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ABSTRACT

Endometriosis is a gynecologic disease in which ectopic endometrial tissue
causes both chronic pelvic pain and infertility. Likewise, this entity has been
linked with the development of certain types of epithelial ovarian cancer.
The mechanisms underlying this association have remained largely elusive
yet recent advances in terms of identifying histologically well-defined
precursor lesions as well as key molecular and genetic abnormalities involved
in the endometriosis malignant transformation have dramatically improved

the understanding of this clinical conundrum.
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Introduction

Endometriosis is a chronic benign estrogen-
dependent inflammatory disease, defined by the
presence of functional endometrial tissue (glands
and stroma) outside of the uterine cavity'. In addition
to chronic pain and infertility, endometriosis has been
associated with an increased risk of certain cancers
including epithelial ovarian cancer, especially clear

cell and endometrioid carcinomas??.

Despite both endometriosis and ovarian cancer share
several characteristics, such as risk factors, clonal
growth, genetic alterations, immune dysregulations,
estrogen dependency, decreased apoptosis,
angiogenesis, invasion and metastatic potential,
endometriosis is a frequent condition affecting 10-
15% women of reproductive age’, but the lifetime risk
for developing ovarian cancer in general population
is only 1.3% (one in 78 women)*. This lifetime risk
reaches 2.5% in patients with endometriosis®. A
large prospective cohort study in which 6398 women
with a clinically documented ovarian endometrioma
were followed for up to 17 years, demonstrated
that 0.72% of endometriomas undergo malignant

transformation®.

In general, it has been estimated that the risk of
neoplastic transformation of endometriosis is about
0.5-1% cases®. Given such low rate of malignant
transformation, endometriosis should not be
considered as a premalignant lesion, but a disease
with the potential to develop malignancy’. However,
some studies have identified risk factors for ovarian
cancer development in patients with endometriosis,
such as diagnosis of endometriosis after the age of
45 years, endometrioma size > 9 cm and/or complex
aspect on ultrasound®”.

Despite a substantial body of evidence suggests a
link between endometriosis and epithelial ovarian
cancer, the plausible underlying mechanism remains
elusive. In recent years, many advances have been
made in the understanding of genetics and molecular
mechanisms underlying endometriosis-associated
ovarian carcinogenesis, and aberrations in several

complex cell signaling pathways have been shown

to be involved in the process. Despite none of such
alterations alone have proven to be enough for
tumoral development, most of these altered signaling
cascades converge in a summative way, making the
understanding of endometriosis-associated ovarian

carcinogenesis even more complex.

In this narrative review we focus on integrating this
new knowledge and the current theories regarding

endometriosis-associated ovarian carcinogenesis.

Endometriosis and epithelial ovarian

cancer types: Epidemiologic studies
Epidemiological evidence from large studies has
demonstrated that endometriosis is an independent
risk factor for ovarian cancer, particularly clear cell
and endometrioid subtypes®'®'2 In a pooled analysis
of 13 case-control studies, the Ovarian Cancer
Association Consortium reported a greater risk of
both clear cell (Odds Ratio (OR) 3.05 [95% Cl, 2.43-
3.84] and endometrioid (OR 2.04 [95% ClI, 1.67-
2.48]) ovarian carcinomas'’. However, the presence of
endometriosis has been also associated with another
ovarian cancer types, such as low-grade serous
carcinoma and carcinosarcoma®'""'3, Association of
endometriosis with high-grade serous or mucinous

ovarian carcinomas have been less consistent®'3,

Recently, a large population-based study, confirmed
a significantly higher incidence of clear cell and
endometrioid ovarian cancer among women with

histologically proven endometriosis'2.

Endometriosis typology and ovarian

cancer risk

Endometriosis is classically divided in three clinical
forms: peritoneal, ovarian (endometrioma) and deep
endometriosis. Despite the higher risk of ovarian
cancer among endometriosis patients, only a few
studies have evaluated the risk of ovarian cancer

according endometriosis typology.

A recent large population-based study of 78,893
endometriosis patients reported the highest ovarian

cancer risk among women with deep endometriosis
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and/or ovarian endometriomas (adjusted Hazard
Ratio (@HR) 9.66 [95% Cl, 7.77-12]) for all epithelial
ovarian cancers compared with individuals without
endometriosis. This risk remained elevated during
the first 5 years from the diagnosis and after 20
years of follow-up, following a U-shaped relationship
between endometriosis and ovarian cancer across

follow-up time™.

Saavalainen et al'®, assessed the risk of gynecologic
cancer in a population-based study including 49,933
patients with surgically verified endometriosis
according endometriosis type. The authors reported
an increased risk of ovarian cancer in patients with
ovarian endometriosis, especially for endometrioid
(Standardized Incidence Ratio (SIR) 4.72 [95% Cl,
2.75-7.56], and clear cell (SIR 10.1 [95% Cl, 5.50-16.9])
subtypes. The increased risk started from 5 years
after surgery and from the age of 30 years onward.
In addition, peritoneal endometriosis was associated
with a slightly increased risk for endometrioid ovarian
cancer (SIR 2.03 [95% ClI, 1.05-3.54]) and with clear
cell histology after 10 years of follow-up (SIR 3.79 [95%
Cl, 1.39-8.24]. There was no association between
deep endometriosis and the risk of ovarian cancer;
however, there were only 3 patients with deep
endometriosis in the cohort™. Interestingly, the risk of
borderline ovarian tumors was significantly elevated
during the first 6 months after surgery in patients

with ovarian endometriosis'.

Endometriosis-associated ovarian

cancer: a distinct clinical entity?

Previous epidemiological data have shown that
EAOC has a different biological behavior compared
to ovarian cancer occurring in the absence of
endometriosis (non-EAOC), suggesting that it may
represent a different clinical entity with a more

favorable prognosis™® .

Wang et al"” found that compared with non-EAOC,
patients with EAOC were proved to be younger
(p=0.03) and more likely to be premenopausal at
diagnosis (p=0.005). Furthermore, EAOC patients

were more likely to present lower or normal CA125

preoperative levels, to be diagnosed at earlier stage
than non-EAOC (88.2% vs. 15.8% at Stage I) and to
have a significant overrepresentation of endometrioid
and clear cell subtypes compared to non-EAOC.

In 2018, Bassiouny et al' investigated the clinical-
pathologic characteristics and outcome of EAOC
compared with non-EAOC in a large cohort. Patients
with EAOC were younger at presentation, presented
at an earlier stage and had lower recurrence rate
compared with non-EAOC patients (26.8% vs. 45.3%,
respectively; p< 0.001). In addition, EAOC patients
had longer estimate of 5-year disease-free survival
compared with non-EAOC women (70% vs. 39.3%,
respectively; p< 0.001).

In the same line, other studies also reported a
significantly better overall survival in patients with
EAOC compared to non-EAOC patients'®'®. Better
prognosis associated to EAOCs could be explained
by the higher prevalence of early-stage and low-

grade tumors when compared with non-EAOC'®.

Conversely, other authors have reported conflicting
results'>?. Davis et al® reported that despite EAOC
presented lower recurrence rate and improved 5-
year disease-free survival than non-EAQOC, this did
not translate into a difference in OS.

The association between the presence of
endometriosis and survival is less consistent since
after controlling confounding factors, such as stage,
no association emerged between the presence of

endometriosis and survival?'23,

Noteworthy, a distinctive characteristic of EAOC is the
well documented increased incidence of concurrent
malignancy at the time of diagnosis. Davis et al?
found that 23.8% of EAOC had a concurrent primary
cancer and that 94.1% were endometrial cancer.
This finding was confirmed by Mangili et al™ that
reported that 33% of patients with endometriosis-
associated ovarian endometrioid cancer have a
diagnosis of endometrial hyperplasia, and 33% of
these women had a concomitant endometrial

carcinoma. Among endometrial cancer patients,
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92% had the same histology and grade in both the
ovarian and uterine malignancy. The histological
and clinical parallelism between EAOC, in particular
the endometrioid subtype, and synchronous
endometrial cancers had led to much debate over
the molecular mechanisms that dictate the malignant

transformation of endometriosis.

Thus, there is enough evidence to suggest that
when the diagnosis of an EAOC is faced, particularly
endometrioid, it should prompt additional study to
exclude a synchronous primary endometrial

carcinoma.

Atypical endometriosis and ovarian

cancer risk

The possible association between endometriosis
and ovarian cancer was first established in 1925 by
Sampson®. Later on, in 1953, Scott added the
histological demonstration of benign endometriotic
lesions adjacent to malignant tissue as a fourth
criteria?®. Additionally in 2004, Van Gorp et al'
proposed a classification for all cases of ovarian with
concomitant endometriosis. These criteria are still
used in the pathological diagnosis of endometriosis-
associated ovarian cancer (EAOC) and are summarized
in Table 1.

Table 1. Criteria for diagnosis and classification of endometrial-associated ovarian cancer

a) Sampson and Scott’s criteria®*?

b) Van Gorp's criteria™

Exclusion of a secondary malignancy elsewhere

Evidence of coexisting tumor and endometriosis in the same ovarian location

)
)

3) Histological pattern that resembles endometrial origin
)

Histological demonstration of benign lesions of endometriosis adjacent to malignant tissue.

A) Ovarian cancers with histological proof of transition from ovarian endometriosis to ovarian cancer

according to the definition of Sampson and Scott.

B) Ovarian cancers with endometriosis in the same ovary but without histological proof of transition or

without knowledge whether this transition was further investigated or not.

C) Ovarian cancers with concomitant endometriosis at any location in the pelvis: endometriosis in the

bilateral or contralateral ovary, extragonadal endometriosis, or without specification about

lateralization and/or localization of the lesion.

Although the processes underlying de development
of ovarian carcinoma from benign endometriosis are
not fully understood, several authors have suggested
that malignant transformation may be associated with
the presence of atypical endometriosis®?. Atypical
endometriosis may arise in endometriotic tissue under
the stimulation of chronic inflammatory processes
and oxidative stress, and it is widely accepted that
it represents an intermediary entity (precursor lesion)
between endometriosis and EAOC?. Indeed, several

studies have demonstrated both the spatial (continuous
transition from benign epithelium through atypical
endometriosis to carcinoma) and chronological
relationship between atypical endometriosis and
ovarian cancer®'%%? Reported rates of atypical
endometriosis vary from 20-80% in patients with
EAOC. Reasons for such variations is that there is a lack
of agreement on pathologic criteria for the diagnosis
of atypical endometriosis’?. In a recent systematic
review, the prevalence of atypical endometriosis was
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significantly higher among patients with EAOC (22.8
— 34.6%) compared to those with endometriosis
without malignancy (<1 — 5.8%)?. Despite atypical
endometriosis may be seen relatively frequently
associated with EAOC, it is an uncommon diagnosis
reported only in 2-3% of endometriomas?®. Hence,
these data suggests that endometriosis really
transform into carcinoma, occasionally passing
through an intermediate lesion, namely, atypical

endometriosis.

The term atypical endometriosis includes two different
histologic findings: 1) cytological or cellular atypia
which corresponds to the presence of atypia within
the epithelial lining on endometrial cysts. However,
this finding is usually found in endometriomas with
abundant fibrosis and inflammation and could
correspond to a reactive change secondary to
repeated hemorrhagic episodes’; and 2) architectural
atypia or hyperplasia, which seems to replicate the
premalignant nature of atypical endometrial
hyperplasia with respect to endometrial cancer (simple
or complex, with or without cytologic atypia)®?’.
Traditionally, both cytologic and architectural atypia
were considered as a single entity. However, some
authors have suggested that they must be considered
as different subtypes of atypical endometriosis since
their clinical significance and prognostic implications
are different?. While cytologic atypia can be observed
in 11.1% of EAOC, the presence of architectural
atypia has been reported in up to 88.9% of these
patients (p<0.009)%. Since architectural atypical
endometriosis carries a higher risk of conversion to
ovarian cancer, some authors have applied the
term borderline endometrioid tumor for cases of
endometriosis where foci resembling atypical
hyperplasia are found’.

To date, most studies on atypical endometriosis have
been performed using mixed criteria (architectural
and cytologic atypia) for the diagnosis of atypical
endometriosis and only few papers have considered
the definition of architectural atypical endometriosis,
distinguishing its significance compared to cytologic

atypia. In a recent retrospective study with over an

11-year follow-up, Wepy et al*® found synchronous
or subsequent tubo-ovarian neoplasia in 25% of
atypical endometriosis cases (9 of 24 patients), with
architectural atypia being the most significant
alteration in patients with synchronous/subsequent
neoplasia. Despite these studies are small, they
provide some evidence to suggest that the presence
of architectural atypical endometriosis should prompt
additional study to exclude a concurrent neoplasia.

Interestingly, histological evidence of both squamous
and mucinous endometriotic metaplasia was observed
more frequently in association with endometrioid
ovarian cancer arising from endometriosis than in
non-EAOC, thus supporting the concomitant
coexistence of precancerous stage areas™?.
Furthermore, the presence of mucinous metaplasia
has been found to be an independent predictor for
the detection of endometriosis within endometrioid
ovarian cancer'. However, endometriotic metaplasia
is a common finding in both endometriosis and
EAOC and its association with cancer is unclear®®3',

The evidence of a continuum transition from
endometriosis to EAOC comes studies different
immunohistochemical and molecular markers. A
potential marker indicative of premalignant potential
in atypical endometriosis is the expression of Ki-67.
High Ki-67 expression is associated with increased
mitotic activity and aggressive tumor behavior. Niguez
Sevilla et al, reported higher Ki-67 proliferative
index in patients with atypical endometriosis than
in those with typical endometriosis (p<0.001). Ki-67
index was also higher in patients with architectural
atypical endometriosis compared to those with
cytologic atypia (p<0.004). Similar results have been
reported by other studies®®.

As chronic inflammation may have a role in the
pathogenesis of atypical endometriosis (reactive
changes)’?, some studies have evaluated inflammatory
markers such as COX-2 expression in endometriosis®,
suggesting a higher COX-2 positivity in typical
compared to atypical endometriosis. Despite COX-
2 positivity was higher in atypical endometriosis with

cytologic atypia (80%) compared to architectural type
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(20%), the difference was not significant (p<0.09).
These findings support the reactive nature of

cytological atypia.

In 2013, Vercellini et al®*, evaluated the oncofetal
protein IMP3 as a potential immunohistochemical
marker of atypical endometriosis in a retrospective
analysis of 874 endometriomas. Their results suggest
that immunohistochemical IMP3 expression is a
simple, inexpensive, and sensitive test that can be
useful clinical practice to triage tool for atypical
endometriosis and confounding benign conditions.

In a recent study, Del Mundo? et al showed the
potential diagnostic utility of a 3-immunohistochemical
marker panel used in the diagnosis of endometrial
pathology (B -catenin, PAX2, PTEN), in the
characterization of endometrioid ovarian lesions,
including endometriosis, endometriosis with cytologic
atypia, atypical endometriosis with architectural
atypia (defined as endometrioid borderline tumors)
and endometrioid ovarian cancer. The incidence of
aberrancy for the 3 markers increased along the
histologic spectrum of neoplastic progression,
suggesting that this 3-marker panel could be useful
in identifying atypical endometriosis at higher risk

of neoplastic progression.

Mechanisms involved in
endometriosis-related ovarian

carcinogenesis

Current research supports the idea that, until now,
epithelial ovarian cancer has been erroneously
regarded as a single disease. Recent morphologic,
immunohistochemical and molecular genetic studies
have unexpectedly challenged our understanding
about the origins of ovarian cancer and nowadays a
new paradigm for ovarian carcinogenesis, based on a
dualistic model, is widely accepted. In this model, which
highlights the heterogeneity of ovarian carcinoma,
epithelial tumors are divided into two broad categories
designated as type | and type 11>, Both groups of
tumor have marked morphological and genetic
differences (Table 2), suggesting that different types
of ovarian carcinomas develop along different
molecular pathways®**. Moreover, most of what
seemed to be primary ovarian cancer, namely serous,
endometrioid and clear cell carcinomas would arise
from fallopian tube and endometrium (Miillerian-
type tissue) and not directly from the ovarian surface
epithelium (mesothelium). Therefore, the ovary is

involved secondarily®.

Table 2. Clinicopathologic and molecular features of Type | and Type Il epithelial ovarian carcinomas (Adapted

from references 35-37).

Type |

Type ll

Usual clinical behavior

Clinically indolent (slow growing)

Highly-agressive

Tumor grade

Low-grade (except clear cell

carcinoma considered high-grade)

High-grade

Low stage

Advanced-stage

progression

Shared lineage between cystic
neoplasms and the corresponding
carcinomas through and intermediate
(borderline tumor) step supporting

the morphologic continuum of tumor

Subtle morphological differences.
Considerable overlap in the
diagnosis by different pathologists
Exhibit papillary, glandular and
solid patterns and diagnosed

depending on the dominant pattern

carcinoma

Stepwise sequence borderline-

© 2024 European Society of Medicine 6



Histologic types

Low-grade serous

Low-grade endometrioid

High-grade serous
High-grade endometrioid

Clear cell Undifferentiated carcinomas

Mucinous Malignant mixed mesodermal
tumor (carcinosarcomas)

25% 75% epithelial ovarian cancers

Genetically stable

Genetically unstable

Main specific mutations

KRAS, BRAF (low-grade serous and

mucinous)

p53 >80% high-grade serous
CCNET1

Wnt-signaling pathway (CTNNBY),
PTEN, PIK3CA, ARID1A, KRAS (low-

grade endometrioid)

BRCAT1, BRCAZ

ARID1A, PIK3CA, KRAS (clear cell)

Distinctive mutation pattern that

occurs in specific-cell type

Greater morphological and

molecular homogeneity

Precursor lesion

Atypical proliferative (borderline)

Serous Tubal intraephitelial

tumors

Endometriosis (Atypical?)

carcinoma (STIC)

Type | tumors represent only 25% of epithelial ovarian
cancers and mostly arise from well-established benign
(premalignant) precursors, namely from endometriosis
or from atypical proliferative (borderline) tumors?*.
This group includes the so-called endometriosis-
related ovarian cancers, namely endometrioid and

clear cell carcinomas?.

1) RETROGRADE MENSTRUATION: THE
MECHANISTIC THEORY FOR ENDOMETRIOSIS
AND OVARIAN CARCINOGENESIS

The underlying mechanisms of endometriosis have
yet to be determined. Despite numerous theories
attempting to clarify their nature, none of them can
fully explain the heterogeneity of the disease®.
Interestingly, regarding to endometriosis-related
ovarian carcinogenesis the Sampson’s initial theory
of retrograde menstruation*® has gained special
interest. According to this theory, exfoliated viable
endometrial fragments and cells are driven through

the fallopian tube reaching the peritoneal cavity and

the ovarian surface. Actually, retrograde passage
of cells through the fallopian tube has been also
implicated in the current model for ovarian
carcinogenesis®. It is possible that retrograde
passage of blood and cellular material probably
contain epithelial cells of the cervix, endometrium,
or the fallopian tube to the ovarian surface or into the
lumen of a recently ruptured follicle. Indeed, most of
epithelial ovarian cancers mimic the cellular properties
of the cervical, endometrial or tubal epithelium®.
Therefore, it is also possible that this retrograde
travel carries cancer progenitor cells into the ovarian
parenchyma*#?. Of further interest has been the
demonstration that eutopic endometrium in women
with endometriosis exhibits intrinsic molecular
abnormalities, such as mutations in several cancer-
driver genes and activation of known oncogenic
pathways**3.

Several studies have demonstrated a decrease in

both endometriosis development and ovarian cancer
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risk after hysterectomy, tubal ligation or salpingectomy
10414445 Hossibly attributable to the prevention of
retrograde passage of carcinogenic factors from the
uterus. In addition, animal models using genetically
engineered mice, indicate that needle pass through
the uterus/oviduct is required for the formation of
peritoneal endometriosis or epithelial ovarian cancer®.
Such finding confirms the role of tubal patency in
the genesis of endometriosis and associated ovarian
cancer. Specifically, for endometriosis-associated
histotypes, tubal ligation is associated with a 60% of
risk reduction for endometrioid tumors (Relative Risk
(RR) 0.40 [95% ClI, 0.30-0.53])*". The fact that tubal
ligation, a procedure in which the fimbria is preserved,
results in a higher risk reduction for endometrioid
carcinoma®’ strongly suggest that the precursor cell
of EAOC come from the uterus (endometrium) and
not from the tube.

The results of the Nurses's Health Study®
demonstrated a 76% increase in risk of ovarian
cancer in intrauterine device (IUD) users respect to
non-users (RR 1.76 [95% Cl, 1.08-2.85]). The increase
in risk was specifically associated with endometrioid
(RR 2.40) and serous (RR 2.17) subtypes. This is very
interesting since IUD users should be, in general,
fertile and parous, i.e. at reduced risk. This finding has
been interpreted in terms of increased likelihood of
tubal and peritoneal infection/inflammation, but it
can also be associated with the increase in monthly
blood loss in IUD users, which possibly leads to an

increased transtubal retrograde menstrual flow?’.

Ovulation not followed by pregnancy is an accepted
risk factor for ovarian cancer®~*°>!. Despite ovulation
is a physiological process, the “incessant ovulation
theory” proposed for Fathalla in 1971, suggests that
the repetitive damage and subsequent repair of
the ovarian epithelium during ovulation may elevate
the risk of cancer development. Therefore, the risk
of ovarian cancer increases with de numbers of
ovulations®. Indirect epidemiological evidence
supports this concept and multiple factors that
alter the ovulation cycle, such as the use of oral

contraceptive pills (OCP), are related to a reduced risk

of ovarian cancer'%*. Specifically, for endometriosis-
associated histotypes, OCP use is associated with a
27 1% and 21.3% of risk reduction for endometrioid

an clear cell carcinomas, respectively®.

In summary, during ovulation, the ovarian surface
epithelium is damaged during follicular rupture
and subsequently repaired. During such reparation
invagination and inclusion cysts are formed in the
cortical stroma, providing the opportunity for a
stepwise sequence of genetic alteration®'. In parallel,
if endometrial tissue fragments line up along such
inclusion cyst wall or became trapped on a recently
ruptured follicular cyst, this arrangement could
eventually evolve into an ovarian endometrioma,
which over time, accumulates blood an inflammatory
products. Later on, these chronic inflammatory
processes could result in an atypical endometriosis

and/or an ovarian carcinoma (see below Inflammation).

Interestingly, an alternative origin of ovarian
endometrioma has been hypothesized to be
consequence of celomic (Millerian) metaplasia.
According to this theory the celomic epithelium
(mesothelium) covering the cortical inclusion cysts
could undergo a metaplastic change into endometrium
¥ Inclusion cysts have also been postulated as the

site origin of epithelial ovarian cancers.

Another possibility is the malignant transformation
of endometriotic lesions localized in the tube. The
presence of endometriosis in the tubes is a frequent
reason for tubal obstruction, adhesions, hydrosalpinx
development, and subfertility among endometriosis
patients. The prevalence of tubal endometriosis ranged
from 6.9 to 69%°%. Noteworthy, the coexistence of
tubal endometriosis and endosalpingiosis (the
presence of ectopic tubal epithelium) have been
also identified to be a risk factor for EAOC®,

2) GENETIC ALTERATIONS IN THE
ENDOMETRIUM, ENDOMETRIOSIS AND
ENDOMETRIOSIS-ASSOCIATED OVARIAN CANCER
As technology advanced, the capacity to perform
genome-wide analyses and the opportunity for
whole exome and RNA sequencing to assess somatic

© 2024 European Society of Medicine 8



mutations have developed. Current evidence
demonstrates that eutopic endometrium, benign
endometriosis (non-cancer-associated) and EAOC
carry distinct genetic alterations and pathways
dysregulations that distinguish them from non-EAOC.
These genes can be grouped into two categories:

tumor suppressor genes and oncogenes.

Tumor suppressor genes encode for proteins
involved in cell cycle regulation and apoptosis. When
both copies of this genes are mutated, abnormal
cells are able to replicate out of control, leading to
cancer. Loss of heterozygosity (LoH) occurs when
only one copy of the gene is lost. Thus, a single copy
of the lost gene still remains. On the other hand,
oncogenes are mutant gene forms that when
activated contribute to cancer development via
uncontrolled cellular growth and division.

2.1) CANCER-ASSOCIATED MUTATIONS IN
EUTOPIC ENDOMETRIUM

The presence of somatic mutations in eutopic
endometrium of women with and without
endometriosis has been demonstrated by several
studies. Such alterations include dysregulation in
cancer-driver genes, including PTEN, KRAS, PIK3CA
and abnormal expression of key components of
cancer-related signaling pathways, such as PI3k/Akt/
mTOR and Wnt/B-catenin pathways*>>>’.

Lac et al*® evaluated the presence of somatic driver
mutations within histologically unremarkable eutopic
endometrium. They found oncogenic mutations in
over 50% of normal endometrial samples, including
KRAS, PTEN, PIK3CA among others. However, no
patients in this study exhibited loss of ARID1A gene,
which is known to be involved in endometriosis and
EAOC (see below).

Li et al*® compared genetic profiles of epithelial
cells from healthy endometrial epithelium, ovarian
endometriotic cells, and matched eutopic endometrial
epithelial cells. Most identified genetic variants
were associated with cell adhesion, and chromatin
remodeling and were present in endometriosis and

matched eutopic endometrium. Moreover, ARIDTA

was altered in both eutopic endometrial and ovarian
endometriotic epithelial cells. However, despite
cancer-associated genes mutations are prevalent
in normal endometrium, studies have suggested
that they remain in a subclonal and mosaic-like state
in which single endometrial glands harbor distinct

mutation profiles**

. Additionally, the authors reported
several additional genetic alterations predicted to
alter protein structure in eutopic endometrial epithelial

cells from disease-free women?®8,

Although endometriotic tissue and normal eutopic
endometrium are histologically similar and even
could share the same oncogenic mutations, they
are not identical: a distinct mutational profile and a
different mutant allele frequency have been noted
between them®. While normal endometrial epithelium
usually carries one driver mutation per gland®?, this
number is increased in endometriotic lesions*?¢°. It
has been shown that he development of cancer driver
mutations in endometriotic lesion often occurs
during the first years of life* and that the likelihood
of a woman to have a somatic mutation increased
by 5% per year™. Despite the mutagenic burden
progressively increases with age, it has been shown
to decrease with parity®.

2.2) CANCER-ASSOCIATED MUTATIONS IN
ENDOMETRIOSIS (TYPICAL OR ATYPICAL)
WITHOUT CANCER

Most studies of somatic mutations in endometriosis
have been restricted to endometriosis with concurrent
cancer®'. These studies suggested that driver mutations
shared by both lesions were the mutations responsible
for the progression of the endometriosis to cancer
162 Nonetheless, only a few studies have examined
the occurrence of somatic cancer driver mutations in

patients with endometriosis without cancer#?¢063-66,

In 2018, Zou et al*’ reported for first time the presence
of classical cancer driver gene mutations in benign
endometriosis. Moreover, in this study the co-
occurrence of KRAS and ARID 1A mutation was also
identified for first time in a single individual. To date,
the most commonly reported cancer-involved genes
mutations found in benign endometriosis (typical/
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atypical) are the tumor suppressor genes PTEN,
ARID1A, the oncogene KRAS and the PPP2R1A gen,
(which encodes a regulatory subunit of protein
chromosome

phosphatase 2, implicated in

segregation and the negative control of cell cycle)
60,65,67

Sato et al®*

investigated the potential role of PTEN gen
in endometriosis-associated ovarian carcinogenesis
in 34 patients with benign endometriomas. The
authors reported a LoH in PTEN gen region and
PTEN mutations in 56.5% and 20.6% of patients,
respectively. Based on these finding the researchers
suggested that inactivation of PTEN tumor suppressor

gene is an early event in EAOC development.

A recent study using next-generation sequencing
to determine whether benign, but invasive, non-
ovarian deep endometriosis lesions harbor somatic
mutations associated with cancer®®. Surprisingly,
the majority of lesions harbored somatic mutations,
and 26% harbored known cancer driver mutations,
including ARID1A, PIK3CA, KRAS and PPP2RI1A.
Given the low rate of malignant transformation of
endometriosis these results suggest that the presence
of such mutations alone is neither sufficient to drive
malignant transformation of endometriosis nor
indicative of likely progression to cancer®. Moreover,
the fact that a minority of analyzed lesions harbored
detectable mutations, as it has also been observed
in patients with endometriosis co-occurring with
cancer®, potentially supports the existence of multiple
endometriosis lineages within the same patient.
Another remarkable finding of this study was that
all cancer driver mutation were present only in the
epithelium and not the stroma in the same lesion,
giving a potential role to epithelial compartment in
the emergence of distinct clonal cell populations®.
Since ovarian cancer originates from epithelial cells,

we think it is important to consider this distinction.

Not surprisingly, the described genetic alterations
have been specifically reported among patients with
atypical endometriosis®¢1¢?70_ A recent prospective
study, using loss of BAF250a expression as a
surrogate marker for ARID1TA mutation, showed a

significant higher loss of BAF250a expression in
atypical endometriosis compared with typical
endometriosis. Although loss of BAF250a expression
in patients with architectural atypia was 40% vs. 9%
in patients with cytologic atypia, the difference was
no significant (p<0.149)%.

In the same line, Er et al’® identified several novel
genetic mutations in several pathways involving in
tumorigenesis among patients with EAOC. Notably,
in most of patients, identical somatic mutations
were detected in atypical endometriosis and tumor
lesions. Such alterations were also present in non-
atypical endometriotic lesions in two patients
indicating the presence of genetic alterations in
preneoplastic lesions.

2.3) MAIN GENES AND SIGNALING PATHWAYS
INVOLVED IN ENDOMETRIOSIS-ASSOCIATED
OVARIAN CANCER BIOLOGY

Targeted next-generation sequencing has allowed the
identification of genetic aberrations in endometriosis
involving multiple pathways promoting malignant
transformation and cancer cell growth’. Such
alterations involve the PI3K/Akt/mTOR, the chromatin
remodeling, the Wnt, the ERK/MAPK and the Notch
signaling pathways. Moreover, several genes involved
in aberrant DNA repair mechanisms, cell cycle control,
apoptosis and mismatch repair (MMR) systems have
proven to be dysregulated in EAOC°(Fig 1). Notably,
the existence distinct genetic profile between
endometriosis-associated and non-endometriosis
associated endometrioid ovarian cancers has been
proposed’’. In this review we will discuss only the
most widely studied and the most relevant signaling

pathways in the pathogenesis of EAOC.
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Fig 1. Mechanisms implicated in endometriosis malignant transformation. Note that several processes are

triggered by different mechanisms (crosstalk) and that epigenetic alterations can be induced by steroid

hormones, chronic inflammation, and oxidative stress.

2.3.1) ARIDTA

AT-rich interactive domain-containing protein 1A
(ARIDTA) gene is a tumor suppressor genes that
encodes BAF250a protein, one of the subunits of
SWI-SNF chromatin remodeling complex, which alters
the accessibility of chromatin to different nuclear
factors, thereby preventing genomic instability.
ARID1A is mutated in a wide range of cancers,
especially in those arising from ectopic and eutopic
endometrium, including EAOC’273,

In fact, downregulation of ARIDT1A is thought to
induce malignant transformation of endometriosis
in a stepwise manner, as a gradual loss of ARIDTA
expression has been observed from benign (20%)
to atypical endometriosis (40%) and to ovarian clear

cell carcinoma (58%)7.

Current evidence favors the role of ARID1A somatic
mutation as a major molecular contributor to clear
cell and endometrioid ovarian carcinomas®'©2, Wiegan
et al®" investigated ARID1A mutations and loss of
BAF250a in EAOC. They found ARIDTA mutations
in 46% of ovarian clear cell carcinomas, 30% of
endometrioid carcinomas and in none of high-grade
serous carcinomas. In addition, loss of BAF250a was
found in 73% of clear cell and 50% of endometrioid
ovarian cancers with an ARID1A mutation compared
to 11% of non-EAOC. Interestingly, two patients
presented ARID1A mutations and loss of BAF250a
expression in the tumor and in contiguous atypical
endometriosis but not in distant endometriotic
lesions. Based on these findings in preneoplastic
lesions, several authors have suggested that both
ARID1A disruption and loss of BAF250a are early
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Nevertheless, Yachida et al”’, reported that 16% of
ovarian clear cell carcinomas and all benign
endometriosis samples carrying ARID1A loss-of-
function mutations preserved immunoreactivity for
ARIDTA. These data are consistent with the “two-
hit” hypothesis, meaning that both alleles of the
ARID1A gene must be inactivated in order to cause
a phenotypic change.

Lakshminarasimhan et al’®, studied the effect of
ARID1A loss in non-tumorigenic endometriotic cells.
Interestingly, the authors reported the development
of a tumoral-like phenotype characterized by an
enhanced growth and invasion capacity, suggesting
that ARID1TA mutation could be a necessary step in
the malignant transformation of endometriosis.
Moreover, several genes presented altered expression
upon downregulation of ARID1A and most of such
expression changes were accompanied by alterations
in histone modifications (see epigenetics). Hence,
loss of ARID 1A in endometriotic cells is sufficient for
the induction of epigenetic, molecular and phenotypic
alterations indicative of potentially oncogenic

transformation.

Interestingly, loss of ARID1A expression is reported
in 33% of ovarian seromucinous carcinomas (OSMC)
(mixed Mullerian carcinoma)’®, which is similar to
their frequency the other EAOC (clear-cell and
endometrioid), providing compelling evidence to
include them in the group of endometriosis-related
neoplasms®’?. However, the 5" edition of World
Health Organization (WHO) Classification of Female
Genital Tumors published in 2020 has removed
OSMC as a distinct entity and now considers it as a
subtype of ovarian endometrioid carcinoma®. Such
modification generated some controversy, and recent
research argues that the different clinical features
and prognosis of OSMC make it not suitable to be

directly classified as ovarian endometrioid carcinoma®'.

Nonetheless, ARID 1A mutations seem not sufficient
on their own to cause cancer®?%. ARID 1A mutations

frequently co-occur with mutations leading to an
activation of PI3K/AKT pathway (see below), such
as mutations in PIK3CA, suggesting a cooperating
mechanisms (crosstalk) between these two pathways
in endometriosis-associated ovarian carcinogenesis
72,73,85,86 (Flg 2)

Further evidence demonstrating a crosstalk between
pathways comes from genetically engineered mouse
models that revealed that the sole loss of ARIDTA
gene function does not induce ovarian cancer®’,
but when the ARIDTA and PTEN genes are
simultaneously knocked out, 59% of mice develop
ovarian endometrioid or undifferentiated carcinoma,
and 41% exhibit hyperplasia of ovarian surface
epithelium®. On the other hand, co-mutation of
ARID1A and PIK3CA leads to formation of clear cell-
like ovarian tumors through sustained interleukin (IL)
-6 overproduction, suggesting a protective effect of
ARIDTA against inflammation-driven tumorigenesis®
(Fig 2).

Despite ARID1A mutation have been associated with
an unfavorable prognosis in several malignancies®®,
loss of ARID1A has not been identified as prognostic

factor for ovarian cancer388%,
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2.3.2) PI3KCA

PI3KCA is a gene encoding for the a-subunit of
Phosphatidylinositol-3 kinase (PI3K). Active mutations
in PI3KCA have shown to upregulate the PI3K/Akt
pathway signaling. Previous studies have demonstrated
that this gene is dysregulated in up to 45% of clear
cell and endometrioid ovarian cancers. While PIK3CA
mutations have been identified in 20% of clear cell
and 20% of endometrioid ovarian cancers compared

to only 2.3% of serous carcinomas (p=0.001)"".

Yamamoto et al”” demonstrated the presence of
identical PI3KCA somatic mutations in 43% of clear
cell carcinomas and in 90% of cases of coexisting
endometriosis adjacent to carcinomas. Moreover,
in most of cases, such mutations were identified in

endometriotic tissue without evidence of atypia.

Based on the finding of PI3KCA mutations in non-
atypical precursor lesions, the authors concluded
that mutation in the PI3KCA gene is early event in
the malignant transformation of endometriosis.

Kuo et al”® reported PI3KCA activating mutations in
33% of ovarian clear cell carcinomas, but the
percentage of such mutations reached 46% when
affinity purified clear cell tumors and clear cell
carcinoma cell lines are included. In the same line
Huang et al® identified PI3KCA mutations in 34%
of ovarian clear cell carcinoma. On the other hand,
a recent review reported PI3KCA mutation in 40%

of endometrioid ovarian carcinomas®®.

Taken together, these findings give direct evidence
that PI3KCA is an oncogene in EAOC.

© 2024 European Society of Medicine 13



2.3.3) PTEN AND KRAS

Phosphatase and tensin homolog (PTEN) acts as a
tumor suppressor gene through the action of its
phosphatase protein product, involved in the
regulation of the cell cycle. PTEN is the natural inhibitor
of the PI3K/AKT signaling pathway. Inactivating
mutations of PTEN are reported in 15 to 20% of
endometrioid carcinomas and in almost 10% of

clear cell carcinomas®.

An earlier study by Dinulescu et al* described and
interesting mice model of peritoneal endometriosis
and endometrioid ovarian carcinoma, based on the
activation of the oncogene KRAS and conditional
PTEN deletion. While the expression of KRAS or
conditional PTEN deletion in the ovarian surface
epithelium gave rise to preneoplastic ovarian lesions
with endometrioid glandular morphology, the
combination of the two mutations leaded to the
rapid development of metastatic ovarian
carcinomas. Despite KRAS mutations can be found
in approximately 10% of EAOC, recent evidence
suggests that they are more related to the
development of endometriotic lesions*. Additionally,
KRAS mutations are more prevalent in non-
endometriosis-associated type | ovarian cancers,
especially mucinous carcinomas®. Based on this
finding, it has been proposed that KRAS mutations
may be associated with late events in the malignant

transformation of endometriosis™.

In addition, data supporting cooperation between
KRAS mutation and PTEN inactivation in human
endometrioid ovarian carcinomas are lacking®.

Since PTEN is under-expressed in most endometriosis
samples®, regardless of the occurrence of cancer, it
seems that whereas inactivating mutation of PTEN
is not sufficient to induce malignant transformation
of endometriotic cells on its own, it opens the way
for subsequent genetic events that may lead to

carcinogenesis.

2.3.4) PI3K/Akt/mTOR PATHWAY

The phosphoinositide 3-kinase (PI3K)/protein kinase
B (Akt)/ mammalian target of rapamycin (mTOR)
pathway is an intracellular signaling axis important

in regulating the cell cycle. It is extremely multipart
owing to the alterations within the pathway itself and
in their inputs?. This pathway and their downstream
components are directly related to cellular quiescence,
proliferation and longevity, and it is considered
one of the main pathways in ovarian cancer?®?.
Amplifications or mutations in PI3K/Akt/mTOR
pathway is involved in several cancers. However,
this pathway is also deeply involved in the normal
cyclical endometrial function and has been implied
in the pathogenesis of endometriosis®. As mentioned
before, inactivating mutations in PTEN, ARID1A and
activating mutations of PIK3CA genes, frequently
found in EAOC, can lead to abnormal and synergistic
activation of the PI3K/AKT pathway’27>88¢,

In summary, similar genetic alterations PI3K/Akt/
mTOR pathway components occur in eutopic normal
endometrium, endometriosis and EAOC. However,
the role of such defects in the progression of
endometriosis to ovarian cancer remains unclear. It
has been hypothesized that spontaneous and repeat
PI3K/Akt/mTOR  pathway-associated mutations
arising throughout normal endometrial glands may
act as a precursor events that, upon the emergence
of additional genetic abnormalities can lead to EAOC,
via the intermediary stage of endometriosis®.

2.3.5) CTNNB1 GENE AND Wnt/B-CATENIN
PATHWAY

Another gene involved in endometriosis-associated
ovarian carcinogenesis is the oncogene CTNNBT
which encodes B-catenin, a dual function protein
involved in regulation of cell-cell adhesion (as a
subunit of cadherin protein complex) and gene
transcription. It also acts as an intracellular signal
transducer in the wingless-type integration site (Wnt)
signaling pathway. This complex pathway is involved
in several cell functions, such as cell proliferation and
differentiation, apoptosis, cell migration, and stem
cell maintenance in adults, therefore it has been
implicated in cancer initiation and progression.
Moreover, Wnt/B-catenin pathway is involved in
ovarian embryogenesis, it is thought to be involved

in epithelial-mesenchymal transition (EMT). A detailed
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description of this pathway is beyond the scope of
this review and can be found elsewhere®.

In the gynecologic field, Wnt/B-catenin pathway plays
a pivotal role in endometrial physiology maintaining
the monthly balance between estrogen-dependent
proliferation and progesterone-induced
differentiation”. In the same line Wnt/B-catenin
pathway dysregulations have been also implicated
in both the pathogenesis and invasion capacity of
endometriosis'® ', Alterations in the Wnt/B-catenin
pathway have shown to play important roles in the

tumorigenesis of ovarian cancer®.

Endometrioid ovarian carcinomas often harbor
activating mutationsin the CTTNBT gene (16-54%).
Despite CTNNBT gene mutations are rare in serous
and clear cell carcinomas®, nuclear B-catenin has been
observed in serous and clear cell ovarian cancers®.
CTTNB1 mutations are associated with squamous
differentiation, low tumor grade and favorable

outcome in endometrioid ovarian cancers®?>.

It is noteworthy that Wnt/B-catenin pathway has
several crosstalk with other pathways involved in
both endometriosis'”' and ovarian cancer™%, such as
PI3K/Akt/mTOR, transforming growth factor-p (TGF-
B) and steroid hormone signaling pathways. Further,
the epigenetic influences in the Wnt/B-catenin

pathway are well documented'®.

Wu et al”® demonstrated that activation of both Wnt/
B-catenin and PI3/Akt/mTOR pathways (via PTEN
inactivation or PIK3CA activation) often cooperate in
endometrioid ovarian cancer pathogenesis in humans,
and that 66% of endometrioid ovarian carcinomas with
PTEN mutations also have Wnt/B-catenin pathway
defects. These tumors were typically low-grade, had
occasional foci of squamous (epithelial) differentiation
(positives for cytokeratin 8 and 19), and significant
areas of less-differentiated mesenchymal-appearing
cell (negative for cytokeratins, loss of E-cadherin
immunoreactivity) suggesting of EMT. Notably, Wnt/
B-catenin and PI3/Akt/mTOR pathways defects have
both been implicated in EMT, a process involved

in both endometriosis and ovarian cancer'%31%4,

Intriguingly, the widely accepted hypothesis that
somatic mutations in cancer driver genes may induce
the malignant transformation of endometriosis, has
been recently challenged. Linder et al'® explored the
mutation and copy number profiles of endometriosis
with a confirmed subsequent malignant association
in 11 patients who developed either endometrioid
or clear cell ovarian cancer later in life after their
diagnosis of benign endometriosis. Surprisingly, no
shared cancer-associated mutations were observed.
Moreover, the most frequently found genetic
alterations between benign endometrioma and
paired EAOC were in genes related to inflammatory
response and immunotolerance, suggesting that
adaption to inflammation is an early and crucial

event in the development of EAOC.

3) PERITONEAL ENVIRONMENT,

INFLAMMATION AND IMMUNOLOGICAL ASPECTS
LINKING ENDOMETRIOSIS AND OVARIAN CANCER
Common components of endometriosis and ovarian
cancer are the inflammatory pattern and immune
system mobilization. Therefore, current molecular
studies have aimed to establish links between
endometriosis and EAOC through pathways related to

inflammation, oxidative stress and hyperestrogenism.

It is well accepted that menstruation and ovulation
represent physiological injury that triggers and
repetitive inflammatory reaction of the uterus, ovaries
and peritoneum, thereby, demanding tissue repair
and remodeling. Moreover, the correlation between
chronic inflammation and cancer development is
very known'%,

In healthy females, once endometrial cells reach
peritoneal cavity during retrograde menstruation,
they undergo apoptosis and are efficiently cleared
by macrophages and natural killer (NK) cells- a
phenomenon known as immune surveillance'. In
a parallel manner, in the ovarian surface epithelium,
macrophages contribute to tissue repair and
proliferation through the secretion of several growth
factors, TGF-B and IL-10, as well as apoptosis via
the secretion of Reactive Oxygen Species (ROS)™.
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In normal conditions, the presence of endometrial
fragments in the peritoneum activates macrophages
leading the onset of the inflammatory response.
Macrophages present in different tissues are polarized
according to changes in their environment, forming
different macrophage subtypes, namely M1 and M2

macrophages'”’

. Both subtypes are closely related to
inflammatory response. In general, M1 macrophages
are mainly involved in pro-inflammatory responses
producing inflammatory factors, such as IL-6 and
tumor necrosis factor-o. (TNF-a). On the other hand,
M2 subtype are involved in tissue-repair, fibrosis and
angiogenesis by the production of anti-inflammatory
factors, such asIL-10 and TGF-3'®'%, However, studies
have shown that there is a significant overlap in these
profiles according to the tissue microenvironment

and type of signaling'®.

In the context of endometriosis, cell-mediated immune
responses can be disrupted, impairing this natural
clearance process. Hence, endometrial cells can
adhere to peritoneal surface, proliferate and activate
an inflammatory response’®. The precise mechanism
responsible for immunosurveillance evasion is not
known, but it seems to be related to a dysregulation
in apoptotic pathways. In addition, recent studies
have shown that peritoneal fluid from patients with
endometriosis increases proliferation, induces
inflammatory genes, and modulates epigenetic
pathways that may promote EAOC'®.

An alteration in tumor necrosis factor (TNF)-a-
mediated apoptosis in ectopic endometrium has
been documented in patients with endometriosis,
and current evidence supports that this adaptative
mechanism for apoptosis evasion is estrogen-
dependent via stimulation of estrogen receptor (ER-3'®.

TNF-a acts as a regulator of the pro-inflammatory
microenvironment of ovarian cancer through the
modulation of several cytokines that may promote
ovarian tumorigenesis''%. Additionally, TNF-a is
differentially regulated in ovarian cancer cells and
it has been found to have an increased expression
in clear cell ovarian carcinoma compared to normal

ovarian tissue'.

Another well documented immunologic alteration
in patients with endometriosis is the reduced
cytotoxicity of peritoneal NK cells'. This NK cell
dysfunction results from a complex interplay of
cytokines within the intricate microenvironment of
endometriotic lesions. Yang et al''" proposed that
the interactions between macrophages and
endometrial stromal cells could downregulate NK
cell cytotoxicity through the secretion of IL-10 and
TGF-B by the interacting cells. Additionally, increased
levels of IL-6 in peritoneal fluid of patients with
endometriosis might contribute to the suppressed

NK cell activity'%112,

Macrophages is the one of the main cell population
in invasive tumors and they seem to be “educated”
by tumors cells to promote tumor immune escape,
angiogenesis, tumor growth, and metastasis. It is
believed that macrophage polarization in tumors is
driven by clues in the tumor microenvironment, such as
low pH, inflammation and cytokine profile, hypoxia and
extracellular matrix characteristics'”. Notably, these
so-called tumor-associated macrophages (TAMs) have
the function of killing several population cells within
the tumor, such as fibroblasts and other macrophages,
whereas promoting tumoral cell growth and pro-
tumoral conditions. M2 macrophages are similar in
phenotype to TAMs expressing metalloproteinases
and other growth factors such as epithelial growth
factor (EGF), vascular endothelial growth factor (VEGF)
and TGF-B. Such molecular profile facilitates cancer
cell proliferation, invasiveness, epithelial-mesenchymal

transition and metastasis formation'?’.

Endometriosis is characterized by a macrophage
polarization into M2 phenotype, which seems to be
beneficial to endometriosis development. For example,
secretion of VEGF favors angiogenesis, and the
secretion of anti-inflammatory cytokines, such as IL-10
and TGF-B, contributes to the growth of endometriosis
lesions by impairing the cytotoxicity of NK cells.

Published data demonstrate that TGF- has a pivotal
role in myofibroblastic differentiation, fibronectin
and collagen synthesis, and fibrosis promotion,
distinct features of endometriosis progression’®

© 2024 European Society of Medicine 16



13114 Intriguingly, TGF-B has been also involved in

the development of ovarian cancer>1¢,

Interestingly TGF-B has been implicated in the
development of peritoneal endometriosis'’'*¢,
endometriosis invasion capacity''?, and ovarian

surface epithelium neoplastic transformation'™.

Other relevant molecule is the macrophage migration
inhibitory factor (MIF). MIF is found in elevated
concentrations in peritoneal fluid of women with
endometriosis and active endometriotic lesions.
MIF has a direct role in the upregulation of COX-2
synthesis and prostaglandin E2 (PGE2) secretion
via p38 kinase activation in ectopic endometrial
cells'®. Thus, inducing a proinflammatory phenotype

in endometriotic tissues.

In both endometriosis and ovarian cancer, the cells
have an abnormal adhesion capacity, which allows
them to develop distant endometriotic lesions and
metastasis, respectively. Cell adhesion is mediated
by several molecules, such as TGF-B, integrins and

cadherins'®

. Endometriosis is reported to have a
highly variable and aberrant integrin expression
compared with eutopic endometrium. These
alterations include molecular mechanisms of invasion
and metastasis shared with carcinoma cells, such as
an aberrant level of E-cadherin expression'®?. As
mentioned before, B-catenin is a subunit of E-
cadherine highly expressed in ovarian cancer and

endometriosis®.

In summary, the chronic and aberrant expression of
cytokines alters several regulatory signaling pathways,
which facilitate both endometriosis progression and
cancer growth, invasion and metastasis through
DNA damage and inhibition of DNA repair (Fig 1).
Hence, resulting in accumulation of genetic mutations
in endometriotic cells that may favor malignant

transformation.

4) HYPOXIA AND INTERLEUKIN-6
CONTRIBUTION AS A CARCINOGENIC DRIVER
IN ENDOMETRIOSIS

Due to the rapid tumoral growth, hypoxia is an intrinsic

feature of tumor microenvironment. Hypoxia is

involved in the induction of epithelial-metabolism,
TAM infiltration and have a profound effect on
macrophages polarization to M2 profile. Interestingly,
M2 phenotype TAMs have been involved in the
survival adaptation of tumor cells preparing them
for an impending hypoxic injury before changes in
oxygen availability. Such adaptation is attributed to
an increased IL-6 production by M2 TAMs'%.
Additionally, IL-6 facilitates tumor cell survival, induce
cancer stemness, prime M1 macrophages towards
M2 phenotype and triggers the expression of key
angiogenic factors, such as hypoxia-inducible factor
(HIF)-1-a, and VEGF'®(Fig 1). Notably, VEGF-driven
angiogenesis is the target of some immunotherapy
drugs currently use in the treatment of ovarian

cancer'®,

As mentioned before, IL-6 overproduction was also
involved in the pathogenesis of clear cell ovarian
carcinoma. Chandler et al®’ reported that synchronous
ARID1A loss and PIK3CA overactivation synergistically
induced upregulation of IL-6. IL-6 secretion triggers
and it triggered by the JAK/STAT pathway, thereby
initiating a signaling cycle that promotes tumor cell
growth and differentiation'?®. Furthermore, IL-6 is
the direct target of ARID 1A tumor-suppressor activity
and under the absence of the negative regulation
of the latter, coexisting amplification of PIK3CA
promotes IL-6 overexpression, thus maintaining the
JAK/STAT signaling loop®. Therefore, the synergistic
action of ARID 1A loss and PI3K/Akt/mTOR pathway
upregulation in the malignant progression of
endometriosis can be partially explained by their
cooperation in activating IL-6 and thus in promoting
a pro-tumorigenic inflammatory cytokine signaling.
Consequently, IL-6 is highly expressed in ovarian
cancer and its levels have been correlated to tumor
angiogenesis, cancer progression and chemotherapy

resistance'®.

In the same line, the evaluation of the tissue immune
microenvironment has revealed a specific role for
complement proteins in the malignant transformation
of endometriotic tissue. Suryawanshi et al 126
demonstrated that concomitant KRAS activation

and PTEN deletion leaded to upregulation of
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complement proteins in epithelial cells. They also
found that differentimmune “profiles” exist for each
eutopic endometrium, endometriosis and EAOC.
Because of the sensitivity and specificity of such
“profile” in detecting early molecular changes in cells
undergoing malignant transformation, it is possible
that immune system profiling could lead to early
detection of women at risk of EAOC.

5) IRON-RELATED OXIDATIVE STRESS AND
MALIGNANT TRANSFORMATION OF
ENDOMETRIOSIS

Oxidative stress occurs when the production of
ROS exceeds the capacity of cellular antioxidant
defenses to remove these toxic agents. An increasing
body of evidence suggests that oxidative stress
within endometriosis is likely to contribute to the
malignant transformation process by a fine-tunning
balance between pro-oxidant iron overload
(inflammatory) and antioxidant defenses (anti-

inflammatory)'?’.

I[ron accumulation in the peritoneal cavity, stemming
from retrograde menstruation, holds a particular
interplay with macrophages activation and plays a role
in the pathogenesis of endometriosis. Macrophages
in the pelvic cavity carry out erythrocyte phagocytosis
and iron metabolism, thereby resulting in elevated
iron concentrations within the peritoneal fluid.

In patients with endometriosis, it is not known if
these peritoneal protective mechanisms are originally
defective or if they become overwhelmed by the
amounts of hemoglobin in the liquid. As a result,
iron overload can trigger oxidative stress, ROS
generation and contribute to chronic inflammation
and angiogenesis, thus leading to increased
proliferative capacity of endometriotic lesions.
Prolonged exposure to oxidative stress and high
ROS levels may induce DNA damage (methylation)
and genomic instability, facilitating the development
of mutations that could induce the ovarian
carcinogenesis process*!. Additionally, iron-related
oxidative stress contributes to the peritoneal
mesothelium and peritoneal basal membrane

disruption, exposing sub-peritoneal collagen matrix,

favoring the adhesion and metastasis of endometriotic
and tumoral cells'%12¢(Fig 1).

Notably, Yamaguchi et al'® reported significantly
higher free iron concentrations and increased
oxidative DNA damage in the epithelial and stromal
cells of endometriotic cysts when compared to non-
endometriotic cysts and normal serum, proposing such
iron overload as a possible cause of carcinogenesis
in the endometriomas through the iron-induced

persistent oxidative stress.

The exact mechanism why ovarian, but not deep or
peritoneal endometriotic lesions, is the site of origin
of most endometrioid and clear cell carcinomas is not
known, but it seems to be related with the prolonged
exposure to blood and the peculiar characteristics
of ovarian microenvironment in favoring the initiation
of genetic alterations*"'* (Fig 1). The plasticity of
ovarian surface epithelium, regarding continuous
repair of ovulation wounds, could contribute to the
susceptibility of these cells to oxidative stress from
blood product degradation.

Hence, in case of EAOC, the real carcinogenic
factor in clear cell and endometrioid cancers could

be iron*.

Further evidence supporting the role of oxidative
stress in the development of clear cell carcinomas
come from the identification of a specific gene
expression for these tumors. The so-called clear
cell signature included several genetic alterations in
genes involved in oxidative stress and inflammation,
indicating that clear cell carcinoma specifically
expresses stress-responsive genes'™. Moreover,
such gene signature was induced upon iron exposure
in immortalized ovarian surface epithelial cells,
supporting the transition from precursor cells to

cancer'?,

In summary, endometriosis is vulnerable to oxidative
stress inducing DNA damage, apoptosis and cell
death. On the other hand, iron overload induces
signaling of several antioxidant detoxification systems
which protect endometriotic tissues from iron-

mediated oxidative damage. Hence, while most
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endometriotic cells die under excessive oxidative
stress conditions a small subset of cells will be able
to survive by cellular antioxidants mechanisms.
Therefore, the enhanced antioxidation capability or
the exposure of cells to sublethal levels of ROS result
in an adaptative, cytoprotective modulation of several
survival signaling pathways. Such mechanisms can
induce malignant transformation of endometriosis
allowing the survival of cells with damaged DNA,
promoting carcinogenesis'?’'*2. In the same line, it
has been demonstrated that cancer cells have less
oxidative stress than endometriotic cells, and that
they express higher levels of antioxidant proteins,
which detoxify ROS, facilitating the remodeling of
tumor microenvironment and cancer progression'’.
So, transtubal reflux of endometrial cells would
give origin to endometriosis, but the eventual
malignant transformation of endometriosis would
be caused by cyclical bleeding in the pelvis, and
free iron inside pseudocysts filled with “old blood”*'.

6) ROLE OF STEROID HORMONE IMBALANCE
IN MALIGNANT TRANSFORMATION OF
ENDOMETRIOSIS

Endocrine dysfunction, with estrogen dependency
and progesterone resistance is a key feature of
endometriosis. Estrogen is a known driver of
endometriosis, contributing to both proliferation of
the disease and inflammation. Conversely, resistance
to progesterone impedes the ability of progestins
to mitigate the progression of endometriotic lesions.
Hyperestrogenism is a known risk factor for the

development of ovarian cancer from endometriosis”'®.

Estrogens elicit its physiological effect on target
cells by binding to estrogens receptors (ERs). ERs
classified into nuclear (classical) and membrane-
bound ERs (mERs). Nuclear ERs are subdivided in
ER oo and B, encoded by different genes, ESTand ES2,
respectively. However, ERa is expressed primarily
in the uterus, whereas ERB is expressed primarily in
the ovary. On the other hand, mERs are located in
the nuclear membrane and act through a genomic-
independent (non-classical) signaling thanks to the
G-protein-coupled estrogen receptor (GPERT)™.

Nuclear (genomic) estrogen signaling has several
interconnections with other pathways involved in
endometriosis progression and ovarian cancer, such
as Wnt/B-catenin signaling pathway™*. On the other
hand, non-classical estrogen signaling activates
several pathways involved in the pathogenesis of
EAOC, such as the PI3K/Akt/mTOR pathway'®(Fig 1).

It has been speculated that inactivation of ER-o and its
target genes/pathways, the decreased progesterone
receptor (PR) levels and the increased ER-f3 pathway
may be the driving factors for endometriosis malignant
transformation’. Despite ERa signaling pathway is
largely deactivated in EAOC, there is a subset of
ERa-induced genes that remain highly expressed'.
These genes are involved in cell proliferation and
angiogenesis. Zhang et al™** demonstrated that the
VEGF expression in endometriotic cells was mediated
by ERa. through the Wnt/B-catenin signaling pathway.
Hence, it has been hypothesized that they may
contribute to estrogen-dependent transformation
of endometriosis to EAOC.

Additionally, endometriotic stromal cells contain
numerous epigenetic defects that favor estrogen
overproduction, decreased estrogen degradation,
endometriosis

progesterone resistance and

progression’’'¥ (See epigenetics and Table 2).

Moreover, several enzymes such as aromatase and
the 17-B-hydroxysteroid dehydrogenase type 1 and
2, that favor local estrogen production and estrogen
signaling, are differentially expressed in endometriosis

compared with eutopic endometrium71%.

In response to estrogen signaling, endometriotic
tissue undergoes a noteworthy upregulation in ER-
B. This elevated ER-B/ER-a ratio within endometriotic
stromal cells is linked to the downregulation of
progesterone receptors and an upsurge in COX-2
and PGE2 levels, thereby playing a role in the
development of progesterone resistance and
inflammation characteristic of endometriosis. Besides
inflammation, PGE2 has been shown to be involved
in immune surveillance evasion and regulation of

vital processes related to tumor growth, including
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angiogenesis and apoptosis inhibition'®. The
aforementioned alterations may contribute to the
carcinogenic process in neighboring epithelial cells'.

Guo et al'" demonstrated the role of epigenetic
inactivation of the tumor suppressor gene RUNX3, by
an estrogen-dependent promoter hypermethylation,
as an early event in the malignant transformation of
ovarian endometriosis. Interestingly, this epigenetic
change was positively associated with the expression
of ERa.

Progesterone generally represses ERs, inhibiting
the effects of estrogens at the cellular level.
Progesterone elicits its physiological effects on the
target cells by binding to nuclear progesterone
receptor (PR) isoforms, A (PR-A) and B (PR-B). The
progesterone resistance of endometriosis can be
related to the absence of the stimulatory PR-B and
the presence of the inhibitory PR-A'®. Interestingly,
several epigenetic alterations involving the PR gene
(PGR), the downregulation of progesterone-responsive
gene expression, and their related signaling pathways

have been noted in endometriosis'®.

7) EPIGENETIC MODULATION IN
ENDOMETRIOSIS-ASSOCIATED OVARIAN
CARCINOGENESIS

Epigenetics is defined as all heritable changes in
gene expression (phenotype) that are not coded in the
DNA sequence. Unlike genetic changes, epigenetic
changes are reversible, arise in a gradual manner,
and do not change the DNA sequence, but they
can change how the DNA sequence is “read” in a
specific cell type. Epigenetic changes affect gene
expression by silencing (switching off), switching
on, and stabilizing genes. It is now established that
epigenetic modifications play definite roles both in
endometriosis development’¥ %214 and ovarian
carcinogenesis'*'*. Main epigenetic mechanisms
involved in endometriosis-associated ovarian
carcinogenesis are DNA methylation/demethylation,

histone modifications, and non-coding microRNAs™,

7.1) DNA methylation is the best understood and
most extensively studied epigenetic alteration, and

it is mediated by a family of enzymes known as
DNA methyltransferases (DNMTs) that catalyze the
transfer of a methyl group to DNA. Typically,
hypermethylation in the promoter region of a
tumor suppressor gene lead to gene inactivation.
By contrast, hypomethylation of an oncogene
promoter region can lead to abnormally high gene
expression, thus promoting tumorigenesis. The exact
mechanisms of demethylation of genomic DNA are

poorly understood.

Current research has demonstrated the presence
of aberrant methylation in the promoter region of
several genes involved in the malignant transformation
of ovarian endometriosis™* (Table 3). In a recent
study, Wang et al'¥ demonstrated that estrogens
up-regulates DNMT1 and leads to hypermethylation
of RUNX3 in the malignant transformation of
endometriosis. In the same line, it has been
demonstrated that TNFo induces hypermethylation
of PR-B promoter in endometriotic cells, leading to
lower expression level of PR-B and progesterone
resistance'*®. Additionally, ARID1TA gene promoter
hypermethylation has been reported in
endometriosis, probably via ROS-up-regulated
DNMT1 gene expression'. Hence, it is noteworthy
that different stimuli such as steroid hormones,
chronic inflammation, and oxidative stress can induce

epigenetic modifications leading EAOC (Fig 1).

Notably, a growing body of evidence suggests a
direct regulation of the genes encoding ERa, ERB and
PR by DNA methylation, leading an aberrant gene
expression of these genes in endometriosis'.
Interestingly, current research has demonstrated
that the aforementioned epigenetic changes related
to malignant transformation of endometriosis,
commonly expressed in EAOC patients, are also
expressed in the eutopic endometrium of these
women'. These data indicate that the risk of
malignant transformation of endometriosis is more
related to the biological characteristics of eutopic
endometrium of endometriosis than that with the

occurrence of endometriosis itself.
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Table 3. Main aberrantly methylated in genes involved in endometriosis malignant transformation (summarized

from reference 144)

Gene Function Epigenetic modification
Runt-related transcription | Gene regulation in cell proliferation and Hypermethylated
factor 3 (RUNX3) differentiation.
Downregulated in endometriosis and EAOC.
MutL protein homolog 1 Member of DNA mismatch repair (MMR) Hypermethylated
(MLHT) system. MMR system repairs the errors that
normally occur during replication of repetitive
DNA sequences. MMR deficiency causes
microsatellite instability (MSI).
Downregulated in endometriosis and EAOC
E-cadherin (CDHT) Cell-cell adhesion, polarization and Hypermethylated
differentiation of epithelial tissues. E-cadherin
acts as a tumor suppressor. Downregulated
in endometriosis and EAOC.
AT-rich interactive domain- | Tumor suppressor gene involved in chromatine | Hypermethylated
containing protein 1A remodeling. Downregulated in endometriosis
(ARIDTA) and EAOC.
Progesterone receptor- B | Induces the differentiation of endometrial Hypermethylated
(PGR) stromal cells to decidualized cells and epithelial
glandular cells to the secretory phenotype.
Downregulated in endometriosis favoring
progesterone resistance.
Aromatase P450 (CYP19A1) | Catalyzes the conversion of androgens to Hypomethylated
estrogens.
Upregulated in endometriosis.
Estrogen receptor-p (ESR2) | Endometriosis growth and ovarian Hypomethylated
tumorigenesis.
Upregulated in endometriosis
Estrogen receptor-a (ESR1) | Downregulated in endometriosis and EAOC | Hypermethylated
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7.2) Histone modification is the second most
important epigenetic factor that has a critical role
in the regulation of gene expression. Histones are
proteins that act as a spools around which DNA
winds to create structural units called nucleosomes.
Histones prevent DNA from becoming tangled and
protect it for damage. Histones can be modified in
many ways in their N-terminal tail, including
acetylation, phosphorylation, and methylation,
among others. Histone methylation can determine
either activation or repression of gene transcription;
instead, histone acetylation determines gene

activation.

Histone modifications have been involved in
endometriosis pathogenesis, and endometriosis-

and PR downregulation'.

associated ERa
Additionally, they have also been identified to play
arole in several oncogenic pathways. For example,
histone modifications have shown to have a pivotal
role in the development of clear cell carcinoma
phenotype in ARID1A silenced endometriotic cell
lines’®. Despite these findings, the role of this
epigenetic mechanism in endometriosis-associated

ovarian carcinogenesis is still ambiguous™4'%°,

7.3) MicroRNA (miRNA) are a novel class of small
nonprotein coding, single-stranded RNAs that
regulates a high numbers of biological processes and
their related pathways, such as post-transcriptional
gene expression, via gene silencing with either
translational repression or degradation of mRNA.
Additionally, miRNAs can upregulate target genes
by directly binding to their promoter. Several miRNAs
have been directly associated with dysregulated
gene expression in both endometriosis and ovarian
cancer. In a recent comprehensive review, by Gaia-
Oltean et al™ the authors provide updated
information about miRNA families and their predicted
target genes involved in EAOC. Notably, several
miRNA families targeting genes involved in
endometriosis-associated ovarian carcinogenesis,
such as ARID1A, PTEN, CTNNB1 and PIK3CA, are
commonly dysregulated in non-atypical and atypical
endometriosis and EAOC. Furthermore, some of the

dysregulated miRNAs have more than one of these

genes in their target profile. For example, miR-221-
3p that targets PTEN, CTNNBT and ARID1A™.
Therefore, a single miRNA dysregulation can be
responsible of simultaneous mutations that favor

malignant transformation of endometriosis.

8) CLONAL SELECTION IN EUTOPIC
ENDOMETRIUM IN THE PATHOGENESIS OF
ENDOMETRIOSIS AND THE DEVELOPMENT OF
ENDOMETRIOSIS-ASSOCIATED OVARIAN CANCER
Nowadays it is widely accepted that normal human
endometrial glands and endometriotic lesions are
composed by clonal cell populations, thus, each gland
are derived from a common progenitor cell*25%151,
Since most neoplasms are monoclonal in origin,
monoclonality of endometriotic lesions and

endometriomas suggests their neoplastic potential
152,153

Clonal expansion of epithelial cells carrying cancer-
driver mutations may lead to subsequent colonization
of the epithelial compartment of eutopic endometrium,
and the gain of additional mutations during their
development. Therefore, during menstruation,
mutated endometrial cells could be delivered by
retrograde flow and further proliferate. Indeed, it has
been demonstrated that endometrial cells harboring
somatic driver mutations frequently found un
EAOC are clonally expanded in endometriosis®.
Furthermore, the acquisition of other genetic
alterations is also possible during the progression

of endometriotic lesions'™*,

Further evidence supporting this theory comes from
DNA-based analysis that demonstrated clonality
within region sampled from the same lesion and
across different lesions*. Additionally, examinations
of endometrial glands have also demonstrated
notable heterogeneity in mutational profiles even
among glands from the same patient*, suggesting
that different lesion may harbor distinct mutation

profiles and be composed by unique cell clones.

The heterogeneity of endometriotic lesions was
further demonstrated by Suda et al*?* which
demonstrated the presence of different PIK3CA
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mutations across multiple lesions collected from
the same patient. This result supports the notion
that somatic mutations in cancer driver genes may
confer a selective advantage for the survival of
endometrial progenitor cells and their ability to
establish lesions. Additionally, vertical gland
development may favor the acquisition of additional
mutations. However, a similar mutational profile in
multiple individual epithelial glands in the same
endometriotic lesion have also been reported®. This
can be explained by the presence of interconnected
horizontal rhizome-like structures in the basalis layer
of the endometrium™*. Therefore, the progeny from
a common progenitor epithelial cell can populate
endometrial glands at distal sites. Thereby, it can
be though that the increasing heterogeneity of
endometriotic glands may facilitates their potential

neoplastic transformation™*.

Based on the reported evidence, it can be speculated
that primary defect in endometriosis, and probably
in EAOC can be located in the eutopic endometrium
42145155 Furthermore, the finding of discordant
mutations profiles between paired endometriotic
and normal endometrial tissues in some patients*4®
could be explained by the fact that only selected
clones with specific mutations may have the
advantage of being able to evolve clonally and

develop in ectopic sites™".

This evolutionary process, in which endometrial
epithelial cells with cancer-associated mutations with
selective growth advantage, could undergo malignant
transformation in ectopic sites, have been supported

by recent studies®® ',

Using whole-genome shotgun sequencing, Anglesio
et al®® analyzed seven clear cell carcinomas and
targeted sequencing in synchronous endometriosis.
They found multiple tumour-associated somatic
mutations in at least one concurrent endometriotic
lesion. Moreover, ARID1TA and PIK3CA mutations
appeared consistently in concurrent endometriosis
when present in the primary tumor. These findings
provide objective evidence that multifocal benign
endometriotic lesions are clonally related and that

clear cell carcinoma arising in these patients progress
from endometriotic lesions that may already carry
sufficient cancer-associated mutations to be
considered neoplasms themselves, albeit with low
malignant potential (similar to borderline tumors).
Given the high degree of conservation in mutational
pattern observed in some endometriotic lesions
compared to their corresponding carcinomas, and
especially the occurrence of presumed driver
mutations, the authors suggested that, even if
somatic genetic changes in these endometriosis
lesions are sufficient to allow neoplastic transformation,
definitive malignant transformation is not mediated
by such somatic mutations, but driven by a
combination of high mutational burden, epigenetic
modifiers and ovarian micro-environment®. Based
on these results, and the presence of endometriosis
lesions without the mutations present in the tumor
among patients with EAOC, it can be speculated
the existence of two classes of genomically distinct
endometriosis respect to subsequent risk of cancer
development: high-risk lesions sharing mutations
with synchronous carcinoma and low-risk lesions,

not sharing any mutations with the tumors®.

In the same line, an interesting study demonstrated
the clonal lineage from normal endometrium to
ovarian clear cell carcinoma through ovarian
endometriosis™. The authors obtained several
tissue samples from a single patient with pathological
diagnosis of clear cell ovarian cancer associated to
endometriosis. Sampling sites included uterine
endometrium, endometriotic tissue distant to the
tumor, endometriotic tissue adjacent to cancer,
cancer epithelial cells and cancer stromal cells.
Although most of the reported mutations were
shared among the different epithelial samples,
demonstrating clonal relationships between spatially
separated tissues, the number mutations shared
with the uterine endometrium decreased from
distant endometriosis to adjacent endometriosis to
carcinoma. On the other hand, mutant allele frequency
of the shared mutations increased sequentially from
the endometrium to distal endometriosis, adjacent
endometriosis and carcinoma. This pattern indicates
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that the genetically altered clones, including clones
with cancer-driver mutations, such as PIK3CA and
ARID1A, remained in a subclonal state in the
endometrium and distal endometriosis, but attained
a clonal state in adjacent endometriosis and the
carcinoma. In the same line, previous studies have
demonstrated that despite prevalent, endometrial
glands harboring somatic cancer-associated mutations
involved in the development of endometrial cancer
remain subclonal in the endometrium with a very
low progression to malignancy, probably due to
non-genetic factors, such as progesterone action'’.
Therefore, in the case of endometriosis, it can be
speculated that progesterone resistance could
facilitate the persistence of altered clones in the
endometrium. Hence, starting with a first mutation
in normal endometrial glandular cells (initial genetic
hit), is the sequential accumulation of genetic damage
(additional genetic hits) within a continuous lineage
that drives an evolving phenotype to endometriosis,
and finally to ovarian cancer. In the case of EAOC,
at least two genetic hits seem to be needed to
achieve the biallelic ARID1A inactivation, required

to trigger malignant transformation’’"1>>.

?) SOMATIC STEM CELLS AND EPITHELIAL-
STROMAL INTERACTIONS IN THE DEVELOPMENT
OF ENDOMETRIOSIS AND ENDOMETRIOSIS-
ASSOCIATED OVARIAN CANCER

Somatic stem cells are a subset of cells residing in
normal adult tissues that, through asymmetric division,
retain their ability to self-renew while producing
daughter cells that go on to differentiate and play
a role in tissue regeneration and repair. Adult stem
cells are multipotent cells capable to differentiate
into several, but not all cell types (usually within the
same germ lineage). The monoclonal composition of
endometrial glands and the endometrial regeneration
after menstruation hypothesize the existence of

endometrial stem cells in the endometrium™"1%4,

Recent research has implicated endometrial stem
cells in the pathogenesis of endometriosis™. It has
been speculated that, during menstruation, circulating
stem cells intended to regenerate the uterine

endometrium are shed from the endometrial basal
layer and may become activated and trapped outside
the uterus.

An alternative hypothesis proposes that extrauterine
stem/progenitor cells derived from the bone marrow-
derived stem cells which home the endometrium in
response to physiological injury (menstruation) and
are responsible for endometrial regeneration, may
differentiate into endometriotic tissue.

Current theories propose that stem cells may arise
from both the epithelial and stromal layers of the
endometrium, with each stem cell type playing a
unique yet cooperative role in the pathogenesis of
endometriosis. This model, termed the dual stem
cell theory, posits that two (or more) endometrial
stem/progenitor cell types collaborate to form
endometriotic lesions™* . To date, it is widely
accepted that endometriotic epithelium and stroma
are developed independently and clonally™®'"?,
and several candidate cells for initiating endometriotic

epithelium, and endometriotic stroma, have been
identified41%7,

Histologically, endometriotic tissue is composed
primarily of stromal cells with scant and superficially
located epithelial cells. However, several studies
have demonstrated that somatic mutations found
in endometriosis are almost exclusively restricted
to the epithelial compartment of ovarian and deep
endometriotic lesions®® 15158 Moreover, the few
identified stromal mutations are not shared with
epithelial samples and present a very low mutant
allele frequency™®. Such finding demonstrates a

distinct origin of both tissues.

The presence of stem cells inside the endometrium
and endometriotic lesions, and the connection
between endometriosis and EAOC poses the question
about the possible involvement of endometriosis
stem cells in the malignant transformation of
endometriosis'’.

Several stem cell populations have been identified

in the endometrium, menstrual fluid, endometriosis
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and EOAC. Studies have demonstrated the expression
of several stemness markers to be upregulated and
highly expressed in endometriosis and endometriomas
compared to eutopic endometrium and healthy
controls™?. Furthermore, menstrual stem cells from
women with endometriosis indicate increased
proliferative and invasive capacity compared to
those from healthy women™. The molecular pattern
of stem cells from endometriosis lesions differs to
the pattern displayed by stem cells from ectopic
endometrium. On the other hand, the expression
pattern of several genes and molecules responsible
for the regulation of endometriotic lesions growth

is similar to that expressed in EAOC™,

Stroma stem cells harbor several pro-tumorigenic
epigenetic marks that modulate gene expression.
Epigenetic alterations in stromal cells determine
local hyperestrogenism, angiogenesis, progesterone
resistance and inhibitory activity on immune cells.
Consequently, inflammatory factors that remodel
endometrial tissues, such as PGE2 and cytokines,
accumulate in the stroma'®’. This steroid-related
inflammation and high proliferative activity could
lead to the development of somatic driver mutations,
such as ARIDTA and PIK3CA, and DNA repair defects,
in attached epithelial cells via paracrine signaling.
Such mutations disrupt critical protein function. In
years, the speciﬂc microenvironment in ovarian
endometriomas may enhance the accumulation of
additional mutations. Indeed, studies have shown that
endometriotic implants show an increased level of
DNA damage and decrease DNA repair in the course
of the disease™. These changes in gene expression
induce phenotypic changes and proliferation in the
epithelial cells, which eventually become malignant
and invasive''. Thus, malignant transformation of
endometriosis is probably related with the presence
of epigenetically abnormal, poorly differentiated
endometrial mesenchymal progenitor/stem cells'®’.

Considering the new paradigm of ovarian
carcinogenesis®?, the identification of stem cells is
the tubes is an interesting finding. Paik et al"? identified
epithelial stem-like cells that were concentrated in

the distal part of the tube. Interestingly, these cells
expressed some stemness markers also found in
endometriosis stem cells. However, the importance
of stem cells from tubal endometriosis in the
development of EAOC remains to be elucidated.

10)  EPITHELIAL-MESENCHYMAL
INTERCONVERSIONS IN OVARIAN SURFACE
EPITHELIUM, ENDOMETRIOSIS AND OVARIAN
CANCER

Epithelial to mesenchymal transition (EMT) is a highly
conserved biological process that converts immotile
and polarized epithelial cells to motile mesenchymal
cells. This process normally occurs during embryonic
development, fibrosis, and wound healing. However,
it has also been involved in cancer progression and
metastasis development’®'%. On the other hand,
mesenchymal to epithelial transition (MET), the reverse
process of EMT, is less well characterized'.

The occurrence of such processes in different tissues
is detected by the change in the corresponding
protein expression marks. EMT is characterized by
the gradual loss of epithelial markers (E-cadherin,
cytokeratins) and the progressive gain of mesenchymal
markers, such as N-cadherin, smooth-muscle actin,
vimentin, fibronectin, among others. The gain of
mesenchymal properties is associated with several
alterations in cell functions, such as enhanced
migration, invasiveness, and resistance to apoptosis'®
1%, However, EMT is not an all-or-nothing process, but
instead a transition of epithelial to mesenchymal
cells with intermediate states'. Conversely, MET
is characterized by the acquisition of an epithelial
phenotype.

It has been hypothesized that EMT has a role in the
pathogenesis of endometriosis and the progression
of ovarian cancer. Notably, in both peritoneal and
ovarian endometriotic lesions the epithelial markers
are downregulated, while the mesenchymal markers

are upregulated'®1%4,

Additionally,  other involved in

endometriosis and ovarian cancer biology, such as

processes

hypoxia, ROS, and estrogens, can through different
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pathways to activate the EMT process. Those
pathways involve many cellular factors, such as
TGF-f and Wnt pathways, ultimately leading to cell
proliferation and migration. For example, hypoxia
induces HIF-1-a, and VEGF-mediated angiogenesis,
an essential process in endometriosis and ovarian
cancer progression. Furthermore, ROS are found to
stimulate EMT and increase invasion capacity in

several human cancer cells'®1%,

Estrogen-mediated signaling is involved in EMT
process in endometriosis. Interestingly, estrogen-
driven EMT seems to be orchestrated by the ERa.
ERa directly binds to hepatocyte growth factor
(HGF) and to the B-catenin promoters, among
other transcription factors to induce EMT in human
endometrial epithelial cells'®. Additionally, HGF is
a common EMT inducer in epithelial cells. HGF-
activated downstream signaling molecules, such as
PI3K/Akt/mTOR. HGF receptor (c-MET) have been
shown to be constitutively activated and

overexpressed in ovarian carcinomas'®.

TGF-Bisinvolved in several aspects of endometriosis
progression and tumorigenesis. Notably, TGF-f is
a potent EMT inducer, and exerts its action through
several signaling cascades involved in endometriosis
and ovarian cancer, such as Smad, MAPK, PI3K/Akt/
mTOR and Wnt/B-catenin pathways'®.

EMT process could be part of ovarian surface
epithelium (OSE) physiology, involved in the
postovulatory ovarian cortex repair. OSE is a
stationary mesothelium with an “uncommitted”
phenotype, which retains the capacity to alter its
state of differentiation along stromal or epithelial
phenotypes in response to environmental signals.
During the postovulatory repair process, OSE cells
undergo EMT an attain a fibroblast-like (mesenchymal)
phenotype. In this scenario, EMT might prevent
epithelial cells entrapment into the ovarian stroma
during ovulation. Instead, might facilitate the
entrapment of fibroblast-like stromal cells. It has
been proposed that failure to undergo EMT may
render the aggregation of epithelial cells within the
ovarian stroma, resulting in the formation of OSE-

lined inclusion cysts'®. Interestingly Okamoto et
al', demonstrated the loss of mesenchymal
characteristics and subsequent acquisition of
epithelial characteristics, indicating MET process
during inclusion cyst formation. Therefore, it is
possible that inclusion cyst cells may undergo MET
and subsequently differentiate into endometriosis

and then undergo malignant transformation.

Although it widely accepted that these inclusion
cysts are the most probable site of origin of ovarian
cancer, there is no definite explanation for their
formation. It has been suggested that the ovarian
inclusion cysts comprise two groups of OSE cells:
the first group lacking E-cadherin expression prone
to EMT process during ovulatory rupture and repair
process, and the second expressing E-cadherin
resistant to EMT in response to ovulatory process,
with a propensity to epithelial differentiation and
neoplastic progression. Hence, the presence of
stromal-derived factors (TGF-B, IL-6) acting in a
paracrine fashion, or OSE-derived molecules (IL-1,
IL-6) acting by an autocrine mechanism, may promote
either EMT or neoplastic transformation of OSE

within the inclusion cysts in the target cells'®.

In summary, EMT may have an early cytoprotective
effect in ovarian function. A subtle of cells retain an
epithelial phenotype and are less prone to undergo
EMT in response to external stimuli. Furthermore,
MET occurs during inclusion cyst formation. Such
propensity towards an epithelial committed
phenotype, unresponsive to normal environmental
signals is consistent with the loss of normal control
mechanisms characteristic of malignant
transformation. Hence, it seems that the persistent
epithelial phenotype in the cells lining of inclusion cyst

may predispose them to malignant transformation.

In this sense, it is possible to speculate that ectopic
endometrial cells, which exhibit a firmly determined
epithelial phenotype, could undergo malignant
transformation when became trapped in an inclusion

cyst.

© 2024 European Society of Medicine 26



Different carcinogenic pathways in
malignant transformation of

endometriosis

Malignant transformation of endometriosis is a
long, complicated process involving multiple genes,
signaling pathways and steps. Interplay between
hormone signaling, hypoxia, inflammation and
specific microenvironment within the endometriotic
cyst, orchestrates transformation of endometriosis
to EAOC. Many pathways converge, but at some
moment they diverge exposing some differences
leading to specific tumors. Despite their shared cell-
of-origin and overlapping mutational profile, ovarian
clear cell carcinoma and endometrioid carcinoma
of the ovary may develop via different molecular,
genetic and epigenetic mechanisms.

OVARIAN CLEAR CELL CARCINOMA AS A STRESS-
RESPONSIVE AND EPIGENETICALLY REGULATED
CANCER

Ovarian clear cell carcinoma (OCCC) has clinical
characteristics and behavior that are distinct from the
other epithelial ovarian tumors, including slow growth,
frequent thromboembolic complications, oxidative
stress tolerance, and a relative resistance to standard
chemotherapy'’. These findings suggest that OCCC
has distinct genetic background'é. Genetic studies
have identified specifically expressed genes in OCCC
which are related to the clinical characteristics of
OCCC, suggesting that OCCC has a unique
carcinogenic process™'. This so-called OCCC signature
includes several genes and molecular networks related
to oxidative stress and ROS detoxification {antioxidant
defenses), hypoxia response, coagulation, glycogen
metabolism, inflammation, anti-apoptosis, and
chemoresistance, such as HIF-1q, IL-6, Hepatocyte
nuclear factor (HNF)-1B, among others''.

Expression of OCCC signature genes is induced by
treatment of immortalized OSE cells with the contents
of endometriotic cysts in a time-dependent manner,
indicating that the OCCC is largely dependent on
the tumor microenvironment'?. Furthermore, it has

been demonstrated that the expression of OCCC

signature is at least in part epigenetically regulated.
Yamaguchi et al'® identified a distinct DNA
methylation profile in OCCC compared to other
subtypes of ovarian cancers. This OCCC-epigenetic
profile included hypomethylation (activation) of
several genes in the HNF-1 pathway, including
HNF-18 gene, and synchronous hypermethylation
(inactivation) of multiple genes involved in the ERa
pathway, such EST gene.

OCCC is characterized by unique biology and
exhibits the molecular phenotypes of HNF-1
pathway activation, PI3K/Akt/mTOR activation and
MAPK activation, traits that have been collectively
referred to as "OCCC-likeness"™". As previously
mentioned, these pathways are involved in several

carcinogenic networks.

HNF-1B, is not only overexpressed in OCCC, but is
also considered as an OCCC-specific molecular
marker since it is not expressed in other epithelial
ovarian carcinomas (including endometrioid tumors)
170172 HNF-1B has been associated with glycogen
metabolism and the development of the liver,
pancreas and kidney. Clinically, mutations in HNF-1p
gene result in maturity-onset diabetes of the young
(MODY), characterized by pancreatic hypoplasia,
and kidney malformations™?173174 As OCCC is
characterized by glycogen storage in the cytoplasm
(causing the clear appearance) and the morphological
resemblance to renal cell carcinoma, it is possible that
HNF-1B may have an important role in manifesting
this unique phenotype'’. Hence, the characteristic
morphologic appearance defining OCCC seems to

be, at least in part epigenetically regulated.

HNF-1B and its target genes play an important role
in OCCC biology and have been implicated in the
development of several unique characteristics of
this tumor, such as glucose homeostasis and cell

survival under hypoxia and stress conditions' 73175,

Interestingly, HNF-1B is not expressed in atrophic
and proliferative endometrium, OSE and ovarian
inclusion cysts. On the other hand, HNF-1f expression

is common in the late secretory, and menstrual
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endometrium. However, a considerable heterogeneity
in HNF-1f expression is observed in epithelial cells
both between and within endometriosis cases.
Moreover, HNF-1p is expressed in endometriomas,
but not in other benign ovarian tumors'’2. Kahijara
et al'’?, demonstrated that HNF-1p expression was
significantly more frequent in OCCC and adjacent
atypical endometriosis than in non-atypical
endometriosis. On the other hand, downregulation
of HNF-1B expression was evident in endometrioid
ovarian cancer and adjacent endometriosis but not
in distant endometriotic lesions. Such findings rise
questions about the origins of endometriosis:
celomic metaplasia for HNF-1p negative or retrograde
menstruation in HNF-1 positive cases'’?. Indeed, it
has been postulated that OCCC and endometrioid
ovarian carcinoma arise from different endometriosis:
HNF-1B positive and HNF-18 negative, respectively'?.
Epigenetic inactivation of EST gene’ leads to ERa
downregulation. The absence of ERa has been
reported in OCCC compared to other ovarian
cancers'’®. Akahane et al'’ showed that a gradual
reduction in ERa and PR-B expression occurred
with malignant transformation from endometriosis
to atypical endometriosis to OCCC, suggesting that
the disappearance of hormone dependency may
be associated with the acquisition of the clear cell
carcinoma phenotype. Interestingly, reduced ERa
expression was observed in cases of endometriosis
associated with cancer compared with cases without
cancer, indicating that disappearance of hormone
dependency occurs even before the development of
atypical endometriosis'”’. Although the disappearance
of steroid hormone receptors seems to occur first
at sites of atypical endometriosis during the
progression to carcinoma, some OCCC showed
direct transformation from endometriosis to OCCC
in absence of atypical endometriosis'”’. In the same
line, lower detection rates of ERa, ERB, PR-A and PR-
B among OCCC compared to endometrioid ovarian
cancers have been reported in other studies'’®.

This ERa signaling-independent growth of OCCC
can be attributed to epigenetic dysregulations'®’.

Furthermore, epigenetic changes can be the earliest
initiation factor and complement single driver
mutations in OCCC development. The occurrence
of somatic cancer-driver mutations (ARIDTA and
PIK3CA) could allow malignant transformation, but
they cannot distinguish histologic subtypes of ovarian
cancer. The specific biological characteristics of
OCCC and “OCCC-likeness” are developed through
coordinate alteration in DNA methylation'®.

Another epigenetic mechanism, histone modification,
has also a role in OCCC carcinogenesis. ARID1A loss
directly suppress histone deacetylase 6 (HDACH).
Yano et al'’® reported that HDAC6 nuclear expression
was associated with immunotolerance, hypoxia
resistance, and cancer stem cell phenotype acquisition
in OCCC cells, leading chemoresistance and poor
prognosis'®'”?. On the other hand, HDAC6 inhibition
has been shown to induce apoptosis in ARIDTA-
inactivated OCCC cells, suggesting the potential use
of HDACS6 inhibition in the treatment of OCCC'”°.

MET is a proto-oncogene encoding MET kinase (c-
MET), which is a receptor of HGF on the cell surface.
HGF binds to ¢MET and transmits signals
downstream and activate signaling pathways
promoting angiogenesis, cell proliferation and
survival, such as PI3K/Akt/mTOR and MAPK networks
among others?. MET is expressed in epithelial cells
of many organs during embryonic development
and adulthood, including the liver, kidney, and bone
marrow. However, MET is also activated in tumor cells
leading to a series of invasive growth processes in
tumorigenesis. Compared with serous ovarian cancers
and normal OSE, MET amplification and expression is
significantly increased in OCCC'. Studies have shown
that 94.2% of OCCC have high MET expression, and
that MET expression intensity is closely related to
chemoresistance and poor prognosis'’8. Additionally,
studies on endometriosis-associated OCCC reported
that the incidence of MET overexpression increased
with the malignant transformation process, from 0%
in non-atypical endometriosis to 67% in atypical
endometriosis to 92-100% in carcinomas'”. These

results demonstrate that MET overexpression is an
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early carcinogenic event in MET-amplified OCCC
and may promote the development of a subset of
OCCC. The high frequency of amplification and
overexpression of MET and its high specificity for
OCCC have gained interest recently as an interesting

possibility for targeted therapy'”*.

In summary, OCCC phenotype acquisition is
influenced by the stressful microenvironment within
endometriotic cysts, including persistent exposure
of epithelial cells to oxidative stress and chronic
inflammation. Such carcinogenic environment leads
to the transient induction of a unique gene expression
(OCCC signature). Subsequently, OCCC signature
becomes constitutive

partly by epigenetic

modifications (OCCC-specific methylation profile)'®.

ENDOMETRIOID OVARIAN CANCER IS A
HORMONE-DEPENDENT CARCINOMA
Historically, endometrioid ovarian carcinoma (EOC)
has been considered as a heterogeneous disease
comprising both high-grade and low-grade tumors,
with significantly different clinical behavior and
prognosis. Traditionally, pathological diagnosis of
EOC was largely based only on morphologic criteria.

Currently, the use of molecular markers, as well as
immunohistochemical staining have showed that high
proportion of the initially considered high-grade EOC
were misclassified high-grade serous carcinomas
(HGSC), with p53 mutations and Wilm's tumor 1
(WT1) positivity, characteristic of type Il epithelial
ovarian cancer. Such misclassification was based on
the presence of solid, pseudoendometrioid and/or
transitional-cell-like (SET) growth pattern on histologic
analysis'". Consequently, high-grade endometrioid
ovarian carcinomas are rare tumors not necessarily

associated with the presence of endometriosis.

Endometriosis-associated endometrioid ovarian
carcinomas (EOC) are characteristically low-grade.
In these tumors, carcinogenesis seems to be induced
by estrogen, similarly to its endometrial counterpart,
and display a classical immunohistochemical profile
comprising WT1 negativity (or focal positivity), wild-
type tumor protein p53 (not mutated) expression,

and positivity for ER and PR'™'. Akahane et al'”’
found a gradual increase in ERo from endometriosis
to atypical endometriosis to cancer in the cases of
endometrioid cancer. In the same line, Fujimura et
al’¢ reported the expression of ERa, ERB and PR
among endometrioid endometrial cancer specimens
in 100, 75 and 91.7%, respectively.

Banz et al’" identified a group of genes involved in
the regulation of autoimmunity and inflammatory
cytokines expression to be specifically upregulated
in endometriosis and endometriosis-associated EOC
compared to benign ovaries and non-endometriosis-
associated EOC. On the other hand, genes involved
in cell-cell interaction, differentiation and proliferation,
were equally regulated in non-endometriosis-
associated EOC but not in endometriosis and
benign ovaries. The authors concluded that this
inflammatory molecular signature may be an important
factor in the transformation of endometriosis to
EOC. Interestingly, the proinflammatory role of
estrogen in endometriosis has been discussed.

Endometrioid ovarian carcinomas often harbor
activating mutations in the CTTNBT gene, whereas
they are exceedingly rare in OCCC®%. Recently,
Hollis et al'®* proposed a model to stratify EOC
based on their molecular profile. In this study they
described distinct EOC subtypes: cases with p53
mutations, which present an aggressive clinical
behavior and poor prognosis, resembling HGSC
(type Il tumors), and cases with CTTNBT mutations,
with low stage at diagnosis and excellent outcome.
The fact that p53 and CTTNB 1 mutations are mutually
exclusive'®, this model appears as a useful tool to

identify low grade EOC arising from endometriosis.

ENDOMETRIOID OVARIAN AND OVARIAN CLEAR
CELL CARCINOMAS ARISE FROM DIFFERENT
PHASES OF THE ENDOMETRIUM

The question about how a common precursor
(endometriosis) can transform into two tumors
presenting striking differences in cellular phenotype
and clinical behavior is intriguing. Initially it had
been hypothesized that somatic mutations were
responsible of such transformation. However, there
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is not a single recurrent mutations that is unique to
either phenotype. Additionally, the frequent
occurrence of such mutations in benign endometriotic
lesions has clarified that they are not the responsible
for neoplastic progression, let alone for histotype

divergence.

In 2017, Cochrane et al'® suggested that, even if
OCCC and EOC are originated in the endometrium,
they arise from different cells. OCCC arise from
partially differentiated cells committed to the ciliated
cell lineage, whereas EOC come from secretory
cells or their precursors. Central to this model is an
endometrial progenitor cell, which can differentiate
towards a secretory or ciliated cell lineage, depending
on cues provided from the microenvironment.
Despite this model provided a reasonable explanation
of how two distinct malignancies can arise from
endometriosis, it generated some controversy
arguing that the common expression of a marker
does not necessarily prove the cellular origin due
to the phenotypic plasticity of tumoral cells'®.

Recently, Beddows et al'® highlighted the importance
of cell context in shaping the oncogenic potential
of mutations as well as the phenotype of resulting
neoplasms. By using RNA transcription and DNA
methylation analysis, the authors observed that both
OCCC and EOC transcriptionally resembled two
menstrual cycle states of normal endometrium. They
showed that both tumors originate from the same
endometriotic progenitor/stem cell in different states:
the proliferative endometrium in cases of EOC, and

the secretory endometrium in OCCC cases.

In this model a common progenitor cell is “locked” at
different cellular states that the particular cell lineage
can adopt. These cells share the same functional type
but upon response to external signals (hormones,
inflammation) can adopt different transcriptional
states, reversible upon signal withdrawal. In the
case of endometriosis-associated carcinogenesis,
these states are defined as transitory transcriptional
programs in the progenitor cell, “locked” into
different menstrual states phenotypes through
epigenetic regulation of estrogen signaling'®.

Previous studies have demonstrated that he
deposition of epigenetic marks, such as DNA
methylation, can be influenced by the transcriptional
state in a given moment. Active transcription repels
the DNA methylation machinery (DNMT), whereas
the promoters of non-expressed genes can be easily
hyper/hypomethylated, subsequently “locks in” the
unexpressed state, providing mitotically heritable

variation for selection during clonal evolution®.

For example, in the case of OCCC, the above-
described lack of transcription of ESR1™ in the
secretory state permits stochastic deposition of
DNA methylation at this promoter. This DNA
methylation gain persists through mitotic division
and prevents transcriptional changes in response

to estrogens'.

The proliferative-endometrium-like genetic profile
of ENOC is confirmed by the expression of steroid
hormone receptors. On the other hand, the
secretory-like phenotype of OCCC is characterized
by the inhibited estrogen response and high HNF-

1B expression'®.

Conclusions

We have extensively reviewed the evolving concepts
and putative mechanisms for endometriosis-
associated  ovarian  carcinogenesis.  While
endometriosis is a frequent benign disease that may
transform into epithelial ovarian cancer later in life,
the risk of malignant transformation remains low.
Evidence supporting a continuous process from
endometriosis to carcinoma comes from molecular,
immunohistochemical and genetic studies which
have detected several common biomarkers in

endometriosis (typical or atypical) and ovarian cancer.

Malignant transformation is a multistep process
probably related with chronic and periodic exposition
of epithelial endometriotic cells to a complex and
dysregulated interplay of molecular events, involving
inflammation, oxidative stress, hyperestrogenism,
immunotolerance and tissue reparation stimuli taking
place in the unique ovarian microenvironment.

Despite none of these factors seem to be sufficient
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alone to promote carcinogenesis, they contribute

to the process in a permissive way.

To date there are not known predictive molecular
markers or signs indicating which women with
endometriosis are at risk of developing ovarian
cancer, if they were known, active surveillance or

prophylactic surgery could be indicated.

Despite several advances have been made in the
understanding of endometriosis-associated ovarian
carcinogenesis, the precise mechanism of neoplastic

progression remains elusive.

In the future, identification of early biomarkers of
malignant progression could provide the bases for
targeted or immunological therapies that allow to
change the historical one-size-fits-all paradigm in

the management of ovarian cancer.
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