lesions in Experimental Studies

According to the studies evaluated here, treatment with LXA4 or the analog 15-
epi-LXA4 performed according to the experimental model previously mentioned does
not alter the mice’s estrous cycle or ovarian function. Therefore, it does not prevent the
development of endometriosis [27–29]. However, it inhibits established lesions’ progression
by significantly reducing endometriotic lesions’ size and weight that histologically present a
rudimentary architecture, with less glandular and stromal development [7,19,27–29,32,35].

LXA4 Attenuates Pro-Inflammatory and Angiogenic Effects Associated with Endometriosis

Evidence shows that LXA4 attenuates pro-inflammatory and angiogenic effects as-
sociated with endometriosis. In an experimental study, LXA4 reduced the expression of
COX-2 [32,35] and PGE2 levels in endometriotic lesions and peritoneal fluid cells [32].
LXA4 reduced pro-inflammatory cytokines in lesions, ESCs and peritoneal fluid cells dur-
ing in vivo and in vitro experiments. Among the studied cytokines, treatment with LXA4
reduced the expression of interleukine 1β (IL-1β), interleukin 6 (IL-6), interleukin 10 (IL-
10), interleukin 16 (IL-16), vascular endothelial growth factor (VEGF), TNF, transforming
growth factor (TGF)-β1 and TGF-β2 [19,27,29,31–33].
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LXA4 Suppresses MMP Activity, Proliferative Action and Cell Cycle Progression

In experimental models of endometriosis, evidence has shown that LXA4 suppresses
the activity of MMPs (MMP-9 and MMP-2) in endometrial lesions via the FPR2/ALX in
mice [7,28,29,32]. Treatment with LXA4 in vitro also inhibited the cell cycle’s progression
in ESCs, consequently attenuating the invasive and proliferative activity associated with
endometriotic lesions [19].

LXA4 Modulates the Expression of Estrogen Receptors

A cross-sectional study of ESCs has shown that treatment with LXA4 and E2 triggered
a higher ER-β expression and decreased pro-inflammatory signals. The authors suggest
that LXA4 may selectively modulate ER-β in ESCs. In addition, the human endometrium
analysis showed a strong positive correlation between the expression of LXA4 and ER-α.
In contrast, a negative correlation with ER-β was observed in an in vitro analysis. Further,
there was no association between LXA4 and the progesterone receptor (RP). Despite the
divergence, it is evident that LXA4 regulates ERs by attenuating E2-induced inflammatory
signaling pathways in addition to acting as an E2 receptor agonist [31].

LXA4 Suppresses Cell Signaling, p38 MAPK and ERK Phosphorylation Induced by
Estrogen in ESCs

Another in vitro effect elicited by LXA4 in ESCs is reducing E2-induced p38 MAPK
and ERK phosphorylation. Important, estradiol is known to stimulate the activity of
these enzymes. Additionally, E2-induced p38 MAPK phosphorylation is significantly
reduced in cells treated with E2 and LXA4, suggesting that LXA4 may inhibit endometriosis
development by this route, probably through ERs [31]. Further, the inhibition of E2-
induced p38 MAPK and ERK phosphorylation is mediated by the FPR2/ALX in vitro [7].
In a proteomic analysis, the combined treatment with E2 and LXA4 resulted in reduced
regulated proteins, with LXA4 mediating a suppressive effect on E2-mediated inflammatory
cell signaling [33].

LXA4 Suppresses E2-Induced Epithelial-Mesenchymal Transition

LXA4 suppressed E2-induced EMT of ESCs in vitro, reversing in a dose-dependent
manner the reduced expression of epithelial markers (E-cadherin) and the increased ex-
pression of mesenchymal markers (Vimentin, N-cadherin and Zinc Finger E-box-binding
homeobox 1 (ZEB1)) induced by E2, thus preventing the progress, migration and invasion
promoted by endometriosis [7].

LXA4 Reduces p38 MAPK Phosphorylation, Cytokine Release and COX-2 Expression
Induced by Interleukin-1β in ESCs via FPR2/ALX

IL-1β is an important pro-inflammatory cytokine that stimulates other cytokines and
angiogenic factors. Important to note, LXA4 inhibited IL-1β-induced cytokine release,
additionally also inhibited IL-1β-induced p38 MAPK phosphorylation via FPR2/ALX in an
in vitro assay [19,35]. Further, LXA4 inhibited COX-2 expression induced by IL-1β in ESCs
through the FPR2/ALX modulation. According to Wu et al. in proteomic analysis, LXA4
can suppress proteins that facilitate IL-1β-induced migration and invasion in ESC [34].

LXA4 Attenuates MRP4 Expression in ESCs

Gori et al. first described the expression of MRP4 in the human endometrium, showing
increased peritoneal endometriotic lesions associated with high levels of PGE2 in the
peritoneal fluid. The same study showed that LXA4 significantly attenuated the expression
of MRP4 in vitro, thus disabling intracellular signals associated with inflammation in
endometriosis [30].
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3.2.2. Resolvins
Resolvin D1 (RvD1) Decreases Inflammatory Signs Associated with Endometriosis

The treatment with RvD1 and the analog 17(R)-RvD1 decreased the inflammatory
signs of vascular permeability and neurogenic activity as reflected by the significant
reduction of Evans Blue dye leakage in ectopic lesions in mice submitted to the experimental
model previously mentioned. Moreover, RvD1 effectively reduced vaginal hyperalgesia in
mice, proving its potential to relieve abnormal endometriosis-related pelvic pain [41].

Resolvin E3 (RvE3) Inhibits the Progression of Endometriosis

In an experimental study, 15/12-LOX-KO mice (animals with 15/12 lipoxygenase en-
zyme deficiency) and wild mice submitted to endometriosis received oral EPA to investigate
the effects of 12/15-LOX-related mediators in endometriotic lesions and compared with
wild mice subjected to endometriosis which did not receive oral EPA. The administration of
EPA significantly decreased the number of endometriotic lesions in wild mice, although the
suppressive effect of EPA on the development of endometriotic lesions was not observed
in 12/15-LOX-KO mice. In addition, the number of endometriotic lesions was similar in
12/15-LOX-KO mice treated or not with EPA. Interestingly, the EPA-derived bioactive
mediator 18S/R-RvE3, which was biosynthesized from 18-HEPE (hydroxyicosapentaenoic
acid) by 15/12-LOX was increased in the peritoneal fluid of wild mice following the ad-
ministration of EPA. However, this increase was not observed in 12/15-LOX-KO mice,
suggesting that RvE3 may be involved in modulating endometriotic lesions [40].

3.2.3. Annexin A1
Expression of ANXA1 Protein in Endometriosis

Cross-sectional studies have assessed the role of ANXA1 in the pathogenesis of
endometriosis in humans. It was shown that its expression is more significant in the
endometrium of women with endometriosis [36] and higher in endometriotic lesions
(abdominal wall endometrioma). Furthermore, the high levels correlate with morphological
changes in this tissue, suggesting that ANXA1 may be involved in cell differentiation and
proliferation [38]. However, these data are inconsistent since another study showed a
reduced expression of ANXA1 in patients with endometriosis, suggesting that this decrease
can facilitate the inflammatory process [39]. In this sense, the lack of studies to better assess
the role of ANXA1 and its pathways in endometriosis is evidenced.

ANXA1 as Endometriosis Inducing Factors

The involvement of predisposing factors in endometriosis was investigated by adding
the serum of patients with endometriosis into halogenic stem cells. Most of these cells
showed morphological changes that resembled endometrial cells and glands, and this
differentiation was more intense and faster, the more significant the severity of endometrio-
sis. In addition, differentiated cells expressed ANXA1. These data reveal that there may
be inducing factors in women’s blood with endometriosis, highlighting a new theory in
endometriosis’s pathogenesis. However, further studies are needed to ratify this and help
decipher this substance’s nature and its molecular composition [37].

3.2.4. FPR2/ALX Receptor
Expression of FPR2/ALX in Endometriosis

According to the literature, in experimental endometriosis, the expression of FPR2/ALX
is more significant in the endometrium and uterus than in the ovary. In addition, this
expression is increased in the proestral phase (which corresponds to the ovarian follicular
phase) and decreased in the estrous phase (corresponding to the ovulatory stage). In
parallel, progesterone administration as 17-OH-progesterone also reduced the expression
of FPR2/ALX. Furthermore, in both cross-sectional analysis of endometriosis in humans
and experimental endometriosis induced in mice, the FPR2/ALX expression was more
significant in endometrial lesions than topical endometrium. These data suggest that
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this receptor is more expressed in women with endometriosis and even more critical in
endometriotic lesions, in addition to being regulated by estrogen and progesterone [26].

4. Conclusions

The pro-resolving mediators of inflammation represent potent endogenous factors,
allowing the host tissue to maintain homeostasis and prevent chronic inflammatory dis-
eases. Currently, the treatment of endometriosis includes hormonal and anti-inflammatory
therapies. However, these therapies are limited due to the high cost, side effects and
recurrence of the disease after discontinuing treatment. Among the mediators, LXA4 is the
most studied, acting positively in several aspects related to endometriosis progression and
maintenance.

According to the reviewed literature, we believe that there is still a knowledge gap
regarding the PRM pathways in patients with endometriosis. It is important to note that
these substances’ therapeutic potential is evident since the immune response and abnormal
inflammatory responses play an essential role in developing, maintaining and progressing
this chronic disease.
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Abstract: Endometriosis (EM) is an estrogen-dependent disease characterized by the presence of
epithelial, stromal, and smooth muscle cells outside the uterine cavity. It is a chronic and debilitating
condition affecting ~10% of women. EM is characterized by infertility and pain, such as dysmenor-
rhea, chronic pelvic pain, dyspareunia, dysuria, and dyschezia. Although EM was first described in
1860, its aetiology and pathogenesis remain uncertain. Recent evidence demonstrates that the periph-
eral nervous system plays an important role in the pathophysiology of this disease. Sensory nerves,
which surround and innervate endometriotic lesions, not only drive the chronic and debilitating pain
associated with EM but also contribute to a growth phenotype by secreting neurotrophic factors and
interacting with surrounding immune cells. Here we review the role that peripheral nerves play in
driving and maintaining endometriotic lesions. A better understanding of the role of this system, as
well as its interactions with immune cells, will unearth novel disease-relevant pathways and targets,
providing new therapeutics and better-tailored treatment options.

Keywords: endometriosis; neurogenic inflammation; neuroimmune modulation; nerve signalling;
peripheral nerve; inflammation; non-hormonal treatment

1. Introduction

Endometriosis (EM) is an estrogen-dependent benign, chronic inflammatory disease
affecting up to 10 to 15% of reproductive-aged women [1–3]. It is associated with a
significant societal and economic burden that costs the US economy USD 22 billion annually
in lost productivity and direct healthcare costs [3–6]. The main symptoms of EM include
dysmenorrhea, dyspareunia, dyschezia, dysuria, noncyclic chronic pelvic pain, and primary
or secondary fertility problems [7–9].

EM is a disease of the uterine tissues (epithelium, stroma, and smooth muscle cells)
that leads to ectopic colonization by detachment/desquamation of basal endometrial
stem cells during menstruation or by infiltration into the myometrium [10–12]. Even if the
pathogenesis is unclear, over the last 20 years, our understanding of the mechanisms driving
EM lesion growth and pain presentation has evolved (Figure 1). Significant advances
have been made in understanding how estrogen drives tissue pathology, resulting in
aberrant inflammatory and neuronal states, and promoting the invasion of lesions into the
surrounding tissues [13].

In this review, we summarize the role of neurogenic inflammation in endometriotic
pain. A better understanding of the role of the peripheral nerve system, as well as its
interactions with immune cells, will unearth novel disease-relevant pathways and targets,
providing new therapeutics and better-tailored treatment options.
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Figure 1. Main pathways involved in the pathogenesis of inflammatory pain in endometriosis. Endometrial fragments
in the peritoneum lead to peritoneal inflammation. The same immune response is seen at endometriotic lesions, where
the increased production of cytokines, chemokines, growth factors and immune cells also contributes to an enhanced
inflammatory environment present in the peritoneal cavity of women with EM. Of these inflammatory mediators, PGE2,
tumour necrosis factor-α (TNFα), nerve growth factor (NGF), RANTES and interleukins are also able to stimulate sensory
nerve endings and activate a positive feedback loop, further increasing proinflammatory modulator production. The
expression of pain receptors is also increased in EM patients’ nerve fibres. The enhanced stimulation and activation of
peripheral nerve endings in the peritoneal cavity increase the painful stimuli, initiating and maintaining chronic pelvic pain.

2. Patient Presentation, Diagnosis and Current Treatments

There are various symptom patterns and different patient cohorts due to the different
kinds of lesions, organs affected, size and diversity of the patient population [14–16]. Addi-
tionally, non-specific complaints may lead to consultations of various medical disciplines,
delaying the diagnosis. An, on average, 10-year-long delay after the onset of symptoms
in diagnosis is common [14,15]. After all, more than 60% of those diagnosed with EM
report that their complaints started before the age of 20. Furthermore, there is a clear
correlation between the duration, the intensity of the complaints, and the extent of the EM
manifestations [14,17].

EM remains a clinically suggested diagnosis and is only definitively diagnosed after
surgical exploration yields pathologically confirmed EM. Pathologic examination will
demonstrate ectopic endometrial-like tissue outside of the uterus containing endometrial
epithelium, glands, or stroma, or hemosiderin-laden macrophages (Mϕ) [18]. Imaging tech-
niques such as transvaginal sonography and magnetic resonance imaging may be utilized
to aid diagnosis but the methodical limitations should be taken into consideration [19,20].
So far, there are no validated biomarkers for diagnosis or therapy monitoring [21].
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After diagnosis, EM patients have three classes of treatments available to them: (i)
analgesics to manage symptoms, (ii) hormonal therapies designed to inhibit estrogen-
dependent growth of lesions, or (iii) surgical ablation/excision of lesions [14]. Beyond
medical treatment, many women also find symptom relief during pregnancy/breastfeeding
or after menopause [22].

3. Pathophysiology of Endometriosis Related Pain

Pain has been defined as a “complex constellation of unpleasant sensory, emotional
and cognitive experiences provoked by real or perceived tissue damage and manifested by
certain autonomic, psychological, and behavioural reactions” [23]. For the perception of
pain, a biochemical signal (1) is converted into a neural signal (2) (sensitization of sensory
nerve fibres via activation of the nociceptors). At the spinal level, this signal is modulated
(3) and referred (attenuated/amplified) to the brain, where the pain perception occurs
(4). Steps one and two are called peripheral sensitization and three and four are central
sensitizations [14,16].

If severe EM-associated pelvic pain remains untreated, it will recur monthly. Initially,
the pain is perceived cyclically (hormonal-dependent pain) reflecting the classical noci-
ceptive inflammatory pain. If this pain occurs repeatedly, such as monthly, the body’s
warning signals take effect, and it is classified as threatening. At this point, the modulation
at the spinal level does not regulate it down but rather increases it (hormonal-independent
pain). The release of neurotransmitters is altered and several modulating mechanisms are
set in motion: the nociceptive field is expanded and EM symptoms such as dysuria and
dyschezia may occur [24].

Increasing pain frightens the person experiencing it and makes pain processing more
difficult. Severe cramps, accompanied by vegetative reactions, lead the patient to adopt
a pain-relieving posture. However, this leads to a reflex contraction of the pelvic floor
muscles and eventually to pelvic floor dysfunction. This increases the experienced pain and
is known to lead to dyspareunia [25]. Fear of pain during intercourse can strongly influence
the ability to relax and the disorder manifests itself. Changes at the central level develop
and the patients have an increased risk of developing complex chronic pain syndromes
with bladder dysfunction, irritable bowel syndrome, and vulvodynia [24]. This explains the
often severe pain that accompanies patients, even in the absence of pathological findings.

4. Neurogenic Inflammation

The concept of neurogenic inflammation was first postulated by Bayliss (1901) [26] and
stated that peripherally located nerve fibres caused vasodilation in the hind limbs of dogs
when stimulated by mechanical, chemical or thermal stimuli. This suggests that afferent
fibres could also fire in an antidromic direction. These local antidromic currents were
termed the “axon reflex” which is responsible for the vascular flare observed following
tissue injury. This activation of sensory neurones leads to an inflammatory response called
neurogenic inflammation [26]. This phenomenon is very well investigated in other chronic
pain conditions, such as asthma, rheumatoid arthritis, and inflammatory bowel disease, for
example. Here, we would like to show the increasing evidence of neurogenically derived
inflammatory mechanisms occurring in the EM.

In some EM patients, pain characterization shifts from the more cyclical into an
acyclical pattern (see Section 3). In this case, the ongoing activation of sensory nerve
fibres releases proinflammatory neuropeptides such as substance P (SP) and calcitonin
gene-related peptide (CGRP), both of which are found close to endometrial lesions [6,27].
Furthermore, activation of sensory afferent nerves might initiate the recruitment of mast
cells and, subsequently, the release of proinflammatory cytokines as TNFα, NGF, PGE2
and a variety of interleukins, such as IL-1β [28,29]. This inflammation encourages further
stimulation of locally circulating mast cells and Mϕ [30]. Different studies have shown
a high number of these cells in endometriotic lesions as well as an increased amount of
proinflammatory cytokines in the peritoneal fluid of EM patients [3,20,21,31–34]. This
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contributes to a chronic state of neurogenic inflammation. Increased levels of TNFα
and glycodelin correlate with central hyperexcitability in response to repeated electrical
stimulation and altered pain response to nociceptive withdrawal reflex [6]. The nociceptive
ion channel TRPV1 showed elevated expression on infiltrating adhesions in EM patients,
the increase correlating with pain intensity [35–37].

Taken together, elevated expression and activation of nociceptors and elevated levels
of neuropeptides, other proinflammatory chemicals and cytokines imply that neuroinflam-
matory processes are present in the central nervous system in EM.

5. Neuroimmunomodulation in Endometriosis
5.1. Neuro Fibres and Neurotransmitters

Important work over the past years has been performed to understand the mech-
anisms by which endometriotic lesions induce pain, the primary symptom of patients.
Much of this effort has focused on understanding the extent and type of nerves present
in endometriotic lesions compared to surrounding tissues. The presence of nerves in
endometriotic lesions has been confirmed. In humans, murine models and rat models,
ectopic endometrium implants develop sympathetic, parasympathetic, and sensory nerve
fibres [24,25,38]. An imbalance in the distribution of sensitive and sympathetic nerve fibres
in peritoneal EM lesions in favour of the sensitive nerve fibres of 4:1 has been observed [38].
In the peritoneum of patients without EM, on the other hand, the ratio of sensitive nerve
fibres to sympathetic nerve fibres is 1:5. An inverse ratio of the nerve fibres to one another
is evident in EM-aged tissue. In line with these data, similar results were also found in
intestinal EM [39]. The sympathetic innervation in the intestinal wall, in particular, speaks
for influence on the pathogenesis mechanisms, especially since patients with intestinal
infection often complain about functional intestinal disorders. The total nerve fibre density
is reduced in the periphery of the peritoneal lesion (an area more than 4 mm away from
the actual endometrial lesion), most likely due to a reduced number of sympathetic nerves
fibres [38].

The neurotransmitters norepinephrine, adenosine, neuropeptide Y (NPY), substance
P (SP), vasoactive intestinal peptide (VIP), and endogenous opioids of the different nerve
fibre types exert different effects on inflammatory processes by binding to specific receptors
of the immune cells. Furthermore, nerve fibres seem to play an immunomodulatory
role [40,41]. The expression of neurotransmitter receptors is not evenly distributed among
immune cells but appears to be dependent on the microenvironment [42–44]. Nerve fibres
communicate with immune cells in a synapse-like manner and thus modulate immune
cell function [45]. Both efferent (sympathetic and parasympathetic) and afferent (sensitive)
nerve fibres influence immune cells through the local release of neurotransmitters [40].

A recent study [46] showed that sensory nerve-derived neuropeptides SP and CGRP
facilitate epithelial–mesenchymal transition (EMT), fibroblast-to-myofibroblast transdif-
ferentiation (FMT) and further turn stromal cells into smooth muscle cells (SMCs) in EM,
yielding increased collagen production, elevated cellular contractility, and eventually fi-
brosis. Neutralization of their respective receptors, such as NK1R, RAMP-1 and CRLR,
however, abrogates these processes. More remarkably, they showed that lesional nerve
fibre density correlated with the lesional expression levels of the receptors, with the extent
of lesional fibrosis as well as the severity of pain in EM patients [46]. These data provide
strong evidence that sensory nerve fibres play a potent facilitatory role in expediting the
development and fibrogenesis of endometriotic lesions.

More and more data indicate that the peritoneal EM lesions in particular lead to the
release of neurotrophic substances into the peritoneal fluid. Significantly increased NGF
and NT-3 levels [47] and also estrogen levels [27] have been detected, especially in patients
with peritoneal lesions. In vitro analyses using a neuronal growth assay also demonstrated
the neuromodulatory properties of EM at the functional level. Peritoneal fluids from
patients with and without EM were incubated with sensitive and sympathetic ganglia. The
incubation with peritoneal fluid from patients with peritoneal EM showed a significantly
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increased sprouting of sensitive nerve fibres, but lower sprouting of sympathetic ones. The
peritoneal fluid of patients without EM, however, showed the exact opposite: sympathetic
nerve fibres were induced, while sensitive nerve fibres were inhibited. This reflects the
results of the changes associated with peritoneal EM and demonstrates serious changes in
peritoneal innervation, which are caused by EM, lead to far-reaching changes in the entire
peritoneal milieus, and may be the cause of the complex symptoms of the patients [48].
Interactions between endometrial lesions, nerve fibres, and immune cells are considered to
be essential factors in these changes.

5.2. Semaphorins and Neuromodulation

The semaphorin family of proteins includes many secreted and membrane-associated
proteins. There are approximately 20 distinct members in higher vertebrates, and all contain
the family’s signature semaphorin domain, a ~500 amino acid N-terminal that is the key
extracellular signalling domain of these proteins. Semaphorins act as nerverepulsive
factors that become extracellularly effective through a specific repulsive influence on
either sympathetic or primary afferent sensitive fibres through various surface receptors,
neuropilin-1 (Nrp1), and neuropilin-2 (Nrp2) [49,50].

In normal human endometrial tissue, the expression of many semaphorins is upregu-
lated in the proliferative stage of the menstrual cycle, when estrogen is at its highest [39].
Estrogen has been found to induce the expression of semaphorins in uterine tissue [51].
Semaphorins 3C and 3F (Sema 3C and Sema 3F, respectively), in particular, are known
as nerve repellent factors and are upregulated in EM-associated Mϕ in rat and mouse
models [51,52]. In women with EM, studies revealed an affected innervation and a signif-
icant increase of Sema 3C and 3F and their receptors in peritoneal endometriotic tissue.
Thereby, the expression of the receptors was identified on the membrane of noradrenergic
nerve fibres and vessels. Mϕ and activated fibroblasts were found in higher density levels
and additionally express semaphorins in peritoneal endometriotic tissue. Inflammation
leads to an increased release of immune cells, which secrete a variety of inflammatory
factors capable of affecting innervation. Therefore, these data suggest that the chronic
inflammatory condition in EM might contribute to the increase of semaphorins, which
could affect the innervation in peritoneal EM [53,54].

6. Pain Receptors in Endometriosis-Associated Nerve Fibres

The understanding of pain generation, as this is the main problem in EM patients, is of
great importance: the ectopic lesions themselves release pain mediators and activate noci-
ceptors (transduction and transmission). In most cases, this is strongly estrogen-dependent
and leads to cyclical nociceptive pain (dysmenorrhoea and cyclical pelvic pain), which
is treated by hormones or non-steroidal antiphlogistics (NSAP). However, with ongoing
disease, the cyclical pain characterization shifts into an acyclical chronic pain (pain devel-
opment under hormonal treatment, NSDAP resistant pain, increasing pain severity) [55,56].
We analyzed this phenomenon in nearly 100 patients with acyclical pain under hormonal
treatment and found it in 100% of the peritoneal ectopic lesions with extended inflamma-
tory reactions [16]. This phenomenon might especially be due to neurogenic inflammation
and activation of peripheral sensory nerve fibres. The peripheral sensitization seems to be
stressed and for this, the development of non-hormonal anti-inflammatory compounds is
of great interest. So, besides the understanding of the inflammatory reaction, the peripheral
sensitization of nerve fibres is also of great importance.

6.1. Purinergic Receptors

In acute and chronic pain models, small- and medium-diameter sensory neurons,
which express transient receptor vanilloid-1 (TRPV1) channels and/or adenosine triphos-
phate (ATP)-gated P2X3 receptors, are the important pain transducers of noxious stim-
uli [57]. In women with EM, TRPV1 receptor expression has been demonstrated to be
elevated in endometriotic lesions and correlated with pain [36,37,57].
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Purinergic receptors are ligand-gated ion channels that are expressed in sensory neu-
rons which can be activated by adenosine triphosphate (ATP). P2X3 is one such purinergic
receptor. In women with EM, ATP released during retrograde menstruation and due to
mechanical stretch from endometriotic adhesions or fibrotic scar tissue could potentially
activate P2X3 receptors, leading to neuronal hypersensitivity and pain [58]. Indeed, its
expression in the endometrium of women with EM was significantly higher compared
to control endometrium and interestingly was also correlated with the severity of pain
reported [58,59]. Current interest in targeting P2X3 in EM is high, with multiple pharma-
ceutical companies having initiated drug programs, one of which has begun to enter Phase
IIb clinical trials (NCT04614246).

6.2. Opioid Receptors

The endogenous opioid peptides (EOPs) are derived from proopiomelanocortin
(POMC), proenkephalin (PENK), and prodynorphin (PDYN) precursors and exert their
effects by binding to the G-protein-coupled receptors δ-opioid receptor (DOR), κ-opioid
receptor (KOR), µ-opioid receptor (MOR), and nociceptin/orphanin FQ opioid peptide
receptor (NOP) [59,60]. The peripheral opioid system plays a crucial role in inflammatory
reactions and neurogenic inflammation since this system is activated and modulated by in-
flammation. During this process, analgetic factors such as anti-inflammatory cytokines and
opioid peptides are released, promoting antinociceptive actions. In chronic inflammation,
the release of anti-inflammatory mediators and opioid peptides is decreased, improving
the perpetuation of inflammation. Since EM is a chronic inflammatory disease with a
disturbing pain mediation and analgesia, disruption in the expression of opioid peptides or
opioid receptors might be involved in the inflammatory condition and pain pathogenesis in
this disease and alterations in the expression of those receptors and their respective ligands
should be urgently investigated. Indeed, the mRNA of three opioid peptide precursors has
been described in the endometrium [61]. Finally, DOR and KOR have been described in
Ishikawa human endometrial cells, while MOR is absent [62,63]; in fact, MOR has been
localized only in the uterine luminal epithelium cells of the pregnant mouse [64] and in
EM stromal cells [65–67]. NOP has not been tested. The proven presence of most of the
compounds of the opioid system in the endometrium denotes the role of this system in
processes occurring in the endometrium, including EM.

6.3. Endocannabinoid Receptors

The first biologically active component of cannabis was identified in the 1960s as
delta-9-tetrahydrocannabinol (THC), a potent drug classified as a sedative-hypnotic. This
was followed by the discovery of two cannabinoid receptors, cannabinoid receptor 1
(CB1R) and cannabinoid receptor 2 (CB2R), in the early 1990s. Both are G-protein-coupled
receptors and serve as the primary sites of action for THC. Together, they are involved
in the major neuromodulatory endocannabinoid system (ECS), whose primary goal is to
promote homeostasis [68]. The ECS is widespread, and CB1Rs are found throughout the
central nervous system and some peripheral tissues, while CB2Rs are primarily found
in peripheral tissues and immune cells [69]. Cannabinoids act on receptors other than
CB1R and CB1R. They modulate transient receptor potential (TRP) channels, including
TRP vanilloid (TRPV) channels, which are involved in neuropathic pain signals in EM [70].

There is a broad range of mechanisms by which cannabinoids modulate pain, and
given the high impact of EM on women’s quality of life such as the high prevalence of EM,
cannabinoid-mediated effects on EM-related pain have become a subject of inquiry [68,69].

Different categories of EM pain may be modulated by cannabinoids [71,72]. There is
evidence that a disruption of the normal ECS potentiates pain in EM patients. In women
with EM, decreased CB1R expression compared to controls and increased anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) expression, both endogenous ligands of the
CB1R and CB2R, are consistent with a negative feedback loop that is permissive of inflam-
mation [68].
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In vitro studies have shown that exogenous cannabinoids could correct these dys-
regulations. When endometrial cells were treated with cannabinoid agonist WIN 5512-2,
the result was decreased cell proliferation, decreased reactive oxygen species production,
and reduction in alpha-smooth muscle actin expression, lending supporting evidence to
the anti-inflammatory effects of cannabinoids [73]. Bilgic et al. [74] also found that CB1R
and CB2R expressions are decreased in EM tissue compared to control, with concurrently
decreased apoptosis indexes. The same study found that exposure of EM tissue to CB1R
and CB2 agonists resulted in pro-apoptotic effects. However, animal model studies have
shown divergent results. A nude mouse model of transplanted human deep infiltrating EM
confirmed the antiproliferative effects of cannabinoids on the growth of deep infiltrating
lesions [64]. In contrast, in a mouse analogue of early-stage EM, the activation resulted in
an increased disease burden [75]. The complexity of the ECS superimposed on the two
different mouse models used may account for the different results [76].

Endocannabinoids have also been shown to trigger endometrial cell migration [77].
Moreover, CB1Rs have been found on the sensory and sympathetic neurons innervating
EM lesions [78]. Given the above role of the ECS in the EM modulation, cannabinoids have
been proposed as a putative therapy. In fact, an Australian cross-sectional survey showed
that self-management strategies were very common in EM patients and that cannabis and
cannabis products were among the most effective at pain reduction [79].

7. Endometriosis and Inflammation

Menstruation is an inflammatory process characterized by an increase in a variety
of tissue-resident immune cells. A complex interaction between resident immune cells
and uterine stromal cells modulates the biosynthesis and release of pro-inflammatory
cytokines, chemokines, and prostaglandins (PGs), resulting in local vasoconstriction [3,6].
When retrograde menstruation occurs, endometrial fragments adhere and form lesions
within the peritoneum. During this process, inflammatory cells are recruited to the le-
sions. This immune response is evident at lesion sites, with increased inflammatory
cytokines/chemokines, growth factors, neutrophils and PGs found within the peritoneal
cavity of EM patients [3,6,20,80,81].

Since EM is considered a chronic inflammatory disorder, the neuromodulatory mech-
anisms of the EM-associated immune cell infiltrate (EMaICI) need to be considered. In
all investigated types of EM, immune cell infiltrates were observed and characterized
as a mixture of several immunocompetent cells (T cells, B cells, and Mϕ) [31,82,83]. In
endometriotic lesions and also in eutopic endometrial tissue of EM patients, the numbers
of EMaICI were significantly higher than in control tissue and seem to be associated with a
chronic inflammatory process [84]. EMaICI were observed and characterized in all the types
of EM by our group as T lymphocytes (CD3+), helper T lymphocytes (CD4+), cytotoxic
T lymphocytes (CD8+), antigen-experienced T lymphocytes “memory cells” (CD45RO+),
macrophages (CD68+), and B lymphocytes (CD20+) [85]. The characterization of various
types of immunocompetent cells in EMaICI demonstrated several distinct immunological
reactions within the microenvironment of different endometriotic lesions.

Dendritic cells (DC), Mϕ, mast cells (MC) and neutrophils play a central role in
chronic inflammatory diseases [32,86,87]. Under normal conditions, immature DCs mature
and travel to the lymph nodes in response to foreign antigens or other inflammatory
signals, where the antigens are presented to T cells. However, the maturation of DCs
declines in EM, with it being hypothesized that immunological components form part
of the antigen capture and/or presentation activity. This process might be altered in
the endometrium of women with EM. Consequently, EM-circulating anti-endometrial
antibodies could mask endometrial antigens. As a result, endometrial antigens might not
be effectively recognized, with lost endometrial fragments remaining, potentially leading
to ectopic establishment [83,88,89].

Mϕ are abundantly recruited to lesions of EM after activation by certain chemokines
and cytokines. These cells can release different types of inflammatory substances, creating
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an inflammatory microenvironment that contributes to the establishment and growth of
endometriotic lesions. In turn, these changes can induce the Mϕ recruitment and as a result,
form a vicious circle during the development of the disease [3]. Mϕ are classified as M1 Mϕ,
which exhibit proinflammatory activity, and M2 Mϕ, which provide an anti-inflammatory
environment and are capable of remodelling tissue through pro-fibrotic activity. In the
context of EM, the differentiation between M1 and M2 Mϕ seems to be shifted in favour of
M2 in EM and this is particularly important since M2 Mϕ are more immunologically toler-
ant [20,30,90]. It has been reported that endogenous Mϕ are involved in tissue remodelling
during the development of EM, and the M2 Mϕ, in particular, is required for the growth
of ectopic lesions in a mouse model [30]. More recently, two independent groups found a
decrease in the percentage of M1 and an increase in M2 Mϕ in peritoneal washings of EM
patients, especially those with advanced disease (stages III–IV) [91,92].

MCs are known to be key players of the immune system, especially during allergic
reactions. However, increasing evidence supports the involvement of these cells also in
the inflammatory process of EM. High numbers of degranulated MC have been found in
endometriotic lesions showing their influence on EM lesions in development, survival,
phenotype, and function via the regulation of other immune cells (monocytes/Mϕ, granu-
locytes, DC, and T-B lymphocytes) [31–34,93,94].

Neutrophils are considered simple foot soldiers of the innate immune system and are
undoubtedly the major effectors of acute inflammation. Several lines of evidence indicate
that they also contribute to chronic inflammatory conditions as well as adaptive immune
responses [95]. The infiltration of neutrophils into the peritoneal cavity is significantly
increased in EM patients compared with that in healthy women, especially in the early
stage of EM [96,97]. In EM, neutrophils in the abdominal cavity can secrete an effective
pro-angiogenic factor, VEGF, which is also increased in the PF in the EM. As a result,
neutrophils may support the growth of endometriotic lesions by secreting VEGF. Moreover,
there may be some other nonclassical factors secreted by neutrophils that can promote
inflammation and neovascularization in EM [97].

Aberrant expression of several cytokines by inflammatory cells, such as IL-1, IL-
4, IL-6, IL-8, IL-10, IL-33, TNFα and growth factors, e.g., transforming growth factor
(TGF-β), insulin-like growth factor (IGF-1), hepatocyte growth factor (HGF), epidermal
growth factor (EGF), platelet-derived growth factor (PDGF), and vascular endothelial
growth factor (VEGF), have been reported in EM [89,98]. Indeed, cytokines such as IL-8
and TNF-α are known to promote endometrial cell proliferation, endometrial adhesion,
and angiogenesis. Furthermore, endometriotic lesions can induce the expression of PGs,
MCP1, glycodelin, and other inflammatory mediators [25,99]. Specifically, PGE2, PGF2α,
and TNF-α are produced and increased in the early stage; TNF-α, NGF, and IL-17 can
cause persistent inflammation; and PGE2, PGF2α, transforming growth factor-β (TGF-
β), glycodelin, and TNF-α can induce the sensation of pain [3,25,100]. A recent study
showed that cytokine analysis of PFs could differentiate women diagnosed and stratified
laparoscopically with ovarian endometrioma, peritoneal, or deep infiltrating EM. This
suggests that certain cytokine signatures could be driving different biological signalling
events and immune responses in these patients [101]. These inflammation-associated
substances act on inflammatory cells in turn. These retroactions lead to more inflammatory
cell recruitment in lesions with a subsequent alteration in the original peritoneal and pelvic
environments and the formation of a new inflammatory microenvironment. The growth,
implantation, infiltration, and migration of EM lesions occur subsequently and retroact
on inflammatory cells and substances. This vicious cycle contributes to the aggregation of
EM-associated inflammation [3].

8. Conclusions

Even if the pathophysiology of EM is not completely understood, it is well established
that the immune system plays a key role in this disease. Moreover, the peripheral and
central nervous systems are intimately involved in EM disease and symptomatology. No-
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ciceptor neurons possess many of the same molecular recognition pathways for danger
as immune cells and in response to danger, the peripheral nervous system directly com-
municates with the immune system, forming an integrated protective mechanism. The
dense innervation network of sensory and autonomic fibres in peripheral tissues and high
speed of neural transduction allows for rapid local and systemic neurogenic modulation of
immunity. Peripheral neurons also appear to play a significant role in immune dysfunction
in autoimmune and allergic diseases. The literature provides evidence for an overall het-
erogeneity in EM, rather than a standard approach. This strongly suggests a personalized
treatment approach based on aetiology and symptomatology. Current treatments, both
pharmacological and surgical, are addressed at providing symptom relief and are mainly
focused on complex pain management, without effective results for all patients. Several
studies are attempting to overcome these obstacles by identifying molecular targets to
develop new therapeutic approaches to improve the quality of life of affected women.
Once we put aside the paradigm of lesion-specific and cyclical inflammatory pain, further
areas will open up and increase the treatment opportunities in a multimodal approach.
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Abstract: Activation of trimethylation of histone 3 lysine 27 (H3K27me3) by EZH2, a compo-
nent of the Polycomb repressive complex 2 (PRC2), is suggested to play a role in endometriosis.
However, the mechanism by which this complex is dysregulated in endometriosis is not completely
understood. Here, using eutopic and ectopic tissues, as well as peritoneal fluid (PF) from IRB-
approved and consented patients with and without endometriosis, the expression of PRC2 complex
components, JARID2, miR-155 (known regulators of EZH2), and a key inflammatory modulator,
FOXP3, was measured. A higher expression of EZH2, H3K27me3, JARID2, and FOXP3 as well as
miR-155 was noted in both the patient tissues and in endometrial PF treated cells. Gain-or-loss of
function of miR-155 showed an effect on the PRC2 complex but had little effect on JARID2 expression,
suggesting alternate pathways. Chromatin immunoprecipitation followed by qPCR showed differen-
tial expression of PRC2 complex proteins and its associated binding partners in JARID2 vs. EZH2 pull
down assays. In particular, endometriotic PF treatment increased the expression of PHF19 (p = 0.0474),
a gene silencer and co-factor that promotes PRC2 interaction with its targets. Thus, these studies
have identified the potential novel crosstalk between miR-155-PRC2 complex-JARID2 and PHF19 in
endometriosis, providing an opportunity to test other epigenetic targets in endometriosis.

Keywords: endometriosis; epigenetics; EZH2; microRNA

1. Introduction

Endometriosis is defined by the presence of endometrial tissue in ectopic locations,
typically in or around the peritoneal cavity [1,2]. While the exact prevalence of endometrio-
sis is likely underrepresented, most sources cite that a minimum of 10% of women in their
reproductive years have this disease [3–5]. Primarily described as a hormonal disorder,
the pathogenesis of endometriosis has also been linked to immunological/inflammatory,
genetic, and environmental factors. More recently, the role of epigenetics in the develop-
ment and progression of this disorder has been investigated [6–12]. Epigenetic mechanisms
are heritable changes to one’s phenotype that are not associated with a change in nucleotide
sequence and include DNA methylation, post-translational modifications to histone pro-
teins, and often microRNAs [13,14].

In addition to heterochromatin-like protein 1 (HP-1), polycomb (PcG) and tritho-
rax (TrxG) complexes are at the heart of epigenetics. Responsible for maintaining gene
repression and activity, respectively [15], the latter two complexes function antagonis-
tically to establish epigenetic regulation [15]. Polycomb repressive complex 1 (PRC1),
polycomb repressive complex 2 (PRC2), and Pho repressive complex (PhoRC) all form
the PcG complexes, with the former two typically being the subject of extensive epige-
netic research. The Polycomb Repressive Complex 2 (PRC2) consists of four core proteins,
RbAp46/48, Embryonic Ectoderm Development (EED), Suppressor of Zeste 12 (SUZ12),
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and Enhancer of Zeste Homolog 2 (EZH2), the catalytic subunit of the PRC2 complex.
These components work together to regulate chromatin structure via tri-methylation of lysine
27 on histone 3 (H3K27me3) [16,17], which is also known to interact with PRC1. EED binds the
histone site while EZH2 methylates it, with the help of SUZ12 [18]. This modification leads to
the formation of closed chromatin structure (heterochromatin) and thus marks transcriptional
repression, as further demonstrated by the presence of other co-factors [19–21].

There is very little known about the mechanistic role of PRC2 complex and how
it is regulated in the endometriosis disease process. While an in vivo study showed
heightened expression of EZH2 and trimethylation of H3K27 in secretory endometrium
and endometriotic lesions [22,23], another cell culture study showed that inhibition of
PGE2 receptors EP3 and EP4 occur concurrently with decreased EZH2 expression [24],
supporting a role for PRC2 in endometriosis-associated pain.

It has been shown that the PRC2 complex (specifically EZH2) is, at least partly,
regulated by Jumonji and AT-Rich Interaction Domain Containing 2 (JARID2) [25], a mem-
ber of the largest family of histone demethylases, the jumonji family, where all but
JARID2 contain the catalytic JmjC domain responsible for histone demethylation [26,27].
Research has found that JARID2 is a cofactor for PRC2 [28]. Additionally, its methylation
by the PRC2 complex at K116 is part of a regulatory mechanism that controls the PRC2
enzymatic activity where the methylated JARID2 binds to the EED component of the PRC2
complex. This is required for efficient deposition of H3K27me3 during cell differentiation
and fine-tunes the PRC2 activity [29]. JARDI2 is thought to be crucial in the development
and progression of cancer. This is due to its cross-talk with EZH2 and PRC2 activity in em-
bryonic stem cells (ESC), as JARID2 is necessary for proper ESC differentiation [25,30,31].

JARID2 is suggested to be modulated by few mechanisms. For example, iron oxida-
tion, which occurs due to increased reactive oxygen species generation and known to be
present in excess in women with endometriosis, blocks the catalytic activity of JARID2 [32].
JARID2 is also a common target of microRNAs some of which have been identified by our
laboratory to be differentially expressed (miR-30b, miR-30c, miR-10a, miR-29a, miR-26a,
miR-148a, miR-181a, miR-30e) in endometriotic lesions compared to control tissues [33].
Palma et al. showed in acute lymphoid leukemia that miR-155-5p induced cell death via
a network of mechanisms, including regulation of cyclinD1 by JARID2 [34]. Other such
studies support the possibility that miR-155-5p could have been evolved to regulate PRC2
by tweaking JARID2 expression [35]. Interestingly, miR-155-5p is an established promoter
of inflammation via regulation of macrophages and cytokines [35–37]. Thus, targeting this
demethylase (JARID2) via modulators such as microRNAs, could be a novel method of
treatment for endometriosis.

miR-155 is highly expressed in regulatory T-cells (Tregs), where it is targeted by tran-
scription factor forkhead box P3 (FOXP3) [38]. Though limited in evidence, FOXP3 also
plays a role in the inflammatory aspect of endometriosis, which correlates with miR-155-5p
being a promoter of inflammation. The prevalence of FOXP3+ Tregs in an endometri-
otic environment during secretory phase prevent leukocyte recruitment to the sites of
endometriosis [39]. Additionally, peritoneal fluid (PF) from women with endometriosis has
a higher concentration of FOXP3-expressing TCD4+ CD25high cells than the PF of control
patients [40,41]. Other studies have also shown that FoxP3 is an inducer of miR-155 [42].

It is important to note that FOXP3 also has an indirect relationship with the EZH2
component of PRC2. Overexpression of the FOXP3 protein not only lessened the prolifera-
tive effects of EZH2, but also enhanced degradation of the EZH2 protein in breast cancer
models [43]. Conversely, there is evidence that trimethylation of H3K27 by EZH2 is capable
of silencing FOXP3 promoter regions, therefore leading to aberrant Treg cell differenti-
ation and function [44]. These studies suggest a complex interplay between epigenetic
mediators, PRC2 complex, miR-155-5p, JARID2 and the inflammatory mediator FOXP3.
In this study, it is hypothesized that the imbalance in this crosstalk triggers inflammatory
responses and possibly nociception in endometriosis. This current study investigated the
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crosstalk between these mediators in endometriotic patient tissues and in an endometriosis
cell model.

2. Results
2.1. PRC2 Complex and JARID2 mRNA and Protein Expression in Endometriotic Tissues

The endogenous expression of PRC2 complex proteins in endometriotic tissues were
first determined. qPCR was used to determine the mRNA expression of PRC2 components
SUZ12, EED, and EZH2 in eutopic tissue from women with no endometriosis (EuN,
n = 5) or women with endometriosis (EuE, n = 10) and ectopic tissue from women with
endometriosis (EcE, n = 6) (Figure 1A). When compared to the EuN tissues, expression of
all three PRC2 protein complex (SUZ12, EED and EZH2) and JARID2, was higher in both
the eutopic (EuE) and ectopic (EcE) tissue from endometriosis patients. Compared to EuN
tissues, SUZ12 levels increased close to 2-fold for EcE but was not significant, however there
was a significant increase in EED expression by 5.07-fold in EuE (p = 0.0153) and 7.13-fold
(p = 0.0067) in EcE. EZH2 expression was also increased 2.35-fold in the EuE and 3.10-fold
in the EcE but did not reach significance. Expression for JARID2 increased over 2-fold in
EcE tissues, but this was not significant.
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Figure 1. mRNA expression of PRC2 complex and JARID2 and miRNAs that target JARID2 in endometriotic tissues.
(A) Relative mRNA expression of polycomb repressor complex 2 (PRC2) elements and JARID2 in eutopic tissues from
control women, EuN (n = 5), or eutopic and ectopic tissues from women with endometriosis, EuE (n = 10) and EcE tissues
(n = 6). In general, these elements were upregulated in both eutopic and ectopic endo tissues compared to control tissue
with EED showing significant upregulation in both the eutopic (p = 0.0153) and ectopic (p = 0.0067). JARID2 expression was
higher in EcE. * p < 0.05, ** p < 0.01 when compared to EuN tissues. (B) Compared to control tissues (n = 7), expression of
miR-148a, miR-29a, and miR-155 (miRNAs that target JARID2) were all higher in endo tissues (both eutopic and ectopic,
n = 8).
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Protein expression was also determined using the automated Western blotting system,
WES. While EZH2 showed a significant increase of >7 fold (p = 0.0219) in EcE tissues compared
to EuN, no significant difference was seen in expression of H3K27me3 or JARID2 (Figure S1).
This lack of change in JARID2 expression might be attributed to its altered regulation.

2.2. miRNAs Targeting JARID2 in Endometriotic Tissues

The expression levels of miRNAs that regulate JARID2 was next determined in the
patient tissues. miRNA qPCR assays were used to measure expression of miR-148a,
miR-29a, and miR-155, which, among others, target JARID2 (Targetscan 7.1 and Ingenuity
Pathway Analysis Qiagen, Germantown, MD, USA). Interestingly, all three miRNAs were
overexpressed in both EuE and EcE tissues compared to EuN tissues (Figure 1B). Both miR-
148a and miR-155 showed an over 5-fold increase in expression for the EuE tissues and
were also shown to be induced more than 2.5–14-fold, respectively on EcE, while miR-29a
expression increased 2–4-fold with levels higher in EuE and EcE tissues.

2.3. PRC2 Complex mRNA and Protein Expression in PF Treated Endometrial Cells

Peritoneal cavity is one of the major sites for endometriotic lesions in women with
endometriosis [45,46]. These patients also exhibit larger volumes of PF rich in inflammatory
and nociceptive molecules [47,48]. Current theories propose a dynamic role for PF in
modulating the growth of endometriotic lesions, which might be epigenetically regulated
by the altered expression of certain miRNAs previously shown in endometriosis [49,50].
Whether PF from patients with and without endometriosis differentially regulated the
PRC2 complex proteins in endometrial cells was determined. For this, human endometrial
cells were exposed to 1% PF from women with (n = 13) or without endometriosis (n = 12)
for 48 h followed by the measurement of both mRNA and protein expression of PRC2
complex proteins using similar techniques as described for the endometriotic tissues.
Cells treated with both 1% control or endo PF had increased SUZ12, EED, and EZH2 mRNA
expression but none were shown to be statistically significant (Figure 2A). When protein
expression was determined using the automated Western Blotting system, WES, EZH2
showed no significant difference in expression levels when compared to the media control.
While H3K27me3 did show an upregulation of over 2-fold for endo PF treated cells, this was
not significant. (Figure 2B,C).
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Figure 2. mRNA and protein expression of PRC2 complex proteins in PF treated endometrial cells. (A) mRNA expression of
SUZ12, EED, and EZH2 in cells treated with control PF (n = 12) and endo PF (n = 13), relative to expression in a media control
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(p > 0.05). (B) Representative WES images and densitometric analysis for EZH2, and H3K27me3 in PF-treated cells.
(C) Relative protein expression of EZH2, and H3K27me3 in PF-treated cells was calculated in relation to a media control
and presented as a ratio in which media alone is 1.Densities of protein bands obtained were normalized to β-actin or H3.
It is to be noted that molecular weights of protein bands in automated WES system differs from the traditional Western
blotting, due to differences in technology.

2.4. JARID2 and miRNAs Targeting It in PF Treated Endometrial Cells

The expression of JARID2 in the peritoneal fluid treated endometrial cells was also
examined. While both the control and endo PF treated cells showed an increase in mRNA
expression of JARID2 when compared to media alone, neither was shown to be significant
(Figure 3A). Analysis of protein expression of JARID2 showed a significant upregulation
of expression when cells were treated with endo PF of 3.61-fold (p = 0.0027) and by about
2-fold compared to control PF (p = 0.0096) treated cells (Figure 3B,C).
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Next, it was assessed if the addition of the PF to the endometrial cells changed the 
expression levels of the miRNAs that regulates JARID2 levels. miR-148a and miR-29a 
showed a decrease in expression in both control and endo PF treated endometrial cells, 
while miR-29a showed a decrease in expression for the control PF treated cells but a slight 
increase in the endo PF treated cells. Surprisingly, but consistent with what was observed 
earlier in the EcE tissues, miR-155 showed an increase in expression in both control and 
endo PF treated cells, but no results were shown to be statistically significant. (Figure 4). 
This increase in miR-155 might have lowered the JARID2 expression.  

Figure 3. mRNA and protein expression of JARID2 in PF treated endometrial cells. (A) mRNA expression of JARID2
in cells treated with control PF (n = 12) and endo PF (n = 13), relative to expression in a media control (n = 6) (p > 0.05).
(B) Representative WES images and densitometric analysis for JARID2 in PF-treated cells. (C) Relative protein expression of
JARID2 in PF-treated cells was calculated in relation to a media control and presented as a ratio in which media alone is 1.
Significant upregulation of JARID2 of 3.61-fold was seen in the endo PF treated cells when compared to media alone cells
(p = 0.0027) and by about 2-fold compared to control PF (p = 0.0096) treated cells. ** significant difference (p < 0.01) when
compared to media alone. $$ Significant difference (p < 0.05) in mean compared to control PF. Densities of the protein bands
obtained were normalized to β-actin or H3. It is to be noted that molecular weights of protein bands in automated WES
system differs from the traditional Western blotting, due to differences in technology.

Next, it was assessed if the addition of the PF to the endometrial cells changed the
expression levels of the miRNAs that regulates JARID2 levels. miR-148a and miR-29a
showed a decrease in expression in both control and endo PF treated endometrial cells,
while miR-29a showed a decrease in expression for the control PF treated cells but a slight
increase in the endo PF treated cells. Surprisingly, but consistent with what was observed
earlier in the EcE tissues, miR-155 showed an increase in expression in both control and
endo PF treated cells, but no results were shown to be statistically significant. (Figure 4).
This increase in miR-155 might have lowered the JARID2 expression.

149



Int. J. Mol. Sci. 2021, 22, 3492Int. J. Mol. Sci. 2021, 22, 3492 6 of 19 
 

 

 
Figure 4. Expression of miRNAs that target JARID2 in PF treated endometrial cells. Compared to 
media control cells (n = 4), expression of miR-148a was shown to be lower in the endo PF treated 
cells while miR-155 and miR-29a was increased in expression but none were significant. control PF 
(n = 12), endo PF (n = 13). 

2.5. FOXP3 mRNA and Protein Expression in Endometrial Tissues and PF Treated Endometrial 
Cells 

With the knowledge that FOXP3 is a regulator of miR-155, the expression levels of 
FOXP3 in the endometrial tissues and in the PF treated endometrial cells were determined. 
qPCR showed that while the tissues from patients with endometriosis (EuE and EcE) were 
slightly upregulated compared to EuN, there was no significance between the expressions 
(Figure 5A). Relative protein expressions of FOXP3 are shown in Figure 5B. No significant 
difference was seen between the mean density of endo tissue and control tissue bands. 

FOXP3 mRNA expression in the endo PF treated cells were shown to be increased in 
expression but was not significant (Figure 5C). For protein expression using the auto-
mated Western blotting system, WES, FOXP3 was increased in cells treated with both con-
trol and endo PF, but a statistically significant change in expression was only shown with 
endo PF treatment (2.32-fold, p = 0.0493) (Figure 5D).  

 
Figure 5. mRNA and protein expression of FOXP3 in patient tissues and PF treated cells. (A) Rela-
tive mRNA expression of FOXP3 in EuN (n = 5), EuE (n = 10), and EcE (n = 6). Upregulation of the 
FOXP3 mRNA expression in the endometriotic patient tissues was observed but was not significant; 
(B) Relative protein expression of FOXP3 in EuE and EcE was calculated in relation to EuN. Down-

Figure 4. Expression of miRNAs that target JARID2 in PF treated endometrial cells. Compared to
media control cells (n = 4), expression of miR-148a was shown to be lower in the endo PF treated
cells while miR-155 and miR-29a was increased in expression but none were significant. control PF
(n = 12), endo PF (n = 13).

2.5. FOXP3 mRNA and Protein Expression in Endometrial Tissues and PF Treated
Endometrial Cells

With the knowledge that FOXP3 is a regulator of miR-155, the expression levels of
FOXP3 in the endometrial tissues and in the PF treated endometrial cells were determined.
qPCR showed that while the tissues from patients with endometriosis (EuE and EcE) were
slightly upregulated compared to EuN, there was no significance between the expressions
(Figure 5A). Relative protein expressions of FOXP3 are shown in Figure 5B. No significant
difference was seen between the mean density of endo tissue and control tissue bands.
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Figure 5. mRNA and protein expression of FOXP3 in patient tissues and PF treated cells. (A) Rela-
tive mRNA expression of FOXP3 in EuN (n = 5), EuE (n = 10), and EcE (n = 6). Upregulation of the
FOXP3 mRNA expression in the endometriotic patient tissues was observed but was not signifi-
cant; (B) Relative protein expression of FOXP3 in EuE and EcE was calculated in relation to EuN.
Down-regulation of EuE and EcE were seen when compared to EuN. For all comparisons made,
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p > 0.05. (C) mRNA expression of FOXP3 in cells treated with control PF (n = 12) and endo PF (n = 13),
relative to expression in a media control (p > 0.05). (D) Relative protein expression of FOXP3 in
PF-treated cells was calculated in relation to a media control and presented as a ratio, in which media
alone or EuN is 1. FOXP3 expression was 2.32-fold higher in endo PF (p = 0.0493) than in control
media alone treated cells. * p < 0.05. Densities of the protein bands obtained were normalized to
β-actin or H3.

FOXP3 mRNA expression in the endo PF treated cells were shown to be increased in
expression but was not significant (Figure 5C). For protein expression using the automated
Western blotting system, WES, FOXP3 was increased in cells treated with both control and
endo PF, but a statistically significant change in expression was only shown with endo PF
treatment (2.32-fold, p = 0.0493) (Figure 5D).

2.6. miR-155 Regulates PRC2 Complex and FOXP3

Since JARID2 and FOXP3 are targets of miR-155 and miR-155 was upregulated in
endometriotic tissues and PF treated cells, it was investigated if modulating miR-155 levels
using a mimic or inhibitor will alter these target genes. To test this, the expression of
JARID2, PRC2 complex and FOXP3 were determined in endometrial cells transfected with
a miR-155 mimic or inhibitor (antagonist). Transfection efficiency of miR-155 is shown
in Figure 6A. In cells transfected with the mimic, treatment with control PF increased
the expression of miR-155 by over 3-fold, compared to when treated with the inhibitor,
where the expression decreased below 0.50-fold. In contrast, in cells transfected with the
mimic, treatment with endo PF increased miR-155 expression by 1.5-fold but decreased
below 0.50-fold after treatment in cells transfected with the inhibitor. Upon PF treatment of
the cells transfected with the miR-155 mimic, there was minimal effect on JARID2 mRNA
expression (p > 0.05), but seemed to increase FOXP3 expression in cells treated with control
PF and even more so in cells treated with endo PF. In contrast, PF treatment of miR-155
inhibitor transfected cells had no major effect on JARID2 or FOXP3 mRNA expression
(Figure 6B,C).
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Western blotting analysis showed that overexpression of miR-155 resulted in signif-
icantly lower JARID2 protein expression in control PF-treated cells compared to endo PF-
treated cells (p = 0.0106). Neither EZH2 nor H2K27me3 protein expression showed any 
significant up or downregulation in cells overexpressing miR-155 (Figure 7A). In contrast, 
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Figure 6. Key mRNA levels in cells transfected with a miR-155 mimic and inhibitor. (A) Levels of miR-155 showing
transfection efficiency. (B) Transfection with a miR-155 mimic had little effect on JARID2 expression in PF-treated cells
(p > 0.05), (C) but seemed to increase FOXP3 expression in cells treated with control PF. Compared to control media,
the miR-155 inhibitor had no major effect on JARID2 or FOXP3 expression in PF treated cells.
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Western blotting analysis showed that overexpression of miR-155 resulted in signif-
icantly lower JARID2 protein expression in control PF-treated cells compared to endo
PF-treated cells (p = 0.0106). Neither EZH2 nor H2K27me3 protein expression showed any
significant up or downregulation in cells overexpressing miR-155 (Figure 7A). In contrast,
while both JARID2 and EZH2 showed an upregulation in protein expression in the endo PF
treatment groups, when miR-155 was inhibited, no significance was achieved. The protein
expression of H3K27me3 in the control PF-treated cells in miR-155 inhibited cells, was sig-
nificantly upregulated when compared to both the transfected media alone cells and the
endo PF-treated cells (p = 0.0105 and 0.0138, respectively) (Figure 7B). In miR-155 overex-
pressing cells, both control and endo PF significantly increased FOXP3 protein expression
when compared to transfected media alone (p = 0.0005 and 0.0079, respectively). In contrast
no significant difference in FOXP3 protein expression was seen in cells transfected with an
miR-155 inhibitor (Figure 7C).
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2.7. ChIP Using JARID2 or EZH2 Antibody Reveals Other Co-Factors of PRC2 Complex

In order to delineate the alterations in the binding partners of EZH2 in the PF treated
cells, ChIP was performed using either JARID2 or EZH2 antibodies followed by ChiP-
qPCR promoter array of genes associated with polycomb and trithorax complexes in cells
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treated with or without PF. Table 1A provides a list of focused gene panel involved in
polycomb and trithorax complex activity, that were differentially expressed in endo PF
treated cells when compared to control PF after IP by either JARID2 or EZH2 antibodies.
The enrichment of EZH2 after JARID2 IP was lower in endo PF-treated cells compared
to control cells. However, EZH1, a polycomb enzyme which is responsible for mono-,
di-, or tri-methylation of H3K27, showed an enrichment after JARID2 IP in endo treated
cells when compared to control PF treated cells but this enrichment was not significant.
In contrast, the enrichment of JARID2 after EZH2 IP was over 5-fold higher in endo PF
treated cells compared to control PF treated cells. ARID1A, a subunit of the SWI/SNF
complex, with an antagonistic relationship with EZH2 [51], showed enrichment after both
JARID2 IP and even higher after EZH2 IP.

Table 1. ChIP-qPCR of PRC2 complex proteins in PF-treated cells. Chromatin Immunoprecipitation (ChIP) was used
to analyze interactions between JARID2 and EZH2 and genes associated with the polycomb and trithorax complexes,
normalized to IgG. A. Fold change values represent the ratio of enrichment/binding of JARID2 or EZH2 to various genes
in endo PF-treated cells (n = 3) to enrichment in control PF treated cells (n = 3). Genes with a p-value < 0.05 are shown
as bold and italicized. EZH1 and EZH2 are also shown but did not have a significant p-value for either JARID2 or EZH2
when comparing the two cell treatments. B. Fold change values representing the ratio of enrichment/binding in EZH2
precipitated cells (n = 3) to enrichment in JARID2 precipitated cells (n = 3) for both cell treatments. p-values < 0.05 are shown
as bold and italicized along with EZH1, EZH2, and JARID2 which did not show significant p-values for either treatment.

A JARID2 EZH2

Symbol Gene Name Fold Change (Endo
PF/Control PF) p-Value Fold Change (Endo

PF/Control PF) p-Value

ARID1A AT rich interactive domain 1A (SWI-like) 3.39 0.0117 10.65 0.1342
ASXL2 Additional sex combs like 2 (Drosophila) 4.51 0.2999 8.88 0.0395
CXXC1 CXXC finger protein 1 3.70 0.0139 8.56 0.1014

DNMT3B DNA (cytosine-5-) methyltransferase 3 beta 1.13 0.8213 4.25 0.0165
EZH1 Enhancer of zeste homolog 1 (Drosophila) 1.4713 0.7986 12.11 0.259
EZH2 Enhancer of zeste homolog 2 (Drosophila) 0.3789 0.5621 12.79 0.2746
INO80 INO80 homolog (S. cerevisiae) 1.50 0.6214 3.76 0.0182
JARID2 Jumonji, AT rich interactive domain 2 2.92 0.2653 5.05 0.0498
PHF1 PHD finger protein 1 4.55 0.0316 13.31 0.1494

PHF19 PHD finger protein 19 0.2890 0.2152 4.76 0.1622

B Control PF Endo PF

Symbol Gene Name Fold Change
(JARID2/EZH2) p-Value Fold Change

(JARID2/EZH2) p-Value

DNMT3B DNA (cytosine-5-) methyltransferase 3 beta 2.49 0.0164 0.66 0.385
E2F6 E2F transcription factor 6 4.52 0.00027 0.51 0.4839
EZH1 Enhancer of zeste homolog 1 (Drosophila) 0.91 0.9143 0.34 0.3762
EZH2 Enhancer of zeste homolog 2 (Drosophila) 3.59 0.3551 0.68 0.6713

JARID2 Jumonji, AT rich interactive domain 2 1.6 0.6838 0.92 0.8731
MTF2 Metal response element binding transcription factor 2 15.63 0.0234 0.67 0.6671
PHF19 PHD finger protein 19 1.96 0.3848 0.12 0.1440

SMARCA5 SWI/SNF related, matrix associated, actin dependent
regulator of chromatin, subfamily a, member 5 8.13 0.039 0.73 0.7004

When comparing the genes involved in polycomb and trithorax complex activity,
pulled down by the two antibodies, (Table 1B), JARID2 IP compared to EZH2 IP showed
upregulation of 4 genes with p-values < 0.05 in control PF treated cells. While no significant
p-values were seen for any genes in the endo PF treated cells, when JARID2/EZH2 ratio was
calculated, all but 7 genes were shown to be downregulated in these cells suggesting that
ChIP by EZH2 in endo PF treated cells has more of an effect on the pull-down expression
of these genes compared to JARID2. Any p-values > 0.05 may be due in part to the smaller
sample size tested.
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2.8. PHF19, a Key Co-Factor in the miR-155-JARID2-EZH2 Crosstalk in Endometriosis

The polycomb-like proteins, PHF1 and PHF19 are critical components of PRC2 com-
plex, both of which showed enrichment after EZH2 IP in the endo PF treated cells (fold
change, 13.31 and 4.76-fold, respectively). Both these proteins are shown to work with
the PRC2 complex in the manner similar to JARID2 in which they form subcomplexes
with PRC2 core components and modulate the enzymatic activity of PRC2 and its recruit-
ment [52,53]. Interestingly, PHF19 is also shown to interact with miR-155 to bring the PRC2
complex to its target [54]. In order to validate the ChIP findings, mRNA expression of
PHF19 was determined in the PF treated endometrial cells using qPCR. mRNA analysis
revealed that PHF19 was upregulated in endometrial cells treated with both control and
endo PF when compared to media alone cells with the expression of PHF19 reaching almost
11.5-fold in the endo PF treated cells (p = 0.0474), suggesting that PHF19 may be working
along with miR-155 to bring the PRC2 complex to its target and promote endometriosis
(Figure 8).
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Figure 8. mRNA expression of PHF19 in endometrial cells treated with PF. When Ishikawa endome-
trial cells were treated with endo PF, expression of PHF19 was shown to increase 11.50-fold relative
to media alone treated cells (p = 0.0474). * p < 0.05 compared to media alone.

2.9. Promoter Methylation of Inflammatory Genes

To assess changes in promoter methylation patterns in PF treated cells, a global DNA
methylation array of genes involved in inflammation and autoimmunity was performed.
The heat map in Figure S2A presents a range (from 0 to 100) of “M”, the fraction of
input genomic DNA containing 2+ methylated CpG sites in the targeted region of a
gene. Genes that were shown to be impacted by DNA methylation by having significant
p-values (<0.05) (Figure S2B) were C-C Motif Chemokine Ligand 25 (CCL25), Cluster of
Differentiation 8a (CD8A), CCAAT Enhancer Binding Protein Beta (CEBPB), Dipeptidyl
peptidase 4 (DPP4), forkhead box P3 (FOXP3), interleukin-4 receptor (IL4R), Jun Proto-
Oncogene, AP-1 Transcription Factor Subunit (JUN), Mitogen-activated protein kinase 14
(MAPK14), MHC class I polypeptide-related sequence B (MICB), and transforming growth
factor beta 1 (TGFB1). All genes had an increased methylation pattern in cells treated with
endo PF compared to the media control. The exception was MAPK14, which decreased
in methylation in the endo PF treated cells. FOXP3 M values were 54.02% in endo PF
treated cells (p < 0.0001), 26.54% in control PF treated cells (p = 0.0151), and 0.23% in media
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control. Bisulfite sequencing will be used in the future to better understand the methylation
patterns of sample DNA.

3. Discussion

Our laboratory has been studying mechanisms leading to endometriosis and pain
experienced by endometriosis patients [55–58]. This study stemmed from our previous
investigations into the miRNA profile of endometriosis tissues and PF treated cells [33].
Nineteen percent of differentially expressed miRNAs in endo tissues targeted JARID2.
Despite the global downregulation seen in the micronome of endometriotic tissues [33],
miRNAs that targeted JARID2 were highly expressed in the eutopic tissues of endometriosis
patients who also experienced pain as a symptom. The overexpression of miR-148a,
miR-29a [33], and miR-155 in endo tissues (Figure 1B) seemed to further support this theory.
As shown in Figure 1A, there was an increased expression of PRC2 complex proteins such
as EED (0.0067), as well as a noticeable trend in overexpression of corresponding genes
in ectopic tissues from endometriosis patients, particularly in EZH2. This correlates with
the findings of Colon-Caraballo and colleagues [8,23] and supports the characterization of
EZH2 as a contributor to transcriptional repression and progression of the disease.

Although miR-155 was not originally identified based on the micronome array (p > 0.05),
its relationship with JARID2 has recently drawn the attention of researchers in the field of
inflammatory diseases [34,35]. miR-155 seems to play a key intermediate that regulates the
crosstalk between JARID2 and PRC2 complex. miR-155 also plays a role in inflammation
by working with FOXP3 to promote an inflammatory environment, since it has been shown
that FOXP3 induces miR-155 expression [38,42]. Hence, miR-155 is a potential therapeutic
target. This study explored the role of miR-155 in endometriosis by studying its interactions
with the PRC2 complex, JARID2 and FOXP3. Endometrial cells were transfected with a
miR-155 mimic or antagonist and then exposed to endo or control PF treatments. All PRC2
complex proteins examined showed an increase in expression in endo PF treated cells
when compared to media alone treated cells. However, the cells transfected with a miR-155
mimic showed a downregulation of PRC2 complex proteins when exposed to either control
or endo PF. The effect of gain- or- loss- of function of miR-155 on JARID2 expression was
interesting. miR-155 mimic transfected cells treated with control PF showed an increase in
JARID2 expression, while endo PF showed no change in expression. When transfected with
the miR-155 inhibitor, no statistical difference in expression was seen in cells treated with
control or endo PF. These results were unexpected and suggest that the miR-155 regulation
of JARID2 is not sufficient to alter its expression. Hence, other transcription factors and/or
epigenetic mediators could play a role in its aberrant expression in endometriosis.

FOXP3 showed a significant increase in expression in both control and endo PF treated
cells when transfected with a miR-155 mimic (Figure 7C), which paralleled the results seen
for mRNA expression (Figure 6C). Such interactions between miR-155 and FOXP3 has
been observed earlier. In diffuse B-cell lymphoma (DLBCL), high FOXP3 expression was
correlated with a poor prognosis in patients and when miR-155 was silenced in these cells,
there was a parallel decrease in FOXP3 levels [59]. In breast cancer, it was found that FOXP3
and miR-155 work together to down regulate ZEB2, resulting in reduced invasion [42].

Methylation of the FOXP3 promoter could be partly responsible for pain that women
with endometriosis may experience based on the trend of increased methylation in cells
treated with PF from endo patients, particularly those reporting pain (Figure S2). This has
been seen in both biliary atresia and prostatitis [60,61]. Bamidele and colleagues looked
at the interaction of EZH2 and FOXP3 in inflammatory bowel disease and found that a
mutation in FOXP3 disrupted EZH2 recruitment and its co-repressive function. They also
showed that IL-6 voided the FOXP3-EZH2 interaction and that this destabilized interaction
may drive the gastrointestinal inflammation [62]. This disruption in interaction may also
be true in endometriosis, since we and others have shown that IL-6 is increased in patients
with endometriosis [55,63]. While FOXP3 mRNA expression in endo PF-treated cells
trended to be higher than that of cells treated with control PF, there was no statistical
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significance observed between the two treatments. These results suggest that FOXP3 is
working alongside miR-155 to modulate the expression of EZH2.

EZH2 mRNA expression in cells treated with both control and endo PF were higher when
compared to media alone cells, but there was no statistical difference seen. However, an up-
regulation was seen in H3K27me3 in cells treated with endo PF. This is also significant as
H3K27me3 is the downstream target of EZH2 and performs the transcriptional repression
in cells [64]. The benefit of studying the PRC2 complex proteins in tissues and treated
cells gave us the ability to compare short-term (in vitro) and long-term (in vivo) effects of
peritoneal fluid on endometrial cells. This difference is likely to contribute to explaining
the disparities in the observed results.

ChIP-qPCR was used to better understand the regulatory roles of JARID2 and EZH2
and their cross-interactions in endometriosis. By observing how it binds to regulatory
elements of various genes, a sense of how the mechanisms described above differ between
PF from patients with and without endometriosis was gained. The data presented in
Table 1 showed that the pull-down expression of JARID2 by EZH2 IP was by over 5-fold
higher in cells treated with endo PF compared to control PF. It is interesting to note that,
while not significant, JARID2 IP has a fold-change greater than 1 for EZH1, while for
EZH2 it is less than 1 for endo PF treated cells. This suggests that the JARID2 interaction
with EZH2 may not be as strong as it is with EZH1, which can also methylate H3K27 to
contribute to transcriptional repression. Although it is typically associated with active
domains, EZH1 can actually achieve repressive results similar to EZH2 via additional
histone modifications [65–67]. It is interesting to note that when comparing genes after
immunoprecipitations by the two antibodies (JARID2 and EZH2) in the two PF (endo or
control PF) treated cells (Table 1B), the endo PF treated cells showed a trend of having a
fold-change less than 1 when comparing JARID2 vs. EZH2 IP. This suggests that EZH2 in
endo PF treated cells is having more of an effect on the expression of all genes in the array
(PRC2 complex core, alternate and binding partners) when compared to JARID2 further
supporting a role for EZH2 in endometriosis.

One gene that should be noted and that was shown to have higher fold-change post
EZH2 IP in endo PF treated cells vs. control PF treated cells was PHF19. PHF19 is a gene
silencer and co-factor that can bind H3K36me3, which allows it to act as a recruiter for
the PCR2 complex [68,69]. PHF19 also promotes tumorigenesis by the enhancement of the
deposition of H3K27me3 and when PHF19 is depleted, this led to a loss of H3K27me3 do-
mains [70]. This suggests that another mechanism which may be at play in transcriptional
repression involves PHF19. PHF19 has also been deemed to play a role in the switch from
proliferative to invasive states in melanoma cells [71]. Thus there are studies suggesting
targeting PHF19 as an alternate strategy to inhibit EZH2 [72]. This study found that PHF19
mRNA expression was significantly upregulated in cells treated with endo PF (Figure 8).
This may suggest that miR-155 and PHF19 may be working together to bring the PRC2
complex to its targets in endometriosis. Putting these results together with miR-155 trans-
fection studies, this study suggests that while miR-155 and PHF19 may be the main helper
in regulating the PRC2 complex in endometriosis, JARID2 may be taking up the slack when
miR-155 is inhibited.

The findings presented here, as summarized in Figure 9, provide potential mecha-
nisms that may be at play in endometriosis patients. This study shows that in the presence
of endometrial PF, all the components of the PRC2 complex, along with JARID2, FOXP3 and
miR-155 are increased in expression when compared to control PF. Gain-or loss-of function
of miR-155 showed an effect on PRC2 complex proteins but not on JARID2 levels. This sug-
gested that other epigenetic regulators may be involved. ChiP-qPCR pull-down studies
using JARID2 or EZH2 antibodies in PF treated cells showed alterations in epigenetic
proteins associated with either of these complexes. In addition to the known binding
partners such as EZH1, DNMT3B etc, the expression of PHF19 (a PRC2 complex co-factor)
was highly upregulated in EZH2 compared to JARID2 pull-down assay. This finding, in
addition to what is known in the literature [54,69,70,72], it is presumable that in women
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with endometriosis, FOXP3/miR-155, in conjunction with PHF19, co-localizes with the
PRC2 complex to promote its interaction and function with its targets. This leads to the
increased H3K27me3 deposition thus modulating gene transcription. In contrast, this com-
plex has a reverse effect on JARID2, thus preventing its association with the PRC2 complex,
unless miR-155 is altered. This novel crosstalk among key epigenetic regulators leads to
an increase in inflammation and growth of endometriotic lesions. This opens the door for
testing newer targets in addition to the EZH2 inhibitors and miRNA mimics/antagonists
currently being tested in endometriosis. For example, although histone demethylase in-
hibitors are thought to be ineffective against JARID2 due to its lack of true demethylase
activity, additional investigations into the role of JARID2 in endometriosis could uncover
alternate options to therapeutically regulate it, such as dihydroartemisinin which has been
used in prostate cancer [73]. Additionally, the role for PHF19 as the master-regulator of the
miR-155-PRC2 complex-JARID2 crosstalk is also a viable candidate for therapy and should
be further explored in endometriosis.
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4. Materials and Methods
4.1. Human Subject Participants

Women ages 18 to 60 years, undergoing tubal ligation or having non-endometriosis
disorders (controls, n = 12) or patients with endometriosis (“endo”, laparoscopically diag-
nosed followed by pathological confirmation and/or patients with symptoms, n = 14) were
recruited from Obstetrics-Gynecology clinic at Cabell Huntington Hospital, Joan C Ed-
wards School of Medicine, Marshall University, in Huntington, WV, USA. This HIPAA
compliant study was approved by the Institutional Review Board of the Marshall Uni-
versity School of Medicine and was carried out per the principles of the Declaration of
Helsinki. All patients were consented prior to the study. The inclusion criteria included
women ages 18–60 years old, with normal menstrual cycles and otherwise in normal health
(except for pain and endometriosis) who have not been on any hormonal medication for at
least one month before sample collection. Exclusion criteria included subjects with current
medical illnesses such as diabetes, cardiovascular disease, hyperlipidemia, hypertension,
systemic lupus erythematosis or rheumatologic disease, positive HIV/AIDS, active infec-
tion. Subjects were asked to stop multivitamins that contain high levels of antioxidants
and anti-inflammatory medications prior to sample collection.

In this study, majority of the samples where from endo patients diagnosed with stage
I/II and only one at stage IV. Pathological confirmation for endo patients classified the
patients as mostly belonging to the peritoneal or uterine serosa pathology. All women
completed a gynecologic/infertility history form, a pre-operative quality of life question-
naire and assessment of pain using a visual analog scale for assessment of endometriosis
associated pain (dysmenorrhea, non-menstrual pelvic pain, dyspareunia, and dyschesia)
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(adapted from the validated International Pelvic Pain Society’s Pelvic Assessment Form).
Date of their last menstrual period was used to assess their cycle time.

4.2. RNA and Protein Isolation in Peritoneal Fluid-Treated Cells

Peritoneal fluid (PF) (devoid of blood contamination) was collected on ice from all
women during laparoscopic surgery. Peritoneal fluid was spun at 2000× g to remove any
cellular debris. The supernatant was used immediately for studies or stored in a −80 ◦C
freezer for future use. To establish a cell model of the peritoneal environment, Ishikawa cells,
a human (39-year-old woman) established endometrial epithelial cell line (Cat No: 99040201,
Sigma-Aldrich, St. Louis, MO, USA), were cultured in T75 flasks in complete media
(DMEM/F12, 10% FBS, 1% Pen/Strep, 1% L-glutamine). These cells were used because
they express characteristics similar to those of mature endometrial epithelial cells [74–76].
Approximately 70% confluent cells were treated with 1% PF from patients for 48 h in
a DMEM/F12 media containing 1% charcoal-stripped FBS. Patient peritoneal fluid (PF)
groups were control PF (fluid from women without endometriosis) and endo PF (fluid from
women with endometriosis). The concentrations of PF chosen were based on our previous
published studies [33,55]. At the end of the 48-h treatment, cells were collected using Qiazol
Lysis reagent (Cat No: 79306, Qiagen, Gaithersburg, MD, USA) and RNA was isolated
using the Qiagen miRNeasy Mini Kit (Cat No: 217004, Qiagen, Gaithersburg, MD, USA).
The quantity and quality of RNA were measured in the NanoDrop 2000 spectrophotometer.
Cell lysates for measuring proteins, were prepared in RIPA buffer containing protease
inhibitors (Cat No: P2714, Sigma-Aldrich, St. Louis, MO, USA) and protein concentrations
were measured using a modified Lowry protocol [77].

4.3. Endometrial Tissue Collection and RNA/Protein Isolation

Endometrial (eutopic) tissues from control patients (EuN), eutopic tissues from en-
dometriosis (peritoneal endometriosis, “endo”) patients (EuE), and ectopic endometriotic
tissues (EcE) from endo patients were removed during laparoscopy/laparotomy by a
qualified physician. Biopsy fragments were immediately placed in RNAlater solution
(Cat No: 76104, Qiagen, Gaithersburg, MD, USA) and subsequently stored in a freezer
at −80 ◦C. RNA extraction from 100 mg of tissue (eutopic and ectopic) was carried out
using Qiazol Lysis Reagent (Cat No: 79306, Qiagen, Gaithersburg, MD, USA). Tissues were
homogenized using zirconium oxide beads in a Bullet Blender® homogenizer (SKU: BBX24,
Next Advance, Troy, NY, USA) and RNA was isolated using the Qiagen miRNeasy Mini
Kit following the manufacturer’s recommendations (Cat No: 217004, Qiagen, Gaithersburg,
MD, USA). The quantity and quality of RNA were measured using the NanoDrop 2000 spec-
trophotometer (Cat No: ND2000, Thermo Scientific, Waltham, MA, USA). Protein lysates
from 50 mg of tissue was homogenized in RIPA buffer prior to protein estimation by a
modified Lowry method [77].

4.4. mRNA and miRNA Expression in Tissues and PF-Treated Endometrial Cells

RNA (which includes miRNA) isolated from the tissues and treated cells were used.
cDNA synthesis from 1 µg of each sample was performed using iScript cDNA synthesis
kit (Cat No: 1708890, Biorad, Hercules, CA, USA). mRNA expression was analyzed in
the cDNA samples using SYBR Green (Cat No: 1725270, Biorad, Hercules, CA, USA)
and the primers listed in Table S1. 18S was used for normalization of mRNA expression.
For determining miRNA expression, cDNA synthesis from 2 µg of each sample was
performed using miScript II RT Kit (Cat No: 218161, Qiagen, Gaithersburg, MD, USA).
Following cDNA synthesis, the expression of miR-29a, miR-148a, and miR-155 in tissues
and PF-treated cells were determined using the appropriate Qiagen Primer Assay Kit, as per
the manufacturer’s instructions. A primer assay for RNU6 was used as housekeeping for
miRNA expression.

158



Int. J. Mol. Sci. 2021, 22, 3492

4.5. Protein Expression in PF-Treated Cells and Patient Tissues

Total protein was measured using a modified Lowry method. Protein (7 µg for cells
and 5 µg for tissues) was run on the automated Western blotting system, WES [78] (Cat No:
004-600, Protein Simple, San Jose, CA, USA). The primary anti-rabbit antibodies for EZH2
(1:50, Cat No: 5426S), FOXP3 (1:25, Cat No: 12632S), JARID2 (1:50, Cat No: 13594S),
and H3K27me3 (1:25, Cat No: 9733S) (Cell Signaling, Danvers, MA, USA), anti-rabbit
β-actin (1:100, Cat no: 4970S, Cell Signaling, Danvers, MA, USA), and anti-rabbit H3 (1:100,
Cat No: 39451, Active Motif, Carlsbad, CA, USA) were used to measure expression levels
within the samples. HRP-conjugated rabbit secondary antibody provided in the WES kit
was used. Plates (12-230 kDa and 25 capillary) were run using default settings and results
analyzed using the Compass for WES software (Version 5.0.1). Band area given by the
software was used and normalized to β-actin or H3. Results were expressed as a ratio in
which media alone (for cell treatments) or EuN (for patient tissues) was considered to be
1. It is important to note that proteins examined using the automated Western Blotting
system, WES, will have different expected molecular weights compared to traditional
Western blotting, due to differences in technology.

4.6. Cell Transfection with miR-155 Mimic/Inhibitor

Cells were transfected using SiPORT™ NeoFX ™ transfection agent (Cat No: AM4510,
Ambion, Austin, TX, USA) as recommended by the manufacturer. In short, the SiPORT™
NeoFX ™ was diluted in Opti-MEM® Reduced Serum Media (Cat No: 31985062, Invit-
rogen, Carlsbad, CA, USA) and incubated for 10 min at room temperature. miR-155
mimic (Pre-miR™), inhibitor (Anti-miR™), positive control (anti-let-7c) (Cat no: 4392431,
Thermo Scientific, Waltham, MA, USA), and negative control (Negative control #1) (Cat No:
AM17010, Thermo Scientific, Waltham, MA, USA) were diluted in cell media (DMEM/F12,
10% FBS, 1% Pen/Strep, 1% L-glutamine) to a final concentration of 30 nM and then
combined with the transfection agent and incubated for 10 min at room temperature.
Transfection mixtures were added to 6-well plates and overlaid with cell suspensions.
Cells were then incubated for 24 h prior to treatment with peritoneal fluid from control
and endometriosis patients, as previously described. Transfection efficiency was tested
by collecting cells in Qiazol and assessing miRNA expression using the miR-155 primer
assay. RNA was isolated using the miRNeasy Mini Kit following the manufacturer’s
recommendations (Cat No: 217004, Qiagen, Gaithersburg, MD, USA). RT-qPCR was used
(as previously described) to determine the expression of key downstream targets such as,
JARID2 and FOXP3.

Western blots were performed in the traditional manner. Total protein was measured
using a modified Lowry method. Protein (35 µg) was separated on a 4–20% Tris-HCl gradi-
ent gel (Cat No: 4561096, Biorad, Hercules, CA, USA) and transferred onto nitrocellulose
membranes. After washing with Tris-buffered saline with Tween 20 (TBST), the membranes
were blocked in 5% bovine serum albumin or 5% milk in TBST for 1 h, then incubated at
4 ◦C overnight with anti-rabbit antibody against JARID2 (Cat No: 13594S), FOXP3 (Cat
No: 12632S), EZH2 (Cat No; 5426S), and H3K27me3 (Cat No: 9733S) (1:1000, Cell Signaling,
Danvers, MA, USA) and anti-mouse against β-actin (1:4000, Cat No: A5316, Sigma-Aldrich,
St. Louis, MO, USA). Anti-rabbit antibody against H4/H3 was diluted 1:20,000 (Cat No:
07-108, Sigma-Aldrich, St. Louis, MO, USA). Dilutions for primary antibodies varies from
that used for WES due to the different methods used. The membranes were washed and
incubated with HRP-linked anti-rabbit or anti-mouse secondary antibody (1:6000, Cat No:
A6154, A4416, Sigma-Aldrich, St. Louis, MO, USA) for one hour at room temperature.
After washing, membranes were developed in HRP Substrate (Cat No: WBKLS05000,
Millipore, Temecula, CA, USA) and imaged using the ChemiDoc system (Cat No: 1708265,
Biorad, Hercules, CA, USA). Densitometric levels of protein bands were quantified and
normalized to β-actin or H3. Results were expressed as a ratio in which media alone was 1.
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4.7. EpiTect Methylation Array

An EpiTect Methyl II Complete PCR Array (Cat No: 335005, Qiagen, Gaithersburg,
MD, USA) was used to examine the levels of methylation in genes involved in inflamma-
tion and autoimmunity, in PF treated Ishikawa endometrial cells. Cells were treated as
previously described and collected. DNA was isolated from the cells and DNA quantity
and quality of RNA were measured using the NanoDrop 2000 spectrophotometer (Cat
No: ND2000, Thermo Scientific, Waltham, MA, USA). Protocol provided by the manufac-
turer was followed. Input DNA was obtained and aliquoted into four equal portions and
subjected to mock, methylation sensitive, methylation-dependent, and double restriction
endonuclease digestion. After digestion, the enzyme reactions were used for qPCR using
Sybrgreen. Analysis was performed using algorithm provided by Qiagen/SA Biosciences
(Gaithersburg, MA, USA). A heat map was created from the data provided using Prism
software (Version 9.0.0) (GraphPad, Inc., La Jolla, CA, USA).

4.8. Chromatin Immunoprecipitation (ChIP)

Chromatin Immunoprecipitation (ChIP) was performed using the Chromatrap ChIP-
Seq kit (Cat No: 500189, Porvair, Ashland, VA, USA) using either JARID2 or EZH2 an-
tibodies. Approximately 70% confluent Ishikawa cells were treated with 1% PF from
patients for 48 h in a DMEM/F12 media containing 1% charcoal-stripped FBS. Proteins
were cross-linked by adding formaldehyde (0.75% by volume) and allowing for a 10-min
incubation at room temperature. Glycine (0.5M) was added and incubated for an additional
10 min. Cells were twice rinsed with PBS, collected in 1 mL PBS and pelleted by centrifu-
gation. All other buffer and components used were obtained from the kit. Protocol v1.5
of the manufacturer’s instructions was followed (Porvair, Ashland, VA, USA). Cells were
suspended in 800 µL of hypotonic buffer before being centrifuged and the nuclear pellet
was separated and resuspended in 400 µL of pre-warmed lysis buffer. Sonication was
performed using a Covaris ME220 (SKU: 500506, Woburn, MA, USA). Each sample was
aliquoted into 3 different tubes prior to sonication. Each tube was sonicated for 100 s and
sheering efficiency was verified using an agarose gel as a smear of DNA fragments between
100–500 bp in length. ChIP-grade anti-JARID2 antibody (Cat No: 13594, Cell Signaling,
Danvers, MA, USA) and EZH2 (Cat No: 5246S, Cell Signaling, Danvers, MA, USA) was
used for antibody precipitation. DNA concentration was determined by NanoDrop 2000
spectrophotometer. The Human Polycomb & Trithorax Complexes EpiTect ChIP qPCR Ar-
ray (Cat No: 334211 GH-506A, Qiagen, Gaithersburg, MA, USA) consisting of primers for
genes belonging to the polycomb and trithorax complexes (core, alternate, and additional
components), as well as polycomb co-factors such as PHD finger protein 19 (PHF19) and
heterochromatin (CBX) proteins was run for all samples. Percent enrichment and further
statistical analysis was calculated using algorithm provided by Qiagen/SA Biosciences
(Gaithersburg, MA, USA).

4.9. Statistical Analysis

Prism software (Version 9.0.0, GraphPad, Inc., La Jolla, CA, USA) was used for analysis
of all the non-array qPCR and WES data obtained from human tissue and cell culture
studies. All values were expressed as mean ± standard error of the mean (SEM). A one-
way ANOVA followed by Tukey’s post hoc test was used to detect any significant p-values.
p Values less than 0.05 were considered to be significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
ijms22073492/s1.
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