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Abstract

Recent molecular genetic findings on endometriosis and normal endometrium suggest a modified
model in which circulating epithelial progenitor or stem cells intended to regenerate uterine
endometrium after menstruation may become overreactive and trapped outside the uterus. These
trapped epithelium-committed progenitor cells form nascent glands through clonal expansion and
recruit polyclonal stromal cells, leading to the establishment of deep infiltrating endometriosis.
Once formed, the ectopic tissue becomes subject to immune surveillance, resulting in chronic
inflammation. The inflammatory response orchestrated by nuclear factor-xB signaling is
exacerbated by aberrations in the estrogen receptor-p and progesterone receptor pathways, which
are also affected by local inflammation, forming a dysregulated inflammation—hormonal loop.
Glandular epithelium within endometriotic tissue harbors cancer-associated mutations that are
frequently detected in endometriosis-related ovarian cancers. In this review, we summarize recent
advances that have illuminated the origin and pathogenesis of endometriosis and have provided
new avenues for research that promise to improve the early diagnosis and management of
endometriosis.
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INTRODUCTION

Endometriosis is a reproductive disorder in which endometrial tissue is aberrantly located
outside the uterus. Endometriosis affects nearly 10% of women of reproductive age, and
30% to 50% of those with the condition suffer from chronic pelvic pain and/or infertility, the
two major clinical symptoms (1, 2). Endometriosis causes a significant economic burden,
costing $70 billion dollars annually in the United States alone (3). Endometriosis can be
classified into three subtypes based on its histopathology and anatomical locations:
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superficial endometriosis, deep infiltrating endometriosis (DIE), and ovarian endometriotic
cysts (known as endometriomas, or so-called chocolate cysts) (2) (Figure 1). Superficial
endometriosis usually appears on the surface or in the subserosal soft tissue of the
peritoneum or visceral organs, whereas DIE involves lesions that extend deep into the
muscular layer of the intestine, bladder wall, diaphragm, or other organs (Figure 2). Ovarian
endometriotic cysts are found on the ovary, usually forming a large cystic structure
(clinically interpreted as an adnexal mass). Different types of endometriosis are
characterized by distinct biological and clinical features. Unlike superficial endometriosis,
DIE frequently causes severe clinical symptoms, including significant pain and
gastrointestinal and urological tract abnormalities. For women with DIE who do not respond
to medical therapy, surgical removal can be extensive, requiring segmental bowel resection
and extirpative resection of pelvic tissue. Ovarian endometriotic cysts, however, are
commonly associated with infertility and carry an increased risk for the development of
endometriosis-related ovarian cancer.

Current understanding of the pathogenesis and etiology of endometriosis is limited, even
though significant effort has been devoted to their study for several decades. Several
important questions remain to be answered. Among them, what is the origin of the different
endometriosis species? Why does benign DIE behave like disseminated cancer? Why do
lesions with normal-appearing histology always induce chronic inflammation, whereas their
uterine counterparts do not? Researchers, gynecologists, and patients alike have puzzled
over these questions since the disease was first characterized almost a century ago. Despite
the expanding inventory of gonadotropin-releasing hormone (GnRH) antagonists or
agonists, aromatase inhibitors, selective estrogen receptor (ER) and progesterone receptor
(PR) modulators, and anti-inflammatory drugs, in some patients the disease becomes
refractory to these medical treatments, and patients experience recurrence. They require
multiple laparoscopic-assisted surgical interventions, leading to a reduced quality of life.
The development of new drugs [e.g., antioxidants, kinase inhibitors, epigenetic modifiers,
microRNAs (miRNAS)] to target specific pathways in individual patients offers hope for
personalized treatment. This entails further understanding of the pathobiology of
endometriosis, including the compensatory networks that remain active after specific
hormonal pathways are blocked in different molecular types of endometriosis.

In this review, we summarize recent advances in understanding the pathogenesis of
endometriosis and discuss how new and emerging knowledge will inform our future
research, with the ultimate goal of reducing disease-associated symptoms through early
diagnosis, the molecular classification of disease, and the development of new treatments.

RISK FACTORS AND ASSOCIATED DISORDERS

A number of genetic, endocrine, immunological, microbiotic, and environmental factors (4,
5) have been reported to be both positively and negatively associated with the development
of endometriosis. Among factors associated with increased risk are Asian ethnicity (6),
prolonged estrogen exposure (e.g., early age at menarche, shorter menstrual cycles,
nulliparity) (7), low body mass index (8), and uterine outlet obstruction (8). However,
cigarette smoking and greater parity are associated with reduced risk (9). Molecularly,
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endometriosis is associated with specific genetic changes. A genome-wide association study
from a recent meta-analysis identified nine previously reported and five novel loci
significantly associated with endometriosis risk. Interestingly, all loci harbor genes that
function in sex steroid hormone pathways (FN1, CCDC170, ESR1, SYNEI, and FSHB),
emphasizing the role of these pathways in the development of endometriosis (10).

After retrospective review of medical and pathology information from 1,000 women with
endometriosis (excluding those with ovarian endometriotic cysts), Matalliotaki et al. (11)
reported that endometriosis is associated with an increased risk of developing other benign
gynecological disorders, especially ovarian endometriotic cysts and adenomyosis (Figure 3).
This finding suggests that endometriosis of different types share a developmental
pathobiology. While the most common endometriosis-associated symptoms, such as pelvic
pain, dysmenorrhea, and infertility, involve the gynecological tract, endometriosis also has
systemic effects on multiple organ systems. Women with endometriosis have a higher risk of
infection, allergy, autoimmune disease, psychiatric conditions, preterm birth, metabolic
syndrome, coronary heart disease, and cancer, especially ovarian and breast cancers, and
melanoma (12-16). The cause of systemic comorbidities is unknown, but the production of
cytokines, miRNA, and, perhaps, stem cell migration and dissemination have been
implicated. Nevertheless, the broad systemic effects of endometriosis and its comorbidities
deserve more clinical attention with respect to the management of patients with
endometriosis.

THE ORIGIN OF ENDOMETRIOSIS

The normal-appearing ectopic endometrium that becomes established and survives outside
the uterus is one of the most intriguing features of endometriosis. Evolutionarily,
multicellular organisms have established basic principles of differentiation governed by
expectations for cells to follow on their path toward tissue formation: (a) repair their DNA
when damaged by either intrinsic or extrinsic factors; (4) wait for signals from neighbors to
divide; (¢) reside legitimately in their appointed location. Apparently, endometriosis does not
obey the third basic evolutionary rule. Whether driven by intrinsic or environmental needs or
forces, endometriosis cells seem to have lost connection with their homeland—a cellular
diaspora, perhaps.

There are several theories to account for the origin of endometriosis and to explain how
tissue can be scattered throughout the abdominal cavity. Among the most-examined and
most popular theories are retrograde menstruation and, more recently, extrauterine-sourced
stem cells, but other theories have also been proposed, including hematogenous or lymphatic
spread, coelomic metaplasia, and Millerian rest induction (2). However, there is no single
theory that explains all of the different clinical presentations and pathological features in
endometriosis and the rare cases in which endometriosis is present in the thoracic cavity in
women with Mayer-Rokitansky-Kuister-Hauser syndrome and in men. Moreover, it is
possible that superficial endometriosis, DIE, and ovarian endometriotic cysts develop via
different mechanisms, and they invoke different theories. Unlike cancer, in which the
epithelial cell is usually the focus of study, efforts to determine the evolutionary trajectories
and clonal development of endometriosis are often confounded by the fact that
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endometrium-specific stromal cells are an inherent component of endometriosis in addition
to glandular epithelium. The clonal relationship between epithelial cells and endometrium-
like stromal components must be elucidated in various models to account for the origin of
endometriosis. In the next sections, we elaborate on the retrograde menstruation and stem
cell theories and examine their validity in different types of endometriosis, with special
emphasis on assessing the clonality between epithelium and stroma within the same
endometriotic lesions.

RETROGRADE MENSTRUATION MODEL

Sampson’s retrograde menstruation theory is widely accepted, and it is supported by the fact
that women with uterine outflow obstruction have a higher risk of endometriosis (14, 17).
However, this theory does not explain the low incidence of endometriosis relative to
retrograde menstruation (18), nor does it explain some cases in which lesions are found deep
in abdominal organs or even outside of the peritoneal cavity (18). Nonetheless, the
retrograde theory well explains the superficial endometriosis found on the mucosa of
fallopian tubes and on the subserosa of the fallopian tube, visceral organs, and peritoneal
wall, as well as ovarian endometriotic cysts. For superficial endometriosis to develop, a few
retrograde menstrual tissue fragments must first employ a molecular strategy to adhere to the
serosal surface. Once attached and surviving on the surface, the ischemic endometrial tissue
needs to grow into the superficial soft tissues where angiogenesis takes place to sustain their
development.

It has been proposed that the rupture of an enlarged corpus luteum (or cyst) during the
menstrual period may allow the retrograde menstrual endometrium to have access to and
enter the disrupted ovarian tissue. After closure of the wound created by the rupture of the
corpus luteum, the retained endometrial tissues are temporally and spatially nourished by the
corpus luteal cells to form foci of ovarian endometriosis. As a result of local estrogen
stimulation and the enriched blood supply unique to the ovary, these foci, as compared with
their superficial counterparts, continue to grow as a blood-containing endometriotic cyst,
grossly recognizable as a tumor mass on the ovary. In both the scenario of superficial
endometriosis and that of the ovarian endometriotic cyst, it is most likely that the stromal
and epithelial cells within the retrograde menstrual endometrium comigrate and can form
either superficial endometriosis or an ovarian endometrioma. Recently, Suda et al. (19)
observed cancer-associated mutations in epithelial cells from ovarian endometriotic cysts.
Interestingly, they also detected a similar repertoire of somatic cancer-associated mutations
in individual endometrial glands isolated from normal uterine endometrium. The
investigators suggested that clonal expansion of epithelial cells with cancer-associated
mutations occurs in normal endometrial glands, and these cells can leave the uterine cavity
through retrograde menstruation, leading to the development of ovarian endometriotic cysts.
This argument would be strengthened if there were evidence of a clonal relationship between
individual glands and an endometriotic cyst in the same woman.

Applying the retrograde menstruation model to explain the occurrence of DIE appears
challenging. Unlike superficial endometriosis, DIE is located deep in the organ structure,
usually in the muscular layers of the gastrointestinal tract, urinary bladder, and ureter. In
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fact, the pathology of DIE is similar to cancer metastasis, in which a single or minute cluster
of tumor cells containing stem-like cells is responsible for establishing new foci through
angiolymphatic routes. If retrograde menstruation is the mechanism, one must assume that
the menstrual endometrium containing both epithelial and stromal cells can enter into
angiolymphatic circulation without disruption and has the ability to co-invade and undergo
extravasation from the vessels in order to reside within the muscular layers of organs.
However, there is no evidence that menstrual endometrium arising from benign
endometrium is able to accomplish these demanding cancer-like tasks. Furthermore, the
retrograde menstruation model cannot explain endometriosis found outside the abdominal
cavity, such as in the thoracic cavity or brain, and at other sites. Thus, the long-held model of
retrograde menstruation faces a crisis, and such a crisis leads to changes in models and
changes in paradigms. The stem cell theory of endometriosis represents one of the new
paradigms.

ENDOMETRIAL STEM CELL RECRUITMENT THEORY

The stem cell origin theory of endometriosis has gained considerable attention in recent
years. The two main variants of the theory are based on the tissue origin of the stem cells,
which are thought to arise either from the uterine endometrium or from bone marrow.
Irrespective of the site of stem cell origin, hormones and other factors in the tissue
microenvironment contribute to the adhesion, invasion, inflammation, angiogenesis, and
evasion of immunosurveillance required for the establishment of endometriosis. In normal
endometrium, there are several populations of multipotent endometrial stem cells, including
epithelial derived, mesenchymal, and a mixed side population (20). The strength of this
endometrial stem cell theory is that it not only fits the retrograde menstruation model but
also explains the pathogenesis of DIE and endometriosis outside the abdominal cavity
because stem cells of endometrial origin may enter the angiolymphatic space passively
during menstruation and gain entry into the circulation system to find environmentally
friendly “soil” for seeding.

Epithelial stem cells are hypothesized to localize in the basalis layer of the endometrium
near the functionalis layer, where they are geographically protected from regular
menstruation. These stem cells are thought to be responsible for regenerating the epithelium
of the functionalis layer during the proliferative phase in response to estrogen. To date, there
are no specific markers available for isolating endometrial epithelial stem cells. Markers
deserving of further study include stage specific embryonic antigen 1 (SSEA-1), a marker
highly expressed in the endometrium basalis; leucine repeat—containing G protein—coupled
receptor 5 (LGRS5), a marker dynamically expressed in functionalis epithelium closest to the
basalis layer; and N-cadherin, a potential marker of epithelial progenitor cells (21-23). N-
cadherin expression is high in the glandular epithelium in the basalis and is gradually lost as
the gland extends into the functionalis. N-cadherin-positive basalis epithelial cells in human
endometrium have high clonogenicity, proliferative potential, and self-renewing capacity,
properties that are lost concomitant with the loss of N-cadherin. These cells can differentiate
into cytokeratin-positive gland-like structures in three-dimensional cultures, consistent with
their stem cell-like properties (23).
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In contrast to endometrial epithelial stem cells, endometrial mesenchymal stem cells can be
readily isolated and enriched (24), and, consequently, they have been intensively studied.
These cells are localized in the perivascular area of both the basalis and functionalis, and
they are responsible for generating functionalis stroma. They can be efficiently isolated from
endometrial biopsies or from shed menstrual blood using combinations of the markers
CD146, PDGFR-B, and SUSD2 (25-27).

One previous study has shown the presence of very small embryonic stem cell-like cells in
adult mouse endometrium (25, 26). It was proposed that these cells might be a source of the
endometrial stem cell population. Another study supported the presence of such cells,
showing expression of human endometrium glandular and stromal markers in mice in early
differentiating embryonic stem cells, and the study later identified CD146*PDGFR-B*
mesenchymal stem cells in the culture. This unique cell population deserves further
characterization and investigation (27). Despite significant work in this area, there is no
direct evidence that endometrial stem cells are involved in the pathogenesis of
endometriosis.

BONE MARROW-DERIVED STEM CELL THEORY

Several bone marrow—derived stem cell populations (BMDSCs), including mesenchymal
stem cells, hematopoietic stem cells, and endothelial progenitor cells, are suggested to
contribute to the physiological regeneration of endometrium (28). The numbers of these
cells in circulation may increase during the menstrual cycle and the proliferative phase of the
endometrium. BMDSCs have been reported to directly contribute to the generation of both
epithelial and stromal cells in human and mouse endometrium, while having a slight
preference for stroma (29-31). This conclusion is supported by the distribution of human
leukocyte antigen mismatched cells in the endometrium of women receiving bone marrow
transplantation (32). Circulating CD45* blood cells have been shown to colonize and
regenerate the mouse uterine epithelium (33), and BMDSCs have been shown to engraft in
transplanted endometrium in the mouse peritoneum (32). However, the efficiency with
which stem cells have been found to regenerate uterine epithelial cells has been modest,
raising questions about their physiological role in this process.

According to the theory, if BMDSCs go astray in soft tissue rather than homing back to the
endometrium, endometriosis can then develop. Once formed, ectopic endometriotic tissue
competes with eutopic endometrium for a limited number of circulating BMDSCs. Treating
mice with bazedoxifene, an ER modulator, effectively suppresses endometriotic cell
proliferation, decreases lesion size and number, and increases BMDSC recruitment to
eutopic tissue. The decreased size and function of endometriotic lesions is likely due to
decreasing ER-a and proliferating cell nuclear antigen (PCNA) in ectopic endometrium (34,
35).

The recruitment factors for this phenomenon remain unclear. Previously, granulocyte
colony-stimulating factor (also known as colony stimulating factor 3) and interleukin
(IL)-1B have been implied, but neither has been shown to significantly increase BMDSC
recruitment. Recent evidence suggests that the CXCL12/CXCR4 axis is involved in
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recruiting BMDSCs to both eutopic and ectopic endometrial tissues. In cancer, activation of
CXCL12/CXCR4 has been demonstrated to increase the expression of metalloproteinase,
promote angiogenesis, and recruit endothelial cells to facilitate tumor progression and
metastasis (36, 37). CXCR4 is a chemokine receptor expressed on the surface of stem cells
(38), and CXCL12 is its ligand. CXCL12 is expressed by stromal and epithelial cells in
various tissues, particularly from inflamed or injured tissue (39). An in vitro study showed
that physiological estradiol (E2) increases the expression of CXCL12 and CXCR4 by mouse
bone marrow stem cells, while progesterone (P4) increases their expression by human
endometrial stromal cells. Expression levels of both CXCR4 and CXCL12 are higher in
endometriotic epithelial cells than in normal uterine endometrium (40, 41). Conditioned
culture medium from primary cultures of human endometriotic cells induces greater
migration of BMDSCs than does conditioned medium from primary culture of normal
endometrium (40).

BMDSCs are thought to be the major source of stem cells that give rise to endometriosis
outside of the peritoneal cavity, and they could be a source of the rare endometriosis cases in
men (42, 43). A recent study in mice found that mesenchymal stem cells from peritoneal
endometriosis contribute to lesion vascularization and are capable of dissemination to the
lungs, where they differentiate into cells expressing alveolar cell markers, suggesting
multipotency (44). Interestingly, endometriosis-derived cells can return to the endometrium.
Compared with eutopic endometrium, these endometriosis-derived cells express higher
levels of cytokeratin, Wnt, and proteins involved in epithelial-mesenchymal transition.
Endometriotic epithelium is hypothesized to undergo epithelial-mesenchymal transition and
to return to the uterus through the venous circulation (45). It remains uncertain whether
these phenomena can be confirmed in mice and extrapolated to humans.

THE NEW POSSIBLE UNIFIED THEORY

Central to validating the stem cell theory of endometriosis is accounting for the evolution of
distinct tissue types, that is, glandular epithelium and endometrium-specific stroma, within
an endometriotic lesion. Specifically, are both epithelial and stromal components of an
endometriotic lesion clonally related or do they derive from independent stem or progenitor
cells? In the retrograde menstruation model, fragments of epithelial tissue (presumably
originating from multiple glands) and adjacent stromal cells implant onto the peritoneal
surface; therefore, populations of epithelial and endometrium-specific stromal cells, which
are presumably polyclonal, comigrate from the beginning of their journey. In the stem cell
theory, which posits clonal proliferation and differentiation, one must assume that one stem
cell is responsible for producing the progeny of differentiated epithelial and stromal cells to
establish the entire focus of DIE lesions. Thus, among the various theories, there are five
possible scenarios to account for DIE lesions: (&) a multipotent stem cell differentiates into
both epithelial and stromal cell types simultaneously (i.e., clonally related epithelium and
stroma); (6) an independent epithelial stem cell and an independent stromal stem cell
colocalize, and they differentiate into their respective progeny (i.e., epithelium and stroma
are clonal but unrelated); (¢) epithelial stem or progenitor cells clonally differentiate into
epithelial cells, which recruit multiple polyclonal independent stromal cells (i.e., only
epithelium is clonal); (a) stromal stem or progenitor cells clonally differentiate into
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endometrium-specific stromal cells that recruit multiple polyclonal independent epithelial
cells (i.e., only stroma is clonal); () different clones of epithelial and stromal stem or
progenitor cells arrive at the same tissue locations (both components are polyclonal). To
determine which of the above scenarios actually occurs in endometriosis, molecular genetic
tests of clonality should be applied both to epithelial and stromal components. Both
components might be separately enriched on tissue sections, and an analysis of somatic
mutations, as has been widely employed to assess tumor clonality in cancer biology, could
be applied.

Anglesio et al. (46) have recently applied next-generation sequencing to allow for discovery
of cancer-associated driver mutations that initiate tumor development, as well as missense
and synonymous passenger mutations that do not increase the selective growth advantage of
the cells harboring them. Over time, these harmless passenger mutations accumulate during
tissue self-renewal and tumorigenic clonal proliferation. These private passenger mutations
provide the best barcode for tracing clonality because they are inherited, random, and
functionally neutral. Although cancer-associated mutations can also be used as clonality
markers, they are not ideal for two reasons. First, cancer-associated mutations are not neutral
with respect to clonal selection, and, second, these mutations are found in transformed
epithelial cells but not in stromal neoplasms among a wide variety of human cancers. To
determine the clonality of DIE lesions, Noé et al. (47) took advantage of synonymous or
missense passenger mutations and used laser-capture microdissection to isolate epithelial
and stromal cells independently from within the same DIE lesions. They applied droplet
digital polymerase chain reaction followed by nucleotide sequencing to determine mutant
allele frequencies of individual mutations, from which they inferred their clonality status.
The investigators found that only the epithelial component contained these synonymous or
missense passenger mutations, while the stromal component from the same lesions did not.
This suggests that endometriosis follows a complex evolutionary path, in which the
epithelium is clonally and developmentally distinct from the stroma, supporting scenario ¢
above.

Importantly, this finding by Noé et al. (47) does not support the view that endometriosis
originates from a single stem or progenitor cell that differentiates into both epithelial and
stromal cells or that epithelial cells differentiate into stromal cells through epithelial-
mesenchymal transition, or vice versa. In these scenarios, stromal cells would acquire the
same somatic mutations as the epithelial cells. This is not, however, the case. Rather, their
data support a modified hypothesis that a single circulating endometrial epithelial progenitor
cell undergoes a transient clonal expansion to form a nascent endometrial gland at the
prospective endometriotic site (Figure 4). Subsequently, different circulating mesenchymal
stem cells or endometrial stroma progenitor cells are recruited by the endometriotic lesion
(gland only, at this moment) to establish the endometriosis, which is composed of both
epithelial and stromal cells. Since the stromal cells are derived from different progenitor
cells, the stromal component, unlike the epithelial counterpart, will be polyclonal.

Since human endometrial epithelium appears to be mutation prone—probably due to a
mutagenic environment endowed by rapid cellular proliferation during the proliferative
phase and primed by estrogen stimulation—the endometrium needs to undergo continued
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cycles of growth and shedding to suppress cancer development by preventing neoplastic
clones from expanding and to provide freshly regenerated endometrium for embryonic
implantation. From this perspective, menstruation is evolutionarily advantageous. How can
this regenerative process become highly efficient in women? This modified stem cell theory
may offer an explanation—that is, the abundant circulating epithelial progenitor or stem
cells continue homing to the uterus to establish clonal endometrial glands.

From where do these epithelial stem or progenitor cells originate? Most likely, these
epithelial progenitor cells are derived from the endometrium. This notion is based on the fact
that glands within normal endometrium have been reported to harbor cancer-associated
mutations in endometriosis-associated genes. Thus, epithelial stem or progenitor cells may
enter the circulation, home to endometrium during the regeneration of the proliferative
phase, and go astray ectopically to form DIE. Alternatively, BMDSCs may be the source of
epithelial stem or progenitor cells, although this seems less likely because mesenchymal
stem cells from bone marrow need to be committed to become epithelial cells, an
observation that has never been proven. More importantly, there is no evidence that
BMDSCs harbor somatic mutations in the cancer-associated genes that are commonly
detected in endometriosis.

MOLECULAR GENETIC CHANGES IN ENDOMETRIOSIS

The most exciting molecular genetic finding in recent years is that somatic mutations of
cancer-associated genes are commonly found in different types of endometriosis, including
DIE (46), endometriotic cysts (19), and iatrogenic endometriosis (48). This is surprising
given that endometriotic tissue appears normal and is histopathologically indistinguishable
from eutopic endometrium. In addition, unlike cancer cells, endometriotic cells have only
limited proliferative activity in general. Nevertheless, the original study by Anglesio et al. in
2017 (46) reported that 83% of benign DIE lesions contained somatic mutations, and 26%
harbored cancer driver mutations, including in KRAS, PIK3CA, ARIDI1A, and PPP2R1A,
all of which were confined to the epithelium (Table 1). These well-known genes are also
frequently mutated in uterine endometrioid carcinomas and endometriosis-related ovarian
cancers (19, 46, 49) (Figure 4). This unexpected observation prompts new avenues of
investigation in the pathogenesis of endometriosis, and it may lead to the generation of a
biologically informed classification scheme that ultimately improves prognostication and
personalized treatment.

It is also important to determine whether the cancer-associated mutations are biologically
important for endometriosis development. The answer to this is confounded by recent
sequencing data showing that some normal endometrial glands harbor somatic mutations in
cancer-associated genes, such as KRAS (19). Thus, although these mutations may occur in
cancer driver genes, they may simply serve as clonality markers (discussed previously) that
are useful for relating the endometriosis to mutated stem cells in the endometrium but are
otherwise of little biological significance. Generally speaking, carcinogenesis requires
multiple (at least three) cancer driver mutations (50). Among all cases examined to date, no
more than one mutation of a cancer driver gene has been reported in endometriosis. Thus,
the three-mutation rule is not met, and the single mutation in cancer-associated genes per
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lesion is insufficient for cancer development. To determine whether KRAS mutations in DIE
lesions are associated with increased proliferation and increased levels of phosphorylated
AKT, we performed immunohistochemistry on a cohort of DIE lesions with or without
KRAS mutations. We found that there was no difference in the Ki-67 proliferative index or
in phosphorylated AKT levels between KRAS-mutated and wild-type lesions (S-F Lin,
unpublished data). These findings are consistent with the observation that malignant
transformation of endometriosis to carcinoma is exceedingly rare, although large ovarian
endometriotic cysts may carry an increased, albeit still modest, risk because of their large
number of constituent epithelial cells (approximately 1 million—fold more than discrete DIE
lesions) (51, 52).

However, somatic mutations of a specific cancer-associated gene may contribute to
phenotypes of the disease other than carcinogenesis. In fact, several reports have shown that
increased KRAS activity (through either genetic or epigenetic mechanisms) may contribute
to the survival of ectopic endometrium and to resistance to P4 treatment—induced apoptosis.
For example, activation of KRAS in mice was associated with endometriosis-like lesions on
the peritoneum and ovaries (53). Endometriotic lesions derived from mice with KRAS
activating mutations survive longer than do those from wild-type mice (54). Another study
demonstrated that KRAS activation led to aberrant overexpression of SIRT1, which
colocalizes with BCLS6, contributing to P4 resistance through inactivation of the GLI1
promoter (55). Let-7 miRNA normally binds to the 3" untranslated region of KRAS
transcripts, resulting in KRAS mRNA degradation and suppression of its expression.
Interestingly, a specific germline KRAS polymorphic variant involving the Let-7 miRNA
binding site is associated with increased KRAS expression levels. This variant is enriched in
women who have endometriosis (56).

ARIDIA is another gene that is mutated or its expression is lost in endometriosis. AR/D1A
encodes a protein that participates in SWI/SNF-mediated chromatin remodeling. As a
remodeler for regulating local chromatin openness, ARID1A is known to play a critical role
in many biological processes, including transcription, DNA methylation, and DNA damage
repair (57). ARID1A is classified as a tumor suppressor gene, and inactivating mutations of
ARIDIA are detected in many human carcinomas, most commonly in endometrium-derived
and -related cancers, including uterine endometrioid carcinoma, ovarian clear cell
carcinoma, and ovarian endometrioid carcinoma (58-62). ARID1A may contribute to the
clinical phenotype of endometriosis by increasing invasiveness and affecting the
transforming growth factor (TGF)-p signaling pathway, which, in turn, affects P4 signaling.
It will be important to determine whether mutations of cancer-associated genes are related to
clinical P4 resistance since 40% of women with endometriosis exhibit P4 resistance (i.e.,
failure to respond to P4 therapy).

EPIGENETIC AND microRNA ALTERATIONS IN ENDOMETRIOSIS

Despite the similarity of genetic changes between eutopic and ectopic endometrial tissues,
several studies report that they are different in epigenetic alterations and have different
miRNA profiles (1, 63, 64). By analyzing global promoter methylation patterns,
investigators have demonstrated that differentially methylated genes are associated with
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immune surveillance, inflammatory response, cell adhesion, negative regulation of
apoptosis, response to steroid hormones, and activation of mitogen-activated protein kinase
(MAPK) activity. It is uncertain whether these differences in methylation are biologically
significant, as few of them have been shown to be associated with changes in gene
expression. Nevertheless, some differentially methylated genes have been suggested to play
a role in the development of endometriosis. Studies have reported aberrant methylation in
promoters of ESR1, ESRZ, PGR, NR5A1, CYP19A1, HOX gene clusters, and GATA family
genes, with corresponding changes in gene and protein expression (65-68). It is likely that
these genes form a complex signaling network acting in the pathogenesis of endometriosis.
As an example, hypermethylation of GATAZ and hypomethylation of GA7AG are known to
promote endometriotic phenotypes, including decreased expression of ESR1, PGR, MMP11,
and ALD1AZ2 and increased expression of ESR2, NR5A1, HOXCS6, and CYP19A1 (1).

Overexpression of NR5A1 and GATAG in endometrial stromal cells may also affect
spontaneous E2 biosynthesis, an important mechanism promoting endometriosis (69).
DNMT3b, one of three DNA methyltransferases, has been reported to be responsible for the
changes in methylation patterns. The failure of endometriotic stromal cells to downregulate
DNMT3b in response to decidualization has been suggested to lead to changes in promoter
methylation and gene expression in endometriosis (70, 71). It is apparent that studies are
needed to further elucidate the mechanisms by which specific epigenetic alterations
associated with endometriosis establish and promote lesion growth and survival. It is
especially important to know how epigenetic alterations reprogram the endometriosis
microenvironment and how these alterations account for clinical phenotypes. It is also
important to determine how epigenetic changes develop separately in glandular epithelium
and stroma within the same endometriotic lesions.

miRNAs are small noncoding RNAs of 19 to 25 nucleotides. They can regulate gene and
protein expression at the posttranscriptional level by degrading mRNA or interfering with
mRNA translation (72—74). Traveling via exosome transportation or microvesicular
secretion, these miRNAs with other vesicular contents, such as enzymes, can affect cell
functions, including the survival, differentiation, migration, and immune response of cells at
other body sites, through paracrine and endocrine intercellular communication (75-78).
Because endometriosis is a disease involving chronic inflammation and angiogenesis, it is
conceivable that miRNAs from the blood and peritoneal fluid could influence endometriotic
initiation and progression. Several studies have indicated that miRNA expression profiles
differ between endometriosis and eutopic endometrial tissue (79, 80). For example,
upregulation of miR-20a in endometriosis decreases target protein DUSP2, which
subsequently results in aberrant activation of extracellular signal-regulated kinase (ERK)-
and prostaglandin E2 (PGE2)-induced FGF9 expression (81, 82). Downregulation of
miRNA-200b and upregulation of its targets ZEB1 and ZEB2 in endometriotic tissue are
also implicated in promoting invasive and proliferative behavior (83). Polymorphisms in the
targets of differentially expressed miRNAs may also play a role in the pathogenesis of
endometriosis (56). As previously discussed, an inherited polymorphism of a Let-7 miRNA
binding site in KRAS may be associated with abnormal endometrial growth and
endometriosis (56). This finding resonates with the molecular genetic result showing KRAS
as the gene most commonly mutated in endometriosis (19, 46, 48). Let-7 miRNA has also
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been proposed as a potential local treatment for endometriosis (84). We note that a
consistent map of mMiRNA in endometriosis is difficult to draw because the findings have not
been reproducible, presumably due to different methods used and different types of
endometriosis included in these studies. Moreover, no evidence exists to show that a
combination of miRNAs meets the necessary criteria for use as a diagnostic tool (82, 85).
Further systemic study with uniformly well-controlled approaches will be required to
establish miRNAs as diagnostic or prognostic biomarkers.

ENDOMETRIOSIS IS AN INFLAMMATORY DISORDER

It has been well established that local inflammation and immune dysregulation characterize
endometriosis, but whether they are the cause or the consequence of the disease remains to
be elucidated (86-88). Thus, understanding why ectopic but not eutopic endometrium tends
to be inflammatory is fundamental to developing new treatment options for this disease, as
inflammation and subsequent fibrosis account for the major clinical symptoms, including
pelvic pain, bowel and urinary problems, and infertility. One possible explanation is that
inflammation is induced by hemorrhage and tissue injury. Although endometriosis can
respond to the cyclic changes of estrogen and P4, degenerating endometriotic tissue, unlike
normal endometrium, cannot be shed during menstruation. Blood accumulates inside
endometriotic lesions, especially in ovarian endometriotic cysts, which then undergoes
degradation and induces the Fenton reaction. This results in the production of reactive
oxygen species that initiate cell death, elicit inflammation, and prime the peritoneal surface
for adherence by retrograde endometrium or progenitor or stem cells. This process is best
evidenced by the presence of numerous hemosiderin-laden macrophages within
endometriotic lesions, especially in the wall of ovarian endometriotic cysts.

There is abundant evidence to demonstrate that endometriosis is inflammatory. Several key
inflammatory mediators, including COX-2, IL-1B, IL-8, tumor necrosis factor (TNF)-a,
PGEZ2, and E2, are elevated in endometriotic lesions compared with eutopic endometrium
(89-94). These mediators work synergistically to sustain and aggravate inflammation. In
contrast to normal endometrium from women without associated endometriosis, uterine
endometrium from women with endometriosis exhibits increased levels of COX-2
expression, and the endometriotic tissue has even higher COX-2 levels. Moreover, I1L-1p
also increases COX-2 expression and, therefore, upregulates PGE2 (95). As a result,
endometriotic stromal cells have elevated PGE2 levels, which induces the production of E2,
and this, in turn, promotes local inflammation (96). Excessive E2 and PGE2 thus form a
positive feedback loop and promote persistent inflammation, immune responses,
angiogenesis, and survival of endometriotic tissue (97-99). Several types of immune cells,
including B lymphocytes (100), macrophages (101), CD1a* dendritic cells (102), natural
killer (NK) cells (103), T regulatory cells (104), and monocytic myeloid-derived suppressor
cells (105), are prevalent in the inflamed microenvironment of endometriosis. These immune
cells are also present in peritoneal fluid, and they interact with each other and with the
epithelial and stromal cells of the lesions. Interestingly, the increase in immune cell
infiltration, especially infiltration of macrophages, is also found in eutopic endometrium in
patients with endometriosis (106), supporting the view that eutopic endometrium in
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endometriosis patients is different from endometrium in the absence of the disease, although
follow-up studies are needed to validate these findings.

Like cancer, endometriosis resembles a chronic wound that never heals. In cancer, NF-xB,
one of the most extensively studied inflammatory pathways, orchestrates many aspects of
cancer-associated inflammatory phenotypes by coordinating cross talk between NF-xB and
other signaling pathways, including the STAT3, p53, IRF, NRF2, JNK, Notch, and WNT/pB-
catenin pathways (107). Biologically, NF-xB participates in a multitude of cancer-promoting
phenotypes, such as metastasis, angiogenesis, immunosuppression, tumor cell survival and
proliferation, cancer stem cell maintenance, and therapy resistance (107, 108). NF-xB also
appears to play a critical role in the development of endometriosis (109-111). In endometrial
stromal cells, iron overload activates IKK and results in the production of abundant reactive
oxygen species that stimulate the NF-xB pathway. Lipopolysaccharide promotes the
development of murine endometriosis-like lesions via NF-xB pathway activation (112), and
disulfiram, a candidate NF-xB inhibitor, prevents endometriotic implant growth in a rat
endometriosis model (113).

However, increased anti-inflammatory cytokines, such as IL-6, IL-10, IL-15, and TGF-B,
together with the soluble NKG2D ligands, MICA and MICB, in peritoneal fluid may
mitigate the proinflammatory effects of PGE2 and NF-xB (114-119). Several
immunosuppressive and immunoevasive mechanisms also regulate the immune response in
endometriosis. A recent study has demonstrated that both PD-L1 and PD-1 are upregulated
in endometriotic tissue relative to healthy controls, and the in vitro expression of PD-L1 on
endometrial epithelium is induced by E2 (120). These data suggest that the PD-1/PD-L1
pathway may be involved in immune evasion in endometriosis. Thus, it appears that the fine
balance between proinflammatory and anti-inflammatory mechanisms dictates the actual
inflammatory phenotypes of individual endometriotic lesions.

It is intriguing why endometriosis is always associated with chronic inflammation. One
explanation is that ectopic endometrium, although benign in nature, is considered abnormal
by the body due to its aberrant location. Similar to an inflammatory response that clears
infecting microorganisms, the inflammatory response to endometriosis may represent a host
effort to eliminate an intruder. From this perspective, inflammatory cells are recruited to the
site of endometriosis, and they secrete mediators (discussed above) to amplify or sustain the
inflammation. It is possible that some, perhaps many, subclinical inflammatory events are
actually physiological, and they may effectively prevent or abort the formation of some
endometriotic lesions or eradicate preexisting endometriosis, or both. Then, fibrosis may
clear the earlier active endometriosis and associated inflammation and replace the entire
lesion with fibrotic tissue, giving rise to the so-called white lesions that cause adhesion.
Lesions that are not eliminated by inflammatory clearance (due to ineffective anti-
inflammatory activities or impaired immune surveillance) may survive, causing the clinical
symptoms of endometriosis.
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HORMONAL DYSREGULATION IN ENDOMETRIOSIS

One of the documented differences in endometrium between patients with and without
endometriosis is that patients with endometriosis exhibit lower PR pathway activity and
higher ER pathway activity. The difference is even greater when endometriotic tissues are
compared with eutopic endometrium. This finding is important, as P4-based and
antiestrogen-based therapies are the mainstay therapeutic modalities in the current medical
management of endometriosis. Not all patients respond to P4-based therapy, and overcoming
P4 resistance has become an unmet need for improving the quality of life in patients. The
molecular basis of P4 resistance in endometriosis is emerging (121), and a reduction in the
levels of PRs, especially the lack of the PR-B isoform, appears to be the main culprit.
Similarly, decreased PR pathway activity promotes inflammation in endometriosis because
the reduced PR activity can no longer effectively antagonize the proinflammatory ER
pathway.

However, the ER pathway is highly active in endometriosis because of increased local E2
production and intrinsic ER-f pathway activation. A recent report describes possible
mechanisms by which this could occur (122). It was found that suppressing elevated ER-p
activity using selective ER-p antagonists inhibits the growth of endometriosis in mice. ER-f
increases IL-1B, which enhances the cellular adhesion and proliferation of endometriosis by
interacting with components of the cytoplasmic inflammasome. The report also showed that
ER-p inhibits TNF-a-induced apoptosis, and it suggested that endometriosis survives by
employing this mechanism to escape from endogenous immune surveillance. The ER-B
pathway also enhances epithelial-mesenchymal transition, thus facilitating invasive activity,
which is a characteristic feature of endometriotic tissue. Increased ER- activity further
downregulates PR expression by negatively acting on its promoter region. Thus, it appears
that ER-p plays a central role in hormonal dysregulation in endometriosis.

In addition, increased E2 concentrations in endometriotic tissue further activate the ER
pathway. First, the reduced PR activity promotes E2 synthesis. It has been established that
endometrial stromal cells in normal endometrium respond to P4 by secreting paracrine
factors, which, in turn, act on nearby epithelial cells to induce the expression of 178-
hydroxysteroid dehydrogenase type 2 (17p-HSD2). This enzyme effectively metabolizes the
biologically active E2 to almost inactive estrone (E1). Thus, a decrease in 178-HSD2 in the
epithelial cells of endometriosis tissue due to reduced PR expression indirectly leads to
increased E2 levels. Second, compared with eutopic endometrium, endometriotic tissue has
higher aromatase activity, which results in increased E2 production. As a result, E2
accumulates locally and enhances ER-p activity to promote survival, disease progression,
and P4 resistance in endometriosis (93, 123).

The above findings may have implications for the medical management of women with
endometriosis. The initial recommended medical treatment is nonsteroidal anti-
inflammatory drugs in combination with oral contraceptives (124, 125). The goal of
hormone therapy is to maintain a local hypoestrogenic state, and the purpose of oral
contraceptives is to inhibit ovarian E2 production and ovulation. Second-line medical
treatment includes progestin monotherapy and a GnRH agonist. Progestin monotherapy is
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used in patients who are resistant to oral contraceptives and who are older than 35 years or
who are susceptible to the side effects of antiestrogen therapy (e.g., deep vein thrombosis).
In addition to inhibiting ovarian steroidogenesis, progestin also induces decidualization and
apoptosis of ectopic endometrial tissue. GnRH agonists induce an initial stimulation of the
hypothalamic—pituitary—gonadal axis, which is followed by inhibition due to desensitization.
Most of the side effects of this conventional therapy come from the hypoestrogenic state,
and they include breakthrough bleeding, lipid profile changes, osteoporosis, weight gain,
and mood change. Future research focused on targeting specific abnormalities unique to
endometriosis (such as increased ER-p activity) would be useful to help minimize the
systemic side effects of current hormone therapy.

ENDOMETRIOSIS-ASSOCIATED OVARIAN CANCERS

Despite generally being considered a benign condition, histopathological and
epidemiological studies have indicated that endometriotic tissue is the origin of ovarian clear
cell carcinomas and ovarian endometrioid carcinomas, which are collectively known as
endometriosis-associated cancers. These are type | ovarian cancers characterized by unique
molecular genetic alterations that are different from type Il ovarian cancers (which are high-
grade serous carcinomas) (126). The risk of eventual ovarian cancer diagnosis in women
with long-standing endometriosis is two- to three-fold higher than in women without
endometriosis, but those reports mostly assess the risk in ovarian endometriotic cysts rather
than DIE or superficial endometriosis. The best evidence for an endometriotic origin of
some type | ovarian cancers comes from features seen during examination of resected
endometriotic cysts. Different stages of tumor progression—ranging from normal-appearing
epithelium lining the endometriotic cyst to atypical endometriosis to borderline tumor to in
situ carcinoma to invasive carcinoma—nhave been observed in resected endometriotic cysts,
providing unequivocal evidence that endometriotic cysts can develop into endometriosis-
associated cancers (52, 127) (Figure 5). Multifocal endometriotic lesions can be clonally
related, and endometriosis-associated ovarian neoplasms can develop from endometriotic
lesions that carry a sufficient number of cancer-associated mutations, a circumstance seen in
large ovarian endometriotic cysts (46, 49). It is likely that the somatic mutations are acquired
during the expansion of endometriotic cysts. The original cells that establish the cyst must
undergo many divisions during the formation of the cyst, and the number of epithelial cells
may be significantly greater than in superficial or deep infiltrating lesions. Except in rare
case reports (128), discrete small endometriotic lesions, such as superficial endometrioses
and DIE, do not carry an increased risk of progression to endometriosis-associated cancer
because they have a very low mutation burden.

Somatic AR/D1A inactivating mutations characterize endometriosis-associated ovarian
neoplasms (60, 61, 127). Importantly, the loss of ARID1A expression, most likely due to
somatic inactivating mutations—is an early molecular event in the development of most
ovarian clear cell and endometrioid carcinomas arising in endometriomas (127, 129).
Despite their shared origin, clear cell carcinoma and endometrioid carcinoma of the ovary
may develop via different molecular genetic and epigenetic mechanisms. For example,
somatic mutations of the 7ERT promoter and DNA copy number gain and upregulation of
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CCNE1 are frequent in ovarian clear cell carcinomas but not in ovarian endometrioid
carcinomas (130, 131).

Given the potential for an ovarian endometriotic cyst to develop into endometriosis-
associated ovarian cancer, Wang et al. (132) studied whether the mutations found in ovarian
cancers could be identified in ovarian cyst fluids. They found that tumor-specific mutations
were detectable in the cyst fluids of 77% of endometriosis-associated ovarian cancers, but no
mutations were found in the cyst fluids of patients with benign cysts. This finding warrants
thorough follow-up to determine the utility of this analysis for the early diagnosis of
endometriosis-associated ovarian cancer.

CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

Endometriosis is an estrogen-dependent inflammatory disorder. The ectopic residency of
otherwise normal-appearing uterine tissues may result from an overreaction during
endometrial regeneration in the uterus. Endometrial progenitor and stem cells are enriched in
circulation during the proliferative phase of endometrial regeneration. These cells may have
a high capacity to survive at an extrauterine site, and, thus, they may be able to establish
endometriosis in addition to their obligatory function of regenerating the endometrium after
menstruation. Additionally, local immune surveillance and inflammatory networks normally
function to clear these ectopic lesions, and the outcome of the battle between endometriosis
and local inflammation dictates the fate of endometriosis, which can be either fibrotic or
active. For active lesions, dysregulation in local hormonal homeostasis and aberrant ER and
PR signaling conspire with local inflammation to promote the survival of endometriotic
tissue and cause symptoms and resistance to hormonal therapy (Figure 6). More
interestingly, recent advances in the molecular genetic analysis of clonal trajectories in
developing endometriosis have necessitated revisions to our model of the genesis of
endometriosis, especially of DIE lesions.

Despite recent advances, several fundamental issues about endometriosis remain to be
resolved. The first is to fully elucidate how endometriosis develops. The evidence is
inconsistent with any single model, and it will likely be necessary to integrate different
models for different types of endometriosis. A key step will be to identify the as-yet-
unknown circulating epithelial progenitor or stem cells that are responsible for regenerating
epithelium in both the endometrium and endometriotic lesions. Equally important will be to
determine the origins of these progenitors and to explore the possibility of using them as
biomarkers for predicting endometriosis risk and treatment response. Second, multispectral
immunoprofiling will be needed to assess immune cell populations and their geographical
distribution within individual endometriotic lesions. In vitro and in vivo models similar to
those commonly used in cancer immunology can be applied to determine how distinct
immune cell types contribute to the pathogenesis of endometriosis and how the NF-xB and
COX-2 pathways, in particular, are activated to induce inflammation in endometriosis.
Molecular pathology studies will be needed to determine whether different types of
endometriosis (i.e., superficial, DIE, endometriotic cysts) are characterized by different
inflammatory milieus or are functions of distinct immune checkpoints. Third, an emerging
research direction is the analysis of exosome-mediated intracellular signaling, which may
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impact the development of endometriosis (133). Fourth, new classifications of endometriosis
may be proposed if molecular genetic alterations, such as KRAS mutations, are found to
correlate with clinical severity or treatment response. Finally, further efforts are required to
assess the safety and efficacy of emerging target-based therapies intended to maximize
therapeutic effects and minimize systemic side effects. Evaluating these new strategies in
more relevant and larger animal models will likely be necessary in the course of translating
results obtained in mouse models to humans. The recent progress in studying endometriosis
has provided insight into this mysterious but common reproductive disorder, and it promises
to lead to an improved quality of life for women suffering from endometriosis.
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Figure 1.
Different types of endometriosis. Endometriosis can occur in several forms: deep infiltrating

endometriosis (DIE), ovarian endometriotic cyst (EC), and superficial endometriosis (SE).
The insets illustrate the similar histology of (Z0p) eutopic endometrium and (bottom)
endometriosis, which is composed of both glandular epithelium and stroma. The small inset
illustrates the transdifferentiation of a single circulating progenitor or stem epithelial cell or
a group of such progenitor or stem epithelial cells responsible for establishing deep
endometriosis. Figure copyright le-Ming Shih, Johns Hopkins University.
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Figure2.
Gross appearance and histology of deep infiltrating endometriosis (DIE). (&) DIE involves

fibro-adipose tissue, resulting in extensive scarring. (6) Discrete endometrial glands
surrounded by fibrosis are evident in sections from the DIE shown in panel a. (¢)
Hematoxylin and eosin—stained section of DIE shows the presence of glands and
endometrial-type stroma in soft tissue. (@) An example of superficial endometriosis showing
involvement of the surface of a fallopian tube.
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Figure 3.
Disorders of female reproductive organs that are associated with endometriosis.

Endometriosis is linked with increased risk of benign gynecological diseases, such as
endometriotic cysts, uterine leiomyomas, and adenomyosis. Data collected from 1,000
women with endometriosis (11).
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Figure 4.

The modified stem cell hypothesis for deep infiltrating endometriosis proposes (@) that a
single circulating endometrial epithelial progenitor cell (b/ue), presumably already carrying
certain somatic mutations, originating from the endometrium or elsewhere, (@) undergoes
transient clonal expansion to form endometrial glandular tissue at the prospective
endometriotic site. Then, (@) circulating mesenchymal stem cells or endometrial stroma
progenitor cells are recruited by the nascent endometriosis (glands only, at this moment) to
(@) establish endometriosis composed of both epithelial and stromal cells.
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Figureb.
An ovarian endometriotic cyst (/nsef) containing different stages of tumor progression, from

normal-appearing endometriosis to atypical endometriosis with highly atypical epithelial
cells (blue arrows) to clear cell borderline tumor to invasive clear cell carcinoma. Black
arrows indicate the sequence in tumor progression.
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Figure 6.
Summary of molecular changes involving inflammation and aberrant hormonal signaling in

the pathogenesis of endometriosis. Both genetic and epigenetic alterations are associated
with the development of endometriosis; these may include somatic mutations in cancer-
associated genes or promoter methylation that alters the expression of genes involved in ER
and PR signaling. As a result, the endometriosis microenvironment demonstrates numerous
key molecular changes, including increased activity of NF-xB, PGE2, E2, and ER-B, that
lead to inflammation and local dysregulation of hormonal pathways. As the chronic
inflammation persists, it supports survival of the endometriotic lesion and induces local
fibrosis. Persistent inflammation causes several systemic clinical effects and contributes to
the refractory response to hormone-based treatment. Abbreviations: 178-HSD2, 178-
hydroxysteroid dehydrogenase type 2; E1, estrone; E2, estradiol; E3, estriol; ER, estrogen
receptor; NF-xB, nuclear factor-xB; PGE2, prostaglandin E2; PR, progesterone receptor.
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Table 1

Cancer-associated genes reported in endometriosis cases
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Gene R . .
symbol Gene name L ocalization Function Rolein cancer
KRAS Kirsten rat sarcoma viral Chromosome 12: GTPase activity, positive control of cell Oncogene
oncogene homolog p12.1; plasma growth and division, cell response to
membrane stimuli, cellular metabolism, regulator of
signal transduction
ARIDIA AT-rich interaction domain 1A Chromosome 1: ATP-dependent chromatin remodeling Tumor
(SWi-like) p35.3; nucleus factor, DNA binding, transcription suppressor
regulator, DNA damage response
PIK3CA Phosphatidylinositol- 4,5- Chromosome 3: AKT pathway activator; serine/threonine Oncogene
bisphosphate 3-kinase, catalytic 026.3; cytosol protein kinase; cell growth, proliferation,
subunit alpha differentiation, motility, survival;
intracellular trafficking
PPP2RIA Protein phosphatase 2, regulatory | Chromosome 19: Serine/threonine protein phosphatase, Oncogene or

subunit Aalpha

g13.41; cytosol,
mitochondria, nucleus

negative control of cell growth and
division, regulation of gene transcription

tumor suppressor,
depending on
mutation type
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