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Abstract: Estrogen and progesterone and their signaling mechanisms are tightly regulated to maintain
a normal menstrual cycle and to support a successful pregnancy. The imbalance of estrogen and
progesterone disrupts their complex regulatory mechanisms, leading to estrogen dominance and
progesterone resistance. Gynecological diseases are heavily associated with dysregulated steroid
hormones and can induce chronic pelvic pain, dysmenorrhea, dyspareunia, heavy bleeding, and
infertility, which substantially impact the quality of women’s lives. Because the menstrual cycle
repeatably occurs during reproductive ages with dynamic changes and remodeling of reproductive-
related tissues, these alterations can accumulate and induce chronic and recurrent conditions. This
review focuses on faulty progesterone signaling mechanisms and cellular responses to progesterone
in endometriosis, adenomyosis, leiomyoma (uterine fibroids), polycystic ovary syndrome (PCOS),
and endometrial hyperplasia. We also summarize the association with gene mutations and steroid
hormone regulation in disease progression as well as current hormonal therapies and the clinical
consequences of progesterone resistance.
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1. Introduction

Progesterone is one of the key steroid hormones in the complex regulation of female
reproductive functions, largely controlled in multiple organs such as the uterus, ovary,
mammary gland, and brain (reviewed in [1]). High levels of progesterone are produced
from the corpus luteum and placenta, which are necessary to maintain a successful preg-
nancy. Beyond pregnancy, the majority of female reproductive processes are also controlled
by progesterone, including oocyte maturation, ovulation, menstruation, facilitation of
implantation and decidualization, uterine growth, suppression of myometrial contraction,
mammary gland development, regulation of milk production, and sexual behavior as sum-
marized in [1]. Progesterone actions are mediated by progesterone receptors (PGR). Female
mice with ablation of Pgr (PGRKO) clearly show complete sterility with multiple abnormal-
ities in reproductive functions: ovulation failure, hyperplastic uterine response to estrogen
and progesterone, decidualization failure, disruption of mammary gland development,
and a lack of sexual behavior [2]. PGR consists primarily of two nuclear isoforms (PRA and
PRB) which have distinct expression patterns and functional profiles [3]. A single gene with
independently regulated promoters is responsible for encoding PRA and PRB, producing
similar proteins with PRB having an extra 164 amino acids at the N-terminus [4]. Charac-
terization of PRA or PRB mutations in female mice indicates that PRA mainly regulates
uterine PGR functions, whereas PRB is important for mammary gland development [5,6].
While progesterone and its activation of downstream mechanisms are mediated by PGR,
the actions of progesterone are tightly integrated with estrogen and its responsive signaling
pathways [1,7-9].

The endometrium, the lining of the uterus, is one of the most dynamic tissues in adults.
The endometrium undergoes a persistent cycle of remodeling including shedding, prolifer-
ation to regenerate layers, and differentiation during menstruation. These processes are
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mainly under the control of ovarian-derived steroid hormones, estrogen and progesterone
(Figure 1). In the human endometrium, estrogen drives tissue repair and epithelial prolifer-
ation during the proliferative phase and estrogen and progesterone promote thickening of
the endometrium following ovulation. Increased progesterone concentrations eventually
inhibit estrogen action to induce decidualization during the secretory phase [10,11]. During
the reproductive years in women, which span several decades, endometrial layers repeat-
ably repair, proliferate, and then shed to maintain active reproductive functions. However,
the loss of hormone balance, disruption of hormone-dependent downstream signaling
mechanisms, and/or aberrant inflammation cause hormone insensitivity, estrogen depen-
dence/dominance, and progesterone resistance. A decreased cellular responsiveness to
progesterone and/or a failure to activate PGR leads to compromised implantation and the
development of gynecological diseases [12-15]. Based on the tightly regulated functions of
estrogen and progesterone in the endometrium, controlling estrogen and progesterone lev-
els by hormonal therapies has been the primary strategy to manage endometrial physiology
and menstruation. However, the endometrium is sensitive to environmental cues (includ-
ing endocrine-disrupting exposure), inflammatory signals, and other unknown factors
which alter and dysregulate hormone-derived endometrial cellular functions. These lead to
changes in downstream gene expression and epigenetic marks which further complicate en-
dometrial tissue regulation by establishing a hormone-insensitive environment [12,16-19].
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Figure 1. Menstrual cycle. Steroid hormone-derived endometrial changes. Created with BioRender.com.

The goal of this review is to highlight the inroads by which faulty progesterone
signaling mechanisms and cellular responses to progesterone lead to the initiation or
progression of gynecological disorders, including endometriosis, adenomyosis, leiomyoma
(uterine fibroids), polycystic ovary syndrome (PCOS), and endometrial hyperplasia. We
focus on summarizing the established and putative gene mutations and misregulation of
steroid hormone signaling in disease progression, as well as current hormonal therapies
and the clinical consequences of progesterone resistance (Table 1).

2. Progesterone Resistance in the Endometrium

Progesterone resistance is widely recognized as endometrial progesterone unrespon-
siveness with subsequent dysregulation of epithelial and stromal gene networks in the
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endometrium [12-15]. The accumulation of impaired progesterone and persistent estrogen
actions from one menstrual cycle to another induces abnormal pathophysiological changes
in the endometrium. These could lead to the development of endometrial-related disorders
such as endometriosis, adenomyosis, PCOS, endometrial hyperplasia, and implantation
failure [12-15,20]. To date, large-scale gene expression studies in endometriosis [16,17] and
PCOS [21] have revealed that progesterone-regulated genes are most likely altered in their
endometrial expression during the early- and mid-secretory phases and these dysregulated
genes are associated with loss of normal endometrial functions and disease establishment
and progression (Figure 1). Aberrant induction of inflammatory and/or oncogenic related
genes are also strongly correlated to the dysregulation of endometrial functions in these
diseases [12,22,23]. Epigenetic alterations, including hypermethylation which reduces PGR
expression [14,24] and the expression of other endometrial genes directly or indirectly
linked to progesterone [25-29], can result in progesterone unresponsiveness. The recent
advances in whole-exome or genome sequencing (WES or WGS) have allowed the identifi-
cation of common somatic mutations in the endometrial epithelial cells that potentially lead
to the development of endometriosis and/or adenomyosis [30-34]. Especially significant
are KRAS mutations which are observed in adenomyosis co-occurring endometriosis with
downregulated PGR expression [31]. Aberrancies of gene expression, epigenetic marks,
and/or gene mutations likely influence progesterone signaling in the endometrium. Further
details of the mechanisms in each disease are summarized in the sections below.

3. Endometriosis
3.1. Disease Features in Endometriosis

Endometriosis is defined as the presence of endometrial-like tissues containing en-
dometrial glands and stroma, often with hemosiderin outside of the uterus, mainly on
pelvic organs and tissues [35-38]. Retrograde menstruation, which is the reflux of menstrual
debris containing endometrial tissues through the fallopian tubes into the pelvic cavity [39],
has been widely accepted as the origin of endometriotic tissues. However, as retrograde
menstruation occurs in more than 90% of menstruating women [40], other factors must
contribute to the establishment of endometriotic lesions [35,37,38]. The common types
in endometriosis include superficial peritoneal lesions, deep-infiltrating endometriosis,
and ovarian endometrioma, as well as extensive adhesion to the lesions with other pelvic
organs which is also one of the common features of endometriosis [35-38]. The prevalence
of endometriosis is estimated to affect approximately 10% of reproductive-age women,
representing nearly 190 million women worldwide [37,41]. It is associated with debilitating
chronic pelvic pain and infertility which substantially reduce the quality of life of women
and their families [38,42]. Indeed, the health care costs for endometriosis in 2008 have been
estimated at approximately $4000 per person in the United States (U.S.) [37,43].

3.2. Current Treatments in Endometriosis

Because endometriosis is an estrogen-dependent disorder, current treatments focus
on suppression and/or inhibition of local or systemic estrogen production and its actions.
However, medical treatments such as hormonal therapies do not remove lesions and there-
fore cannot completely abrogate disease-associated symptoms [44,45]. The most common
and long-term treatment is the use of oral contraceptive pills formulated with estrogen
and progestin or progestin-only. These are effective at reducing chronic pelvic pain and/or
dysmenorrhea [46,47]. The consensus from clinical reports in the literature has shown
that contraceptive pills are beneficial in women with dysmenorrhea and endometriosis-
associated pain [44,45]. The levonorgestrel intrauterine device (LNG-IUD) often results
in amenorrhea, which is especially effective for dysmenorrhea [48]. However, the efficacy
of progestin therapy is limited due to only minimally improving the symptoms in the
short term, and symptoms frequently reappear after treatment discontinuation [44,49].
GnRH agonists are preferentially used for the second-line pharmacological treatment of
endometriosis-associated pain and act to inhibit estrogen production by the ovary, limiting
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its cellular functions [35,50]. While GnRH agonists effectively reduce the deleterious effects
of endometriosis and lesion development, they are not compatible with the restoration of
fertility as folliculogenesis in the ovary is shut down. Laparoscopic surgery to remove le-
sions can provide some pain relief. However, hormonal treatments, as well as laparoscopic
surgeries, are often of limited efficacy with high recurrence rates, frequent side effects,
additional costs, and potential morbidity [51]. The recurrence rate of surgical excision
of lesions is over 50% after five years [52,53]. GnRH agonist therapy induces temporary
menopause with unwanted side effects and over 50% of women exhibit a recurrence of
symptoms within two years [54,55]. Progesterone resistance is a major complication for
progestin therapy, leading to the escalation of estrogen activity [8]. Thus, a critical need
exists to develop more effective therapies for endometriosis that target the biologically
important mechanisms that underpin the pathophysiology of this disease.

3.3. PGR Expression in Endometriosis

PGR mediates progesterone actions in the progesterone responsive tissues, includ-
ing the endometrium. While PRA and PRB isoforms are detected in human eutopic
endometrium with endometriosis during the menstrual cycle, both the expression of PRA
and PRB are generally lower in any type of ectopic lesions [56]. In particular, deficient
PRB expression has been reported from several groups [27,57,58]. The consensus abnormal
regulatory mechanism stems from epigenetic alteration of the PGR promoter regions in the
chronic high cytokine state induced by the presence of lesions. This results in differential
expression at the PRB transcription start sites that are hypermethylated, but the regions
associated with PRA transcription are not, leading to the disproportional expression of
the two PGR isoforms [26,27,59]. However, the relative abundance of PGR isoforms in
the cells cannot explain the progesterone actions due to the complex mechanisms of PGR
signaling [12,60]. For instance, endometrial stromal cells become more sensitive to PGR sig-
naling during the decidualization process when the cyclic AMP (cAMP) levels are elevated
and then the protein kinase A (PKA) pathway is activated [12,61,62]. Furthermore, some
studies have reported no differences of PGR isoforms observed in the eutopic endometrium
with/without endometriosis [63,64]. Ectopic rectosigmoid lesions do not show any differ-
ent PGR expressions either [65]. Those results suggest that it would be hard to conclude
that loss or altered PGR expression alone in the eutopic endometrium or the ectopic lesions
directly leads to progesterone resistance in endometriosis.

3.4. Altered Gene Expression in Endometriosis

The pathogenesis of endometriosis is a complex process and still remains to be fully
understood. Endometrial stem or progenitor cells have been proposed to contribute to
the development of endometriosis [66]. Altered local immune dysfunction and inflamma-
tory responses can be the consequence of endometriosis [67]. Elevated ESR2 activity in
retrograded endometrial tissues interacts with the cytoplasmic inflammasome to increase
IL-1B to enhance cellular adhesion and proliferation, as well as epithelial-mesenchymal
transition (EMT), leading to an escape from immune surveillance and development of
endometriotic lesions [68]. On the other hand, estrogen is a key promoter for endometriotic
lesion growth and progression and establishment of the chronic endometriotic environment
within the pelvic cavity, whereas progesterone is a master regulator tightly controlling
estrogen actions. Endometriosis and its established inflammatory environment disrupt the
balance of hormonal regulation and reduce coordinated progesterone responses or vice
versa, resulting in the development of progesterone resistance [12-14,69].

Progesterone resistance includes the disruption of progesterone-dependent genes in
the eutopic endometrium with endometriosis [16,17,70,71]. Burney et al. [16] have reported
impaired gene expression in the eutopic endometrium with endometriosis throughout the
cycle, whereas the most extensive changes are incomplete transitions of the endometrium
occurring from the proliferative to early secretory phase, especially in the persistence of
estrogen-regulated genes. The best characterized dysregulated genes identified in the secre-
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tory phase are progesterone targets such as FOXO1A, MIG6, and CYP26A1, indicating the
attenuation of progesterone response [16]. Garcia-Alonso et al. have recently profiled single-
cell (sc) and temporal/spatial transcriptome of human endometrium using 10X scRNA-seq
and single-nucleus RNA-seq, as well as Genomics Visium platforms [72]. Spatiotemporal
characterization during the proliferative and secretory phases of endometrium shows
that SOX9+LGR5+ populations are present that are associated with proliferative and re-
generative potential stem cell niche. When the authors explore the expression of specific
epithelial genes from endometriosis public data sets, SOX9+LGR5+ subset populations
show upregulated epithelial gene markers (WNT7A and KRT17) in the lesions which are
similar to those expression levels in proliferative endometrium [72]. Furthermore, WNT
and NOTCH signaling regulate ciliated and secretory epithelial cells with opposing roles
to distinct epithelial lineages. Although it is not clear whether the expression levels are
compared with eutopic endometrial tissues from endometriosis and control patients, the
studies using these new techniques in endometriosis will improve further understanding
of altered gene regulation in specific cellular populations of endometriosis. Currently, two
preprint papers are available for single-cell transcriptomics in endometriosis lesions [73,74].

3.5. Altered PGR Signaling in the Eutopic Endometrium with Endometriosis

Endometriosis is known as an estrogen-dependent disease because alterations of
progesterone-regulated genes and signaling cause persistent estrogen activation [12]. To
modulate PGR downstream target genes, steroid receptor coactivators (SRC) are first re-
cruited for the modification of chromatin structures to form complexes with PGR and other
transcription factors [75,76]. Based on a series of studies from O’Malley’s group [77-82],
SRC-1 and SRC-2 are likely most relevant to regulating progesterone-dependent endome-
trial functions. On the other hand, SRC functions also contribute to PGR-dependent disease
progression. Loss of Src-1 reduces endometriotic lesion progression using a mouse model
of endometriosis [83]. A newly identified 70 kDa SRC-1 isoform is highly elevated in the
ectopic lesions; this lesion-specific form is generated by abnormal TNFx-induced MMP9
activity and it prevents TNFa-mediated cell death induced by estrogen-dependent full-
length SRC-1 function. These studies suggest that the endometriosis-induced inflammatory
environment alters the molecular properties of SRC-1, and the SRC-1 isoform promotes
endometriosis progression via EMT and epithelial cell invasion [83].

Dysregulation of PGR signaling as a part of progesterone resistance has been reported
in endometriosis [9,12-14]. IHH signaling is one of the major PGR-mediated pathways
which inhibits the epithelial proliferation stimulated by estrogen that is required for suc-
cessful implantation, followed by stimulation of COUP-TFII and BMP2 for successful
decidualization [84-87]. Nuclear and cytoplasmic IHH in the endometrium generally
increases from the late proliferative to secretory phases [88]. However, both nuclear and
stromal IHH expression decreases in the secretory phase of eutopic endometrium with
endometriosis [88]. The loss of IHH in the mouse uterus produces a similar phenotype
to PGRKO mice with global ablation of PGR signaling, confirming the importance of
IHH signaling in the endometrium [86]. The expression of COUP-TFII is also reduced
in the eutopic endometrium with endometriosis and ectopic lesions [89]. Other critical
PGR signaling mediators: WNT4 [90], HOXA10 [71], MIG6 [16,91,92], FOXO1 [16,93], and
CRISPLD2 [94] decrease in the eutopic endometrium with endometriosis, especially during
the secretory phase. WNT4 [95], HOXA10 [96,97], MIG6 [91,92], and FOXO1 [98,99] are
PGR targets and /or mediators in the endometrium and critical for embryo implantation
and decidualization. These results indicate that dysregulated and/or disrupted PGR targets
in the eutopic endometrium can cause unresponsiveness of progesterone actions, probably
further leading to disease progression.

NOTCH signaling modulates crucial mechanisms for endometrial decidualization
and successful pregnancy [100,101]. NOTCH signaling receptors, ligands, and direct tar-
get genes are also decreased in the eutopic endometrium of women and baboons with
endometriosis [93]. Knockdown of NOTCH1 disturbs decidualization with the downregu-
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lation of FOXOL1 in vitro stromal cell culture [93]. On the other hand, NOTCH intracellular
domain 1, NICD1, is increased and inversely associated with its expression with decreased
PGR expression in the eutopic endometrium and ectopic lesions [102]. Furthermore, in-
hibition of NOTCH signaling activation restores progesterone responsiveness and PGR
expression [102].

Progesterone resistance can be explained by the dysregulation of immunophilin
FKBP52, a PGR chaperone protein that governs progesterone actions like implantation
and decidualization in the uterus [103,104]. In endometriosis patients, FKBP52 is reduced
in both the proliferative and secretory phases within eutopic endometrium and ectopic
lesions [105,106]. Deletion of FKBP52 enhances endometriotic lesion growth and pro-
gression with increased inflammation, proliferation, and angiogenesis [105]. In vitro cell
culture studies suggest that FKBP52 expression might be regulated by HOXA10 [106] or
miR-29¢ [107]. Reduction of FKBP52 is also observed in a non-human primate model of
endometriosis [108].

The presence of altered chronic inflammation is one of the well-known features of
endometriosis [37,38]. Activated STAT3 and NFkB signaling by cytokines and chemokines
associated with immune cells have been shown in endometriosis [109-113]. Aberrant
p-STAT3, co-occurring with HIF1A, presents in the eutopic endometrium in humans and
non-human primates with endometriosis [111]. Although STAT3 directly interacts with
the PRA isoform and is required for normal endometrial functions such as decidualiza-
tion [114], STAT3 constitutive stimulation is activated by inflammatory factors from tissue
residential or peritoneal immune cells in endometriosis [112,113,115]. Yoo et al. [116]
have reported that PIAS3, which is a negative regulator of STAT3 activity, is decreased
in the eutopic endometrium with endometriosis in humans and non-human primates
inversely associated with aberrant p-STAT3. In support of PIAS3 having an active role in
preventing endometriosis, an in vitro study has shown that INFy can reduce PIAS3 but
increases p-STAT3, suggesting aberrant STAT3 activation by attenuation of PIAS3 [116].
On the other hand, overexpression of KRAS and the histone deacetylase SIRT1 has been
observed in the eutopic endometrium with endometriosis [117]. In the mouse model, Kras
activation increases SIRT1 and decreases PGR target genes, including the genes related to
IHH signaling [117]. SIRT1 colocalizes with BCL6, a known target of STAT3 [118], in the
nuclei of eutopic endometrium [117,119]. BCL6 binds the GLI1 promoter, a transcription
factor mediating the Hedgehog pathway, to suppress GLI1 transcription, resulting in the
disruption of progesterone-mediated IHH signaling [117]. The KRAS gene is often mutated
to become constitutively activated in the endometrium [30,31,33,34,120]. The involvement
of somatic mutations in endometriosis is summarized in Section 3.7.

SOX17 has been identified as an essential uterine PGR-regulated gene [121] and
regulates implantation and gland development, especially epithelial proliferation and
differentiation through IHH signaling [122,123]. In endometriosis, SOX17 is decreased
in the proliferative and secretory phases of eutopic endometrium compared with nor-
mal endometrium [124]. Reduced SOX17 is correlated with reduced IHH expression.
Interestingly, transcriptome profiles with loss of Sox17 overlap with those from Aridla
ablation [124]. Reduction of ARID1A is observed in the Sox17-ablated uterus, but SOX17
exhibits normal expression in the Aridla-ablated uterus, indicating that ARID1A is poten-
tially regulated by SOX17. Because ablation of Aridla disrupts PGR signaling and ARID1A
can directly bind to PRA, ARID1A is essential for normal endometrial functions and re-
duced ARID1A expression can alter PGR signaling leading to progesterone resistance in
the endometrium with endometriosis [125]. Kim et al. [126] have also recently demon-
strated that one of the histone deacetylases, HDACS3, has an essential role in endometrial
decidualization and loss of Hdac3 in the uterus disturbs PGR signaling. HDAC3 expression
is decreased in the endometrium with endometriosis and might be involved in a part of
progesterone resistance.
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3.6. Epigenetic Alterations in Endometriosis

Dysregulated PGR target genes can be explained as consequences of altered methyla-
tion status in the endometrium [14,24]. A well-known PGR target, HOXA10, reduces its ex-
pression in the eutopic endometrium with endometriosis [71]. Wu et al. have first reported
that reduction of HOXA10 expression is due to hypermethylation of the putative promoter
regions of HOXA10 in the eutopic endometrium with endometriosis [29]. Kim et al. [127]
have demonstrated that a baboon model of endometriosis results in a gradually decreased
HOXA10 in the eutopic endometrium after the lesion induction, owing to the increased
DNA methylation of the proximal promoter of HOXA10. Hypermethylation of the HOXA10
promoter region is also observed in the mouse uterus with induced endometriosis [128].
Aberrant promoter methylation of SF1, PGRB, ESR2, which are important for the response
of progesterone, has also been reported in the eutopic endometrium and ectopic lesions
with resulting progesterone resistance [25-28]. On the other hand, the Giudice group [18]
has reported the analysis of global DNA methylation in the eutopic endometrium with
or without endometriosis during the proliferative, early-, and mid-secretory phases show
no differential methylation of specific promoter regions of the above genes. However,
their results show a significant number of loci with altered DNA methylation that are
found in the mid-secretory phase of the endometrium with endometriosis. Furthermore,
alterations of DNA methylation are associated with altered gene expression related to
endometrial function, including cell proliferation, inflammation, angiogenesis, and steroid
hormone response. Thus, epigenetic modification in the eutopic endometrium contributes
to disrupted hormonal actions causing progesterone resistance in endometriosis [18]. It
is known that steroid hormones (estrogen and progesterone) and chronic inflammation
can alter the chromatin landscape in the endometrium [12,18]. The Giudice group [19] has
further examined the effects of 173-estradiol, progesterone, and their combination on the
DNA methylome and transcriptome, comparing eutopic endometrial stromal fibroblasts
isolated from normal (disease-free) and endometriosis patients from different disease stages.
173-estradiol and progesterone individually and together promote unique profiles in DNA
methylome. Overall, 17(3-estradiol alone induces broad changes in the DNA methylome
in normal endometrium, but progesterone alone has a lesser effect. The combination of
173-estradiol and progesterone results in reduced numbers of differentially methylated
loci compared to 17(3-estradiol alone. Hormonal responses to the DNA methylome in the
eutopic endometrial stromal fibroblast are aberrant in the early- and late-stage endometrio-
sis, which is probably due to already existing DNA methylation marks prior to hormone
treatments. Additionally, hormone-induced methylation alterations are largely enriched
within enhancers and intergenic regions but are minimally involved in proximal promoters
and CpG islands.

Dyson et al. [129] have reported that members of the GATA transcription factor
family are differentially methylated in stromal cells from normal endometrium without
endometriosis and ectopic stromal cells isolated from ovarian endometrioma. GATA2
regulates genes necessary for decidualization in the normal endometrium. GATA? is hyper-
methylated in the ectopic stromal cells. In contrast, GATA6 is normally hypermethylated
and its expression restricted, but in lesions, it becomes hypomethylated and replaces GATA2,
which promotes endometriotic phenotypes. This study did not examine the methylation
statuses of GATA2 or GATAG in the eutopic endometrium with endometriosis, including
different stages of the disease and different cyclic phases. This analysis would be of interest
as it would conclusively determine whether this switch is causative of the disease or a
result of tissue differences after the establishment of endometriosis.

3.7. Genomic Alterations and Somatic Mutations in Endometriosis

Endometriosis is a heterogeneous and complex disease. Currently, there are no well-
characterized markers and no distinct causative evidence of endometriosis risk variants
that are associated with putative genes of interest [38,130]. Genome-wide association
studies (GWAS) have identified loci of interest with or without endometriosis, whereas it
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remains unclear how genome-wide significant loci contribute to the endometriosis patho-
genesis [37]. However, analysis of genes located nearest to the risk loci indicates the impact
of cell adhesion, migration, angiogenesis, inflammation, and hormone-related pathways,
specifically WNT, MAPK, and STAT3 signaling under different conditions such as stages,
fat distribution, pain scales, and cancers [37,38].

On the other hand, WES analyses show somatic epithelial mutations in ovarian en-
dometrioma, deep-infiltrating endometriosis, and normal endometrium [30,32,34].
Suda et al. [34] have identified a number of somatic mutations that are associated with
ovarian cancer in laser captured epithelial cells from ovarian endometrioma and normal
endometrium. KRAS and PIK3CA are found especially as the most common mutations in
both endometrioma and endometrium. Anglesio et al. [30] have reported that epithelium
from deep-infiltrating endometriotic lesions carries known cancer driver mutations: KRAS,
PPP2R1A, PIK3CA, and ARID1A from 5 of 24 patients (21%). A recent study [31] has indi-
cated that KRAS mutations are more frequent in cases of adenomyosis with co-occurring
endometriosis, leading to a reduced efficacy of progestin therapy by the silencing of PGR,
and can be a driver for adenomyosis development as described in further detail in the
adenomyosis section below.

4. Adenomyosis
4.1. Disease Features in Adenomyosis

Adenomyosis is characterized by the infiltration of endometrial-like tissues com-
posed of glands and stroma into the myometrium [131]. It produces a diffusely en-
larged uterus with ectopic adenomyosis lesions surrounded by the hypertrophic my-
ometrium [132,133]. Adenomyosis has been considered to result in an invagination of the
endometrium from the breakdown of the junctional zone between basalis endometrium and
myometrium [134-136]. On the other hand, it has been suggested that de novo generation
of endometrial tissues in ectopic locations such as embryonic Mullerian stem cells and adult
stem and/or progenitor cells is an alternative theory [135,137-139]. Although adenomyosis
and endometriosis share several histological and molecular features [140], patients with
adenomyosis often suffer menorrhagia and pregnancy loss, including recurrent implan-
tation failures and miscarriages [141,142]. The prevalence of adenomyosis can be up to
20~35% based on data from patients who underwent hysterectomy [143-145] though there
are large variations depending on the studies [146]. Because hysterectomy is the definitive
cure for adenomyosis, a recent population-based study in the U.S. has reported that ~82% of
patients among women aged 16-60 years following incident adenomyosis undergo hysterec-
tomy [147]. The highest incidence of adenomyosis is in women in their 40’s, 4145 years
(27.3%), but 3640 (20.7%) and 46-50 years (19.6%) also show higher prevalence [147],
probably due to adenomyosis often being histologically diagnosed/confirmed after hys-
terectomy [148]. On the other hand, recent advanced imaging systems are able to detect
the presence of smaller adenomyosis lesions. Indeed, transvaginal ultrasound (TVUS) or
magnetic resonance imaging (MRI) have indicated >30% of women aged 18-30 years [149]
or 60% of patients aged 18-42 years [150] might already have adenomyosis. Thus, initiation
of adenomyosis, i.e., abnormal invagination of the endometrium into the myometrium,
has occurred in younger reproductive-age women [148]. Therefore, the identification of
marker genes or risk factors for early identification and treatment of adenomyosis needs to
be developed.

4.2. Current Treatments in Adenomyosis

Adenomyosis is an estrogen-dependent gynecological disease like endometriosis.
The progression of adenomyosis lesions with hypertrophic myometrium is enhanced by
estrogen and abrogated by progesterone [136]. For those reasons, hormonal treatments such
as GnRH agonists, progestins, and oral contraceptives have been used to suppress pain
symptoms and abnormal heavy menorrhagia [132,151,152]. GnRH agonists are effective
in causing systemic hypoestrogenism to reduce the size of adenomyosis and improve



Cells 2022, 11, 647

9 of 28

adenomyosis-associated symptoms [153-155], whereas the side effects of GnRH agonists
(menopausal symptoms) limit their use. LNG-IUD has been considered most effective
and successfully used to treat adenomyosis because it is efficient in suppressing menstrual
bleeding [156-160]. The efficacy of LNG-IUD is generally higher than other progestin-based
treatments [151,152]. This is because LNG-IUD consistently suppresses the menstrual cycle.
Radzinsky et al. [161] have reported that LNG-IUD is also effective in reducing chronic
pelvic pain. While LNG-IUD can be a cost-effective and reliable long-term treatment for
adenomyosis patients, the efficacy of LNG-IUD significantly reduces in a large volume
uterus [162].

4.3. KRAS Mutations and Progesterone Treatment in Adenomyosis

Owing to PGR expression being less intense in adenomyosis lesions [136], proges-
terone resistance and hyperestrogenism are always a concern when using progestin-based
therapies [136,163]. In support of this, the PRB isoform is also known to be downreg-
ulated in the eutopic and ectopic endometrium in adenomyosis, especially with severe
cases [164,165]. However, the mechanisms of impaired progesterone signaling in the eu-
topic and ectopic endometrium, where adenomyosis is present, are not fully understood. A
study published by Inoue et al. [31] has indicated that KRAS mutations can be a driver of
adenomyosis development and progression and linked to the PGR downregulation. This
group performed the WES to understand the comprehensive genomic characterization
of adenomyosis with co-occurring endometriosis and leiomyoma. Their WES detected
134 unique synonymous and non-synonymous single-nucleotide variations (SNV) in 31/51
(60.8%) adenomyosis cases, suggesting that adenomyosis is a clonal disorder with so-
matic mutations [31]. It was shown that a KRAS mutation at the location of G12, which
is well-known as an oncogenic mutation, is the highest alteration (~37%) in adenomyosis.
Additionally, isolation of epithelial cells by laser capture microdissection (LCM) reveals
that the KRAS mutations have most likely occurred in the endometrial epithelial cells. Fur-
thermore, the co-occurring gain of function mutations of KRAS with the PIK3CA p.H1047
is frequently observed in both adenomyosis and endometriosis. As an important finding,
KRAS mutations are observed in not only adenomyosis lesions but also histologically
normal endometrial tissues. The presence of KRAS and PIK3CA mutations in the normal
endometrium is consistent with recent publications [33,34]. Thus, frequent KRAS mutations
in the normal endometrium might initiate invasive and proliferative cellular functions to
develop ectopic adenomyosis [31]. Importantly, KRAS mutations have been found to be
significantly high in adenomyosis lesions from the patients who have been treated with
dienogest (an oral progestin, 84%) but do not respond well and eventually underwent
hysterectomy compared with the patients without dienogest (26%). The study further
confirms less sensitivity to dienogest treatment in the KRAS mutated lesions, probably due
to epigenetic silencing of PGR expression by KRAS mutations [31]. Therefore, the authors
conclude that adenomyosis etiology is strongly associated with KRAS mutations in the
endometrium, as well as the status of KRAS mutations is likely to be a critical factor in
selecting effective medical treatments. Thus, the assessment of disease progression can be
predicted by the frequency of KRAS mutations [31].

5. Leiomyoma (Uterine Fibroids)
5.1. Disease Features in Leiomyoma

Leiomyomas are benign tumors of smooth muscle cells and fibroblasts developed
in the myometrium [166,167]. The excessive accumulation of extracellular matrix (ECM)
with collagens is one of the distinguishing characteristics of leiomyoma [168]. The preva-
lence of leiomyoma varies among the studies (4.5-68.6%) depending on study populations,
races, ages, and diagnostic methods [169]. The estimated cumulative incidence of leiomy-
oma by the age of 50 is >80% for African-American women and ~70% for Caucasians,
suggesting that African-American women show a higher risk of developing uterine leiomy-
oma [170]. In addition, leiomyomas in African-American women generally develop tumors
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that are larger in size and cause more severe symptoms than those in women of other
races [169,170]. Although the majority of women can remain asymptomatic, leilomyoma
can cause severe and chronic symptoms; heavy, irregular, and prolonged menstrual bleed-
ing with accompanying anemia, pelvic pain, and dysmenorrhea, as well as fertility issues
and labor obstruction [167,171,172]. Treatment of leiomyoma depends on the severity of
symptoms and whether patients desire to become pregnant and/or the sizes and loca-
tions of the leiomyoma. Although medical treatments are available to specifically control
leiomyoma-associated symptoms, nearly 75% of leiomyoma patients end up having hys-
terectomy surgery in the U.S. [173], which represents the impetus for one-third to half of
all hysterectomies [174-176]. Although leiomyoma is not a disease stemming from the
endometrium, it is one of the gynecological diseases regulated by steroid hormones. The
symptoms of diseases and treatment options are similar to other gynecological diseases.

5.2. Current Hormonal Treatments and Roles of Progesterone in Leiomyoma

The cause of leiomyoma-associated heavy bleeding has not been fully understood.
Medical treatments primarily focus on reducing abnormal uterine bleeding. Because
estrogen has been considered the primary driver to stimulate the progression of leiomyoma
and accelerate abnormal uterine bleeding, GnRH agonists/antagonists, progestins, selective
progesterone receptor modulators (SPRM), and aromatase inhibitors are available to inhibit
estrogen actions and productions for leiomyoma-related symptoms [171,172]. LNG-IUD is
the most common progestin treatment to induce amenorrhea and stop menorrhagia with
anemia in up to 60% of premenopausal leiomyoma patients with minor side effects [177].
However, the efficacy of LNG-IUD significantly reduces in the patients with larger tumors
(>3 cm) [177], which is similar to adenomyosis. Contraceptive pills combined with estrogen
and progestin are commonly used for leiomyoma patients as well [171,172,178]. However,
the efficacy of contraceptives for abnormal uterine and heavy bleeding is lower than that
of LNG-IUD [177]. GnRH agonists are also effective in inducing amenorrhea and/or
decreasing the size of leiomyoma [179,180]. However, the menopausal side effects induced
by GnRH agonists are always a concern, therefore add-back hormonal therapies with GnRH
agonists have been used for premenopausal women.

On the other hand, the effects of progesterone on leiomyoma can be different from
other endometrial diseases. The reason is that progesterone/progestins stimulate cellular
proliferation and the accumulation of ECM, which promote further development of uterine
leiomyoma [8,168,181,182]. Clinical evidence also supports the mitogenic functions of
progestins in leiomyoma patients. For example, the proliferation of leiomyoma tumors is
most active during the secretory phase where progesterone secretion is high [183,184]. The
combinations of estrogen and progestin therapies for menopausal women considerably
enhance the growth of leiomyoma tumors compared with estrogen treatment alone [184].
A high dose of medroxyprogesterone acetate (MPA), which is a hormonal medication of
the progestin, unfortunately increases leiomyoma growth [185]. Furthermore, an add-back
therapy of progestins with GnRH agonists reverses the efficacy of GnRH agonists [186,187].
A study employing a xenograft model by grafting human leiomyoma tissues to the kidney
capsule [181] shows that the size of xenografts of human leiomyoma tissues increases cell
proliferation and volumes of ECM in response to 173-estradiol plus progesterone, but this
is not induced by the xenografts in which normal myometrium is implanted. Interestingly,
17(3-estradiol or progesterone alone is unable to stimulate the growth of leiomyoma. The
authors further demonstrate that while 17(3-estradiol alone does not stimulate proliferation,
173-estradiol induces PGR expression and supports progesterone action on the leiomyoma
xenografts. The results suggest that estrogen and progesterone can directly stimulate
leiomyoma cell proliferation based on the expression of PGR and ESR1 in the proliferating
cells [8,181]. Estrogen and progesterone have also been reported to enhance ECM proteins
such as collagen types I and II [188,189], and also stimulate ECM accumulation to increase
the size of leiomyoma [181]. Thus, progesterone with a permissive role of estrogen is
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critical for cell proliferation and ECM accumulation to increase the size of leiomyoma
tumors [8,168].

Additional studies of ECM in leiomyoma regulated by growth factors [190,191], cy-
tokines [192], and steroid hormones [181,182] have been reported. A number of in vitro
studies support that progestins stimulate cellular mechanisms to increase the production
of growth factors summarized in [168]. Qiang et al. [182] have reported that ECM ac-
cumulation in leiomyoma is regulated by steroid hormones via the downregulation of
miR-29b. The authors demonstrate that the expression of miR-29b is lower in leiomyoma
compared with myometrium. Restoring miR-29b inhibits ECM accumulation to develop
solid tumors. Although increased collagen expression by miR-29b is not sufficient for the
transformation from myometrial cells to leiomyoma cells, 17(3-estradiol and progesterone
decrease miR-29b and increase multiple collagen expressions. These results suggest that
miR-29R is one of the critical factors to produce ECM accumulation regulated by steroid
hormones in leiomyoma.

5.3. Genetic Alterations and Steroid Hormones in Uterine Leiomyoma

Compared with other endometrial diseases, leiomyomas show a high incidence of
somatic mutations. Makinen’s group [193] has identified recurrent somatic mutations in
MED12 that drive leiomyoma development. Strikingly, approximately 70% of leiomyoma
patients possess MED12 mutations in leiomyoma tumors [193]. This finding has been
further validated in multiple studies confirming the presence of MED12 mutations, but
depending on the study, the incidence varies between 48 and 92% [194]. HMGA2 over-
expression is the second major genetic alteration accounting for approximately 10% in
uterine leiomyoma cases [194-196], but its expression is limited in the leiomyoma with-
out underlying MED12 mutations [194,195,197-199]. FH-deficient or COL4A5/6 deletions
have also been identified as unique genetic alterations without co-occurring with other
alternations [198,200]. While FH and COL4A5/6 mutations have been characterized, the
majority of uterine leiomyoma (80-90%) harbor MED12 or HMGA?2 alterations [194]. Ku-
rita’s group [201] has recently reported that subtypes of leiomyoma with either MED12
mutations or HMGAZ2 overexpression required progesterone and 173-estradiol to stimulate
tumor growth. Another important finding is that leiomyomas with HMGA2 overexpression
mainly consist of smooth muscle cells. Tumors with MED12 mutations contain almost
equal populations of smooth muscle cells and tumor-associated fibroblasts, although casual
MED12 mutations are present only in the smooth muscle cells [201]. Thus, the growth of
smooth muscle cells is important in HMGA?2 overexpressing leiomyoma. On the other
hand, paracrine interactions between smooth muscle cells and tumor-associated fibroblasts
are crucial for the progression of the MED12 mutant leiomyoma, as tumor-associated
fibroblasts do not carry MED12 mutations. Interestingly, the growth of smooth muscle cells
is driven by progesterone in both MED12 mutant and HMGA?2 overexpressing subtypes. In
contrast, tumor-associated fibroblasts are stimulated by 173-estradiol but not progesterone.
Therefore, 17(3-estradiol is likely to stimulate MED12-mutant smooth muscle cells to secrete
paracrine factors that promote the growth of tumor-associated fibroblasts [201]. This study
suggests that it is critical to consider the specific genetic alterations of leiomyoma subtypes
when designing non-surgical therapeutic strategies and follow the tumor progression with
different cell types due to the differential effects of steroid hormones on leiomyoma sub-
types [201]. This group has also demonstrated that progesterone and 17(3-estradiol activate
MAPK and PI3K pathways with upregulation of IGF1 and IGF2 in the MED12-mutated
leiomyoma [202].

RANKL has been identified as a progesterone responsive gene that is involved in the
growth and progression of hormone-mediated leiomyoma [203,204]. Liu et al. [204] have
shown that RANKL transcription is enhanced due to the hypomethylation of the regulatory
element of PGR in leiomyoma stem cells, whereas higher DNA methylation at the PGR
response element blocks PGR binding in the normal myometrium; leading to a decrease in
RANKL expression. Furthermore, MED12 mutation, especially at G44D, further stabilizes
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PGR binding at the regulator element of RANKL, indicating that a complex network consti-
tuted by DNA methylation and MEDI12 mutations regulates the progesterone-mediated
RANKL gene expression contributing to leiomyoma tumor development [204]. This group
has further reported that the PGR gene locus and its genome-wide cistrome are hypermethy-
lated in leiomyoma stem cells, repressing the expression of genes for progesterone-mediated
leiomyoma stem cell differentiation [205].

WNT signaling has also been reported to mediate cellular processes in leiomyoma
pathophysiology [197,206-208]. Several WNT ligands and other mediators have been over-
expressed in leiomyoma to activate the WNT/CTNNB1 pathway to enhance leiomyoma
progression [206]. Ono et al. [207] have reported that estrogen and progesterone activate
canonical WNT/CTNNBI1 signaling to stimulate cellular proliferation in the leiomyoma
side population of stem-like cells, but this is not seen in the myometrial cells. The group
also shows that WNT4 is overexpressed in CD34"/CD49b~ leiomyoma cells and can
stimulate leiomyoma cell proliferation via WNT/CTNNBI signaling and AKT [209]. Addi-
tionally, MED12 mutations have been implicated in the misregulation of WNT/CTNNB1
signaling, providing additional linage between two common mechanisms of leiomyoma
development [206,210-212].

6. Polycystic Ovary Syndrome (PCOS)
6.1. Disease Features and Current Treatments in PCOS

PCOS is known as a complex endocrine disorder characterized by ovulatory dys-
function, polycystic-appearing ovary, oligomenorrhea, and hyperandrogenism. PCOS is
one of the common causes of female infertility occurring in 6-12% of reproductive-aged
women, representing as many as 5 million women in the U.S. [213-215]. Approximately
75% of women with PCOS experience anovulation-related infertility and >50% of them
suffer miscarriages and recurrent pregnancy loss [216-218]. As additional clinical com-
plications of this disease, women with PCOS further develop type 2 diabetes and insulin
resistance as well as increased risk of both cardiovascular diseases and endometrial can-
cer [213,214,219-221]. Although numerous factors impact the pathophysiology of PCOS,
clinical, animal, and genetic studies support the involvement of abnormal neuroendocrine
factors [222]. Dysregulation of hypothalamic GnRH and pituitary luteinizing hormone
(LH) secretions [223,224], especially the high-frequency pulsatile release of GnRH follow-
ing hypersecretion of LH, contribute to hyperandrogenisms [225]. In these women, the
levels of the 173-estradiol hormone are relatively normal, but their window of action can
be prolonged [226,227]. Hypersecretion of LH and insulin with excess androgen arrests
antral follicle growth and suppresses the follicle-stimulating hormone (FSH), leading to
maturation inhibition in the follicles [228].

Currently, no universal treatments or drugs are available for the treatment of PCOS [229].
As risk factors for PCOS include being overweight, obesity, and type Il diabetes with the
consequences of insulin resistance, healthy lifestyle interventions are recommended to
improve individual symptoms. On the other hand, anovulation and/or oligomenorrhea, a
part of menstrual dysfunction, require hormonal therapies to have proper hormonal regula-
tion not only in the ovary but also the uterus, which is also critical for the patients who seek
fertility and successful pregnancy [229]. Oral contraceptive pills (combinations of estrogen
and progesterone) and cyclic or continuous progesterone/progestin administration are
often efficacious for patients with mild to moderate menstrual dysfunction [230]. On the
other hand, it is known that chronic anovulation and oligomenorrhea elicit in women with
PCOS when the endometrium is subject to prolonged estrogen exposure that is unopposed
to subsequent progesterone signaling due to insufficient hormone production or PGR
activation. This state results in endometrial hyperplasia, which can lead to endometrial can-
cer [221]. Indeed, PCOS patients have a significantly higher risk of developing endometrial
cancer [221,231-233]. For those reasons, progestin/progesterone (i.e., MPA, norethindrone
acetate, and micronized progesterone) have also been used to manage prolonged estro-
gen actions preventing endometrial hyperplasia [221,234]. However, the endometrium of



Cells 2022, 11, 647

13 of 28

women with PCOS often exhibits progesterone resistance, altering progesterone-regulated
genes in the endometrium [21]. In fact, approximately 30% of PCOS patients fail to respond
to progesterone-based therapy [235]. Therefore, it is important to understand endometrial
pathophysiology in PCOS patients to improve poor reproductive outcomes and to prevent
endometrial hyperplasia and/or cancer.

6.2. Endometrial Progesterone Resistance in PCOS

Giudice and Lessey’s groups [21] have performed microarray analysis to determine
differential gene expressions in the mid-secretory phase of endometrium from (1) PCOS
patients treated with clomiphene citrate, an estrogen modulator, (2) PCOS patients treated
with progesterone, and (3) normal patients. Their results have indicated that progesterone-
regulated genes, such as MIG6, LIF, GAB1, S100P, and CLDN4, are downregulated in the
endometrium from PCOS patients [21]. Specifically, MIG6 and GABI, related to the EGF
signaling pathway that is important for implantation and decidualization, are significantly
reduced in the mid-secretory phase of PCOS patients despite the presence of progesterone.
On the other hand, the estrogen signaling pathway associated with cell proliferation is
aberrant [21], supporting a higher risk of endometrial hyperplasia and cancer [221]. The
study summarizes the findings with minimal or absent progesterone responsiveness or
progesterone resistance and elevated estrogen activity in the PCOS endometrium [21]. Fur-
thermore, stromal cells isolated from PCOS endometrium have an aberrant decidualization
response associated with increased expression and secretion of pro-inflammatory cytokines,
chemokines, and MMPs [236]. Additionally, altered gene expression profiles in epithelial
cells, stromal fibroblasts, and mesenchymal stem cells have revealed that inflammatory and
pro-oncogenic changes negatively impact endometrial functions in women with PCOS [22].

The absence of progesterone responsiveness and/or progesterone resistance could be
explained by altered PGR expression. Quezada et al. [237] have reported that PGR is higher
in the epithelium during the mid-secretory phase in PCOS patients. PRA expression is ele-
vated in the proliferative endometrium in PCOS patients [238]. The altered PRA /PRB ratio
has also been observed in the proliferative endometrium with PCOS [237,238]. However, it
is still unclear whether direct correlations exist between loss of progesterone responsiveness
and the altered expression of PGR and specific isoforms in the PCOS endometrium.

6.3. Metformin and Progesterone Resistance in PCOS

Metformin is an insulin sensitizer that has been widely used not only for type 2
diabetes but PCOS [239,240]. Treatment of PCOS patients with metformin improves
menstrual irregularity and anovulation [239,240], resulting in inhibiting cytokine pro-
duction, CYP19A1 (aromatase) activity, and endometrial cell proliferation [241]. Metformin
can enhance PGR expression via inhibition of overactivated mTOR signaling [242]. Fur-
thermore, the combination of metformin and oral contraceptives is effective in reducing
progestin-resistant endometrial hyperplasia [243,244]. A few experimental studies and
one clinical study support the use of metformin in endometriosis [245]. Further inves-
tigation is necessary to understand the molecular mechanisms to improve endometrial
dysfunctions (endometrial hyperplasia and progesterone resistance) with insulin resistance
and can provide the undiscovered impeccable pathophysiology of PCOS as well as other
endometrial diseases.

7. Endometrial Hyperplasia with or without Atypia
7.1. Characterization of Endometrial Hyperplasia

Endometrial hyperplasia is the condition of excessive proliferation of epithelial cells
and thickening of the endometrium, usually resulting from chronic unopposed estrogen
exposure associated with deficiency of progesterone [246-248]. Hyperplastic endometrium
is induced by hormone imbalance, however, it might further develop into atypical hyper-
plasia (AH)/endometrioid intraepithelial neoplasia (EIN) [249]. AH has been histologically
defined by complex hyperplastic glands composed of enlarged and irregular-shaped nuclei,
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displaying stratification and loss of polarity, and resembling the morphological feature in
endometrial cancer [250,251]. Endometrial hyperplasia with or without cytologic atypia
has been classified in the 2014 World Health Organization (WHO) classification for the
purpose of clinical practice and the choice of treatment [250]. AH raises a significant risk
of developing endometrial cancer [252-254]. Kurman et al. [255] has reported that 1.6%
of patients with endometrial hyperplasia progress to carcinomas compared with 23% of
patients with AH [255]. The study from Lacey et al. shows that AH/EIN has a nearly 40%
probability of developing endometrial cancer [256]. Several case studies also report 14%
up to 43% concurrent associations with endometrial carcinomas and AH [257-259]. These
studies support that AH/EIN are considered precursor or premalignant tumors specifically
for endometrioid endometrial carcinomas (EEC) [250,254,260]. EEC accounts for >80% of
all endometrial carcinomas and usually develop in premenopausal and peri-menopausal
women, whereas serous uterine carcinomas account for <10% and are highly aggressive,
estrogen-independent, and diagnosed mainly in postmenopausal women [249,261-265].
EEC are well known to be correlated with genetic alterations in PTEN, KRAS, CTNNBI,
ARID1A, and PIK3CA [120,266]. Although multiple combinations of mutations have been
observed in EEC, approximately 65% of EEC harbor PTEN mutations [266], which are
the most frequent somatic mutation in EEC [249,267,268]. Somatic PTEN mutations have
been observed not only in EEC but also in hyperplastic glands and AH/EIN [249,269]. A
recent genome-wide mutation analysis from Li et al. [251] has reported that the common
mutations between AH and EEC vary from 0.1% to 82%. Microsatellite stable AH have
fewer cancer-driving mutations than EEC, and 79% of microsatellite stable EEC gain cancer
driver mutations related to PTEN, CTNNB1, ARID1A, CHD4, and PIK3CA, indicating that
some AH lesions are immediate precursors of EEC, and their progression depends on the
acquisition of additional cancer driver mutations. In the genetically engineered mouse
models of endometrial cancer, conditional ablation of PTEN in epithelial cells and/or
endometrial cells induces AH/EIN and/or carcinomas [8,270-272]. Thus, PTEN mutations
in the endometrium can be a major driver of AH and appear to initiate the precursor
of EEC, whereas a single mutation of Pik3cat>*K [270] or Aridla [273,274] is insufficient
to induce endometrial hyperplasia, AH/EIN, or cancerous lesions. On the other hand,
PTEN mutations alone are considered to be insufficient to initiate malignant tumorigenesis
unless other molecular alterations are acquired [249]. Genetically engineered mouse mod-
els have shown that the combinations with Pten ablation with mutations of Pik3ca [270],
Aridla [273], or KrasC1?P [272] promote and aggressively develop invasive endometrial
carcinomas, whereas solely PTEN loss does not or takes a long time to induce malignant
tumors. Thus, PTEN ablation is likely an early event to induce endometrial hyperplasia
and/or AH/EIN, but PTEN mutations can further accelerate the progression to endometrial
carcinoma with other mutations. Interestingly, PTEN mutations with estrogen exposure re-
sult in an increased incidence of endometrial carcinomas [275]. However, Pten*/~ mice with
oophorectomies often develop hyperplastic lesions, and Pten*/~ Esr~/~ mice also exhibit
atypical hyperplasia and endometrial tumorigenesis, indicating that AH/EIN induced by
PTEN mutations is independent of estrogen and estrogen signaling [275].

7.2. Hormonal Therapy and Clinical Perspectives for Endometrial Hyperplasia, AH/EIN, and
Endometrial Cancer

Because most of the patients with endometrial hyperplasia, AH/EIN, and/or carcino-
mas present with abnormal uterine bleeding, endometrial cancer is generally diagnosed
at the early stages [248,254]. However, abnormal bleeding can be induced by many differ-
ent causes. After ruling out other sources and causes of abnormal bleeding by physical
and histological examinations and tests, removing the uterus (hysterectomy) and ovaries
and fallopian tubes (bilateral salpingo-oophorectomy) is a primary option and the cur-
rent standard for the treatment of endometrial cancer [248,254]. Of course, cytoreductive
surgery, including hysterectomy and oophorectomy, is not the option for patients who
wish to preserve fertility. It has been reported that hormonal therapy, mainly progestins,
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shows successful efficacy in resolving premalignant endometrial hyperplasia and/or early
stages of EEC [276]. Long-term treatment with MPA and megestrol acerate resolve ap-
proximately 75% of endometrial hyperplasia [277-281]. LNG-IUD is effective in regressing
endometrial hyperplasia after 2 years of LNG-IUD insertion [282]. Favorable responses to
endometrial cancer depend on ESR and PGR expression, low-grade EEC, and low disease
burden [263,283]. Hormonal therapy is often considered for women with AH. However,
the efficacy of progestin therapy is limited for many AH patients [248,254]. The variability
in response to progestins is due to the heterogeneity of AH lesions with different genetic
mutation statuses as described above. If gene mutation(s) initiates AH and/or endometrial
hyperplasia without dysregulation of steroid hormones, hormonal therapy is less likely to
be effective. It will be crucial to understand the pathophysiology of endometrial hyperpla-
sia and AH/EIC, as well as the cause and mechanism of transformation from endometrial
hyperplasia to AH/EIC. Nevertheless, untreated premalignant lesions of the endometrium
are highly likely to progress to endometrial cancer [254]. As it is estimated that there is an
interval range of 4-7 years from the diagnosis from AH to EEC [256,284], preventing the
progression from AH to EEC by hormonal therapy (progestin treatment) might be an option
for patients who wish to preserve fertility using indicators of ESR1 and PGR expression.
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Table 1. Gynecological diseases.

Progesterone Actions/PGR

Gynecological Diseases Diseases Features Signaling Mutations Major Symptoms Common Treatment Options
GnRH agonists and antagonists
Combined oral contraceptives
Endometrial-like tissues outside KRAS Dysmenorrhea Non-steroidal anti-inflammatory drugs
of the uterus Dysregulated (Decreased) PIK3CA Chronic pelvic pain Progestins (LNG-IUD, implant, injection,
Endometriosis Hemosiderin [16,17,70,71,88-99,105,106,109— ARID1A Dyspareunia pills, etc.)
Extensive adhesion 112,114-117,119,124-126] PPP2R1A Heavy bleeding Surgical removal and destruction
[30-32,34] Infertility (laparoscopy)
Hysterectomy and/or oophorectomy
[44-55]
Menorrhagia with heavy
Adenomyosis Endometrial-like tissues in Dysregulated (Decreased) KRAS bleeding Non-steroidal
anti-inflammatory drugs
myometrium [136,163] PIK3CA Chronic pelvic pain GnRH agonists and antagonists
[31] Implantation failures Progestins (LNG—'IUD, implant, injection,
pills, etc.)
Hysterectomy
Miscarriages Androgenic hormones
[132,151-162]
. GnRH agonists and antagonists
Menorr}:ig:;izlth heavy Progestins (LNG-IUD, implant, injection,
. . Progesterone and 173-estradiol MED12 L. & pills, etc.)
. Benign tumors with smooth . . Pelvic pain and pressure . N
Leiomyoma muscle cells and fibroblasts act as stimulators for tumor HMGA2 overexpression Constipation Uterine artery embolization
growth [181,182,184,185,201-207] [193-199] pation Myomectomy
Frequent urination
Infertility Hysterectomy
[171,172,174-180]
Endocrine disorder with Infertility Comblnedpi)éalezzrrlltsracep tives
PCOS ovulatory dysfunction and Dysregulated (Decreased) Miscarriages Met%ormin
polycystic ovary Oligomenorrhea [21,22,237,238] Develop type 2 diabetes with Aromatase inhibitor
Hyperandrogenism insulin resistance [229,230,234,235,239,240,243,244]
PTEN . . N
Excessive proliferation of KRAS . Progestins (LNG-.IUD’ implant, injection,
. . s . . Dysregulated (Decreased) Abnormal menstruation pills, etc.)
Endometrial Hyperplasia epithelial cells and thickening of ) PIK3CA . . .
the endometrium [246-248] ARIDIA Heavy bleeding Combined oral contraceptives

[249,251,269]

[248,254,276-282]




Cells 2022, 11, 647 17 of 28

8. Conclusions

While each gynecological disease described above may have different origins, mech-
anisms, and etiology, there are some similarities, chiefly dysregulated steroid hormone
signaling. This may stem from a disruption of hormone production, progesterone resistance,
altered hormone-dependent gene expression, common somatic gene mutations, and/or
side effects of current hormonal treatments and approaches for one disease that establish or
worsen another. Sadly, most of these patients have been battling disease-associated chronic
pelvic pain, dysmenorrhea, menorrhagia, and/or fertility issues, reducing their quality of
life, with few perfect therapy strategies to abrogate their disorders. The dynamic changes
of endometrial tissues in the menstrual cycle regulated by responses of steroid hormones
are complex mechanisms. Because menstrual cycles repeatably occur and alter the local
endometrial environment, the local hormonal environment cannot be precisely defined
in each cycle. Endometrial proliferation, differentiation, shedding, and regeneration are
associated with massive inflammation which further affects endometrial hormonal respon-
siveness, including epigenomic and transcriptomic interplay. While numerous studies
reveal the mechanisms of hormone unresponsiveness and progesterone resistance, we still
do not know the initiation and establishment of each gynecological disorder and how they
can be therapeutically treated. The studies from Fazleabas’ group have indicated that the
development of progesterone resistance is a gradual process and becomes evident at least
6 months after disease induction in the baboon model of endometriosis [285]. Thus, the
establishment of disease (endometriotic lesions) can further affect the eutopic endometrial
environment. Recent studies also indicate that somatic gene mutations can be drivers
to promote disease establishment; leiomyoma and uterine hyperplasia with AH/EIC are
especially likely initiated by gene mutations. Somatic mutations have been observed in
the endometrium with endometriosis and adenomyosis and are also related to potentially
transforming into malignant tumors. In this context, it would be important to understand
the further mechanisms of disease pathophysiology and develop personalized medicine
depending on the alterations of complex mechanisms, symptoms, and future goals for
patients who desire fertility.
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