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Summary

Endometriosis is a chronic disease that affects millions of reproductive-age women. Despite the
destructive and invasive nature of endometrioses, most cases are perpetually benign or eventually
regress; however, atypical endometriosis is a precursor lesion and can lead to certain types of
ovarian cancer. Endometriosis induced inflammation and auto- and paracrine production of sex
steroid hormones contribute to ovarian tumorigenesis. These changes provide microenvironment
necessary to accumulate enough genetic alterations for endometriosis associated malignant
transformation. It takes years for endometriosis to undergo the pathophysiological progression that
begins with atypical epithelial proliferation (atypical endometriosis and metaplasia), and then is
followed by the formation of well-defined borderline tumors, and finally culminates in fully
malignant ovarian cancer. This study is a review of the natural history of endometriosis and the
role of microenvironments that favor the accumulation of genetic alterations and endometriosis-
associated ovarian cancer progression.
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Endometriosis is recognized as an estrogen-dependent disorder, defined by the presence of
endometriotic tissue outside of the uterus (ectopic) composed of endometriotic glands and
stroma. The accurate diagnosis of endometriosis frequently relies on the histologic
recognition of endometriotic tissue. Endometriosis is a common public health problem,
affecting an estimated 2% to 8% of reproductive-aged women and 30% of women with
infertility (1). Annual incidence of endometriosis by surgical diagnosis is reported to be 1.3
to 1.6 per 1000 women from 15 to 49 years of age (2).

Endometriosis has the unique status of being a benign metastatic disease. Owing to its
ability to invade the surrounding tissues, and in some cases, to metastasize to lymph nodes
and beyond the abdominal cavity (3), endometriosis closely resembles cancer. Despite its
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destructive and invasive nature, and its clonal origin from single epithelial cells implanting
at abnormal locations (4), endometriosis is not commonly fatal, and endometrial tissue
invasion is controlled and eventually stops. However, in some cases, endometriosis can
progress to biologically malignant tumors, often in reproductive organs.

Sampson (5) first described the association between endometriosis and ovarian cancer in
1925, and his criteria are still used to identify malignant tumors arising from endometriosis.
Scott (6) further defined the diagnosis of endometriosis-associated ovarian carcinoma
(endometriotic-associated carcinoma), stating that benign endometriosis should be
contiguous with malignant tissue (5). In this study, we review evidence supporting the
pathophysiological connection between endometriosis and ovarian cancer. Specifically, we
discuss the major steps and mechanisms necessary for endometriotic-associated carcinoma
tumorigenesis with regard to natural history; pathologic presentation; and the role of sex
steroid hormones, inflammation-related microenvironments, and molecular genetic
alterations. We particularly focus on the different stages of endometriotic-associated
carcinoma tumor progression, from early endometriosis, atypical endometriosis, and
borderline tumors to fully malignant tumors (ie, ovarian carcinoma; Fig. 1).

ENDOMETRIOSIS AND OVARIAN CANCER: NATURAL HISTORY AND
PATHOGENESIS

The histogenesis of endometriosis remains controversial and several distinct hypotheses
have been proposed. The proposed mechanisms include [for review, please refer to Gazvani
and Templeton (7)]: (1) retrograde menstruation; (2) celomic metaplasia (endometriosis
originating in the celomic membrane by a process of metaplasia); (3) embryonic cell rests;
(4) induction; and (5) lymphatic and vascular dissemination. None of these proposed
mechanisms can fully explain the clinical and pathologic nature of endometriosis, however.

If we accept that retrograde menstruation is the primary initiating factor for endometriosis, it
is possible that 100% of women have had transient endometriosis at some point in their
lifetime (8). It follows that if only 2% to 8% of women have a surgical diagnosis of
endometriosis (1), then 92% to 98% of women with endometriosis regress spontaneously.
The natural course of endometriosis, starting from ectopic tissue implantation, is thought to
start with bleeding that is followed by inflammation, which activates fibrin deposition,
adhesion formation, and eventually, the scarring and distortion of peritoneal surfaces of
organs and pelvic anatomy.

The risk of developing ovarian carcinoma from endometriosis is generally low. Several large
cohort and case control studies have shown that the risk of ovarian cancer from
endometriosis ranges between 1.3 and 1.9 (1). The overall frequency of malignant
transformation is estimated to be from 0.3% to 0.8% (9,10). In populations of primarily
infertile women, the relative risk increases to 2.7. The risk of endometriotic-associated
carcinoma is higher in older women [13% in women >50 yr of age; (11)], and in women
with genetic predisposition to endometriosis, abnormal inflammatory responses to
endometriosis (see discussion below), and long histories of endometriosis [follow-up >10 yr,
relative risk of 4.2 for developing ovarian cancer; (11)]. Given the high incidence of
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endometriosis in reproductive-age women, the number of ovarian cancers arising from
endometriosis may also be high. A greater understanding of the pathogenesis of
endometriotic-associated carcinoma will better inform research into ovarian cancer
prevention strategies.

Studies of the natural history of endometriosis have also been useful for establishing a
connection between endometriosis and ovarian cancer. Studies of nonrandomized
populations show that endometriosis requires 4 to 10 years for water blister lesions to
progress to scarred blue-domed cysts, 7 to 10 years to progress from clear to red to scarred
black lesions, and approximately 20 years for the proportion of scarred black lesions to
increase from 23% to 63% (12). In some women, advanced ovarian endometriosis itself may
not be associated with progression to cancer, but may instead represent highly differentiated
tissue. Most endometrioses encounter an unfavorable microenvironment and eventually
regress (13) (Fig. 2). Among patients with malignant ovarian tumors, those without
endometriosis tend to be significantly older (age, 55 yr) than those with endometriosis
elsewhere in the pelvis (age, 45 yr) (14). Large-sized, long-standing endometriosis and rapid
growth of ovarian mass are cause for concern and warrant surgical and pathologic evaluation
(Fig. 2); however, there is still no tool that can clinically identify patients at risk of
developing endometriotic-associated carcinoma.

Establishing a reliable model of human endometriosis has been difficult because it remains
unclear whether different presentations of endometriosis reflect different histogeneses or just
varied forms of pathophysiological outcomes. Endometriosis has very different clinical and
pathologic presentations (15). Most endometrioses are mild and diffusely localized, with
minimal histologic changes or inflammatory responses (eg, adenomyosis). They typically
consist of endometriotic implants on the surface of the pelvic peritoneum, rectovaginal or
ovaries (peritoneal endometriosis), and cervix. Less commonly, some lesions may be just a
few foci around the ovaries with large ovarian cysts lined by endometriotic tissue
(endometriomas) that show significant responses to cycle changes and lead to inflammation
and proliferation. Two additional, but rare, forms of endometriosis are described by a
complex solid mass (rectovaginal endometriotic nodules) or polypoid endometriotic tissues
in the peritoneum or ovaries [polypoid endometriosis (16)]. The risk of ovarian cancer
associated with different forms of endometriosis remains to be determined.

The local microenvironment is an important factor that influences the progression of
endometriosis (Fig. 2). Recent studies show that, in addition to eutopic endometrium and
peritoneal fluid, macroscopically normal peritoneum localized at the pelvic brim is
biologically different in women with and without endometriosis (17). Animal models
suggest that implanted endometrial tissue in normal pelvic regions yields no endometriosis,
unless genetically modified local microenvironments are introduced that enable endometrial
implant growth (18). Although some microenvironments support progression to
endometriotic-associated carcinoma, unfavorable genetic microenvironments can lead to
regression of endometriosis (Fig. 2).

Large cystic endometriotic tissues, characterized by hemorrhage and inflammation, have
been the primary models for the study of endometriotic-associated carcinoma tumor
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progression (Fig. 2). In a study of 324 patients with 5-cm ovarian masses, the frequency of
endometriosis in benign, borderline malignant, and malignant tumors was 9.7%, 12.5%, and
11.4%, respectively (19). In endometriotic cysts, the accumulation of molecular-level
changes and cell transformation occur in a distinct stepwise manner through atypical
endometriosis, ovarian borderline tumor, and then fully malignant tumor (endometriotic-
associated carcinoma; Fig. 3).

Atypical Endometriosis

Atypical endometriosis is a recently proposed stage and is defined by dysplastic
characteristics that are different from typical endometriosis. Atypical endometriosis are
considered to be precancerous and strongly associated with endometriosis-associated
ovarian cancer (Fig. 1). However, recognition of atypical endometriosis as diagnostic
criteria for pathologic and clinical management remains controversial. Czernobilsky and
Morris (20) first described atypical endometriosis by distinguishing between mild and severe
atypical endometriosis: (1) mild atypia (reactive): 1 layer of slightly eosinophilic cuboidal or
flattened cells with enlarged hyperchromatic and pleomorphic nuclei; and (2) severe atypia
(favors precancer lesion): large pleomorphic hyperchromatic or pale nuclei, eosinophilic
cytoplasm, occasional squamoid features, tufting, crowding and stratification, intraluminal
projections, and bridging in glands. Later, Thomas and Campbell (21) further classified
atypical endometriosiss based on features identified in histologic examinations with the
following criteria : large hyperchromatic or pale nuclei with moderate-to-marked
pleomorphism; increased nuclear-to-cytoplasmic ratio; and cellular crowding and
stratification.

In a review of a large series of studies, approximately 8% of endometrioses contain atypical
endometriosis (22). In ovarian cancer, atypical endometriosis is present in 23% of
endometrioid carcinomas and in 36% of clear cell carcinomas (23). Notably, most atypical
endometriosis show direct continuity with endometriotic-associated carcinoma (24,25), but
are rarely seen in noncancer endometriosis (26). The spatial and chronological association
with endometriotic-associated carcinoma suggest that atypical endometrioses are
precancerous lesions, as seen in atypical hyperplasia of the endometrium (26). This has been
supported by histologic evidence of transition between endometriosis, atypical
endometriosis, and endometriotic-associated carcinoma (24,25) (Fig. 1). In addition, atypical
endometriosis represents an early stage of dysplastic endometriotic tissue that contains
significant genetic alterations (21,27). The diagnosis of atypical endometriosis thus relies on
both histologic features and molecular changes. Increased awareness of the characteristics of
atypical endometriosis will improve early detection of patients with endometriosis who are
at risk of endometriotic-associated carcinoma.

Of note, endometriotic metaplasia is characterized by histologic changes that are distinct
from those of atypical endometriosis. Metaplasia is frequently found in both benign
endometriosis and endometriotic-associated carcinoma (28,29) and is usually seen in the
precancerous stage (26). The association of endometriotic metaplasia and endometriotic-
associated carcinoma is unclear, although limited data suggest that mucinous metaplasia is
associated with mucinous borderline tumor (28) (Fig. 3).
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Endometriosis-Associated Ovarian Borderline Tumors

Borderline tumors from endometriosis is a well-defined tumor stage and it is the next and
last step for the risk of endometriotic-associated carcinoma. Identification of a borderline
tumor from endometriosis is critical for study of endometriosis-associated tumorigenesis
(Fig. 3) and for clinical management. In contrast to atypical endometriosis with relative
uniform histology, ovarian borderline tumors are histologically heterogeneous, including a
variety of histologic types and differentiation.

Most knowledge of ovarian borderline tumors is from mucinous and serous borderline
tumors, but less from endometrioid or clear cell types. This is in contrast to most
endometriotic-associated carcinomas that are from endometrioid and clear cell types (30—
32). Ovarian borderline tumors are a well-defined entity as a tumor stage immediately
before fully malignant ovarian cancer. Ovarian borderline tumors are characterized by
glands lined by specific epithelia that are atypical (stratification and tufting) or cytologically
malignant. In general, ovarian borderline tumors, regardless of histotypes, present as part of
the spectrum of tumor progression in most low-grade ovarian cancer (33).

Endometrioid borderline tumors were first established as a separate category in
endometrioid tumors in the early 1970s by the International Federation of Gynecology and
Obstetrics and the World Health Organization (34). Most authorities follow the guidelines of
the World Health Organization, which define them as tumors composed of glands lined by
endometrioid-type epithelium that is atypical or cytologically malignant, but lacking obvious
stromal invasion (35). Borderline tumors from endometriosis share the same criteria
proposed in endometrioid and other types of ovarian borderline tumor. Studies of ovarian
borderline tumors in association with endometriosis are very scant in the literature. Limited
studies show that endometriosis-associated ovarian borderline tumor have molecular
changes closely linked to downstream change of endometriotic-associated carcinoma (36).

Mucinous and serous borderline tumors are the most common one seen in ovary. For
example, in a large retrospective study from a Japanese population, the majority of the
borderline tumors (73.2%) were of the mucinous type, followed by serous type (only
16.9%). The other types such as endometrioid (2.8%), Brenner (1.4%), and mixed type
(5.6%) were much rarer (37). Mucinous and serous borderline tumors in association with
endometriosis have not been established. Both tumor types have characteristic molecular
and histologic features (33).

Recent studies may change our view of ovarian/ mullerian mucinous borderline tumors
(28,38). Fukunaga and Ushigome (28) suggested the possibility that endometriosis with
mucinous metaplasia and epithelial hyperplasia might contribute to the histogenesis of
mullerian mucinous borderline tumors (28). On the basis of its frequent association with
endometriosis and its morphologic similarity with atypical papillary proliferation of
endometrioid epithelium, mullerian mucinous borderline tumors were considered a low-
grade tumor on the spectrum of endometrioid tumors (38). In other words, mullerian
mucinous borderline tumors could be interpreted as a low-grade endometrioid tumor with
extremely extensive mucinous papillary metaplastic change. Someone has also suggested
that a malignant counterpart of mullerian mucinous borderline tumors is likely to be on the
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spectrum of endometrioid tumors. Recent studies have shown that there are similar
immunohistochemical expression profiles between mullerian mucinous borderline tumors
and low-grade endometrioid tumors (38), suggesting that a group of low-grade mullerian
tumors (most endometrioid, mucinous, clear cell, and some serous) are precancer lesions of
endometriotic-associated carcinoma (Fig. 3).

On the basis of our clinical experience, pure endometriotic-associated borderline tumors
seemed to be uncommon; rather, borderline tumors are frequently seen as part of
endometriotic-associated carcinoma (Fig. 1). In fact, the incidence of endometriosis may be
higher in borderline tumors than that in carcinoma. In a retrospective analysis of 160
malignant and 23 borderline ovarian tumors, the incidence of endometriosis in borderline
tumors (13%, 3/23) was higher than that in ovarian cancer (6.9%, 11/160) (39).
Identification of borderline tumors in endometriotic-associated carcinoma will not change
the outcome of patient management, but will substantially impact our study of molecular
pathways as a pathologic landmark for the tumorigenesis of this particular type of ovarian
cancer development.

Endometriosis-Associated Ovarian Carcinoma

The prevalence of endometriotic-associated carcinoma varies based on the specific
histologic type of ovarian cancer. Somigliana et al. (1) reviewed 11 studies on the frequency
of endometriosis in patients with ovarian cancers according to histologic type, and
endometriotic-associated carcinoma was most commonly seen in clear cell carcinoma (35%
in 390 cases), followed by endometrioid carcinoma (27% in 648 cases), serous carcinoma
(5% in 1372 cases), and mucinous carcinoma (4% in 614 cases). The study concluded that:
(1) endometriotic cells might undergo somatic mutations leading to malignant potential; and
(2) endometriosis and ovarian cancer might represent 2 distinct biologic entities of a
different set of causative molecular events.

According to Kurman and Shih’s classification (33), in which ovarian cancers are designated
as type | and type 11 based on morphologic, molecular, and histogenic characteristics,
endometriosis is commonly linked to the tumorigenesis of type | ovarian carcinomas
(31,32), but is rarely seen in type Il ovarian carcinomas (Fig. 3).

Type | ovarian tumors are slow growing, generally confined to the ovary or peritoneum at
the time of diagnosis, and develop from well-established precursor lesions. Type | tumors
include endometrioid, clear cell, mucinous, and low-grade serous carcinomas. They are
genetically stable and are characterized by mutations and dysfunction of K-Ras, B-Raf, Pten,
and S-catenin/Wht, and microsatellite instability (40-42).

Type Il tumors are rapidly growing, highly aggressive neoplasms, and before they become
invasive cancer, they are believed to have poorly defined precursor lesions that develop de
novo (43). Type Il tumors are often considered to have originated from a single layer of
ovarian surface epithelial cells or inclusion cyst cells in the ovary (44). Recent studies have
suggested that epithelial cells in the fallopian tubes play an important role in spreading
pelvic serous carcinoma, which originated from serous tubal intraepithelial carcinoma.
Serous tubal intraepithelial carcinoma has been found in the fimbria of fallopian tubes and
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its molecular mechanisms are currently under intensive study (45). Type Il tumors include
high-grade serous carcinoma, malignant mixed mullerian tumors, and undifferentiated
carcinomas. This group of tumors has a high level of genetic instability and is characterized
by mutation of p53 (46) (Fig. 3).

Although ovarian endometrioid and clear cell carcinomas are the most common tumors
associated with endometriosis, only a proportion of these ovarian cancer types are found to
be associated with endometriosis (30-32). The apparently low prevalence of endometriotic-
associated carcinoma, however, may be due to underdetection of endometriosis in these
patients. Currently, there is no imaging system available that is capable of providing a
reliable measure of the level and severity of endometriosis. As an example, one study
showed that sonography diagnosed endometriosis in only 60% of patients with an
endometrioma at least 2 cm in diameter (47).

Histologic sampling may also contribute to underscoring of endometriotic-associated
carcinoma in patients with ovarian cancer. For example, most pathologic reports are just
focused on the presence or absence of endometriosis based on available sections. Little or no
attention has been paid to the areas of transition between endometriosis, atypical
endometriosis, and endometriotic-associated carcinoma. Van Gorp et al. (22) classified
ovarian cancer associated with endometriosis into 3 categories: (C1) ovarian cancers with
histologic proof of transition from endometriosis to ovarian cancer based on the definition of
Sampson and Scott (5,6); (C2) ovarian cancers with endometriosis in the same ovary, but
without histologic proof of transition; and (C3) ovarian cancers with concomitant
endometriosis at any location in the pelvis. On the basis of these categories, most histologic
analyses identify C3. More extensive sampling of ovarian endometrioid or clear cell
carcinomas will likely increase the probability of detecting C1 endometriotic-associated
carcinoma or C2 endometriosis. Pathologic examination has provided a morphologic
approach to defining the spectrum of cellular alterations of type | ovarian cancers associated
with endometriosis, from benign-appearing endometriotic tissue to fully malignant
carcinoma (Fig. 1).

Fifty percent of women with ovarian endometrioid carcinomas will also have a simultaneous
endometrial adenocarcinoma; 2% to 8% of patients with endometrial adenocarcinomas will
have synchronous ovarian carcinoma; approximately 90% of synchronous tumors from
ovary and endometrium will be endometrioid. Studies have shown that there is a high
prevalence of coexisting endometriosis in these concurrent ovarian and endometrial
carcinoma (48,49). The findings suggest that genetic background plays an important role in
the tumorigenesis of endometriotic-associated carcinoma, in addition to inflammation/
microenvironment.

In addition, we may also rely on the molecular biomarkers for the further evaluation of
clinical cases in which endometriotic-associated carcinoma cannot be determined by
histologic examination only. For example, Ki-67 reacts with a nuclear nonhistone protein
expressed in the nuclei of proliferating cells. It can be used to predict the premalignant
potential of atypical endometriosis. Ogawa et al. (31) found statistical differences between
the Ki-67 indices of typical endometriosis, atypical endometriosis, and ovarian cancer
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(2.7£0.90, 9.9£1.73, and 23.1+3.29, respectively). CD10 can be used to evaluate
endometriotic tissue (positive for endometriotic stromal cells). CD10 can help to identify
endometriosis in those cases in which endometriosis is difficult to be appreciated on
histology (Fig. 1).

ENDOMETRIOSIS AND OVARIAN CANCER: MOLECULAR GENETICS

Certain women clustered in families seem to be genetically susceptible to endometriosis.
Several studies have suggested a familial tendency for endometriosis with a genetic basis
(50-52). Furthermore, family history of ovarian cancer and colon cancer is significantly
higher in women with endometriosis (53). Genetic linkage analyses have defined several
potential candidate genetic loci and genes associated with endometriosis. Treloar et al. (51)
analyzed 1176 families (sister pairs) by linkage analysis and identified a susceptibility locus
at 10926 that has a high lod score of >3.0 for endometriosis. Although the researchers failed
to find a direct link between 2 candidate genes (EMX2 and PTEN) in this (54), other studies
have provided strong evidence in favor of a genetic basis of endometriosis. Identification of
early genetic alterations responsible for the initiation of endometriosis and endometriotic-
associated carcinoma is a major goal of current research efforts.

Endometriosis is clonal. The patterns of clonality and loss of heterozygosity (LOH) between
endometriosis, atypical endometriosis, and endometriotic-associated carcinoma were exactly
the same in the cases examined by Campbell’s study (21). In particular, the patterns of
genetic alteration are related to the proximity between endometriosis and endometrioid
carcinoma, indicative of the spectrum of tumor progression (21) (Table 1).

Genetically engineered animal models are important tools in analyzing the genetic basis of
this disease, allowing an examination of the roles of specific genes or microenvironments in
the histogenesis of endometriosis and the risk of endometriotic-associated carcinoma.
Dinulescu et al. (18) injected an adenoviral Cre recombinases construct in the ovarian bursa,
which led to tissue-specific expression of active mutant K-Ras, and resulted in benign
lesions reminiscent of endometriosis. In the mice harboring an oncogenic allele of K-Ras, a
subsequent conditional deletion of Pten caused the development of ovarian cancer (24). This
mouse model provides direct evidence that genetic alterations can lead to the transformation
of endometriosis into cancer. Although animal models of K-Ras mutations can be valuable
in studying endometriosis, the mechanism of disease progression in mice does not relate
directly to the initiation and early development of human endometriosis (68,69).

Examination of global genomic alterations in women with endometriosis can provide us
with useful genetic fingerprints of those susceptible to developing endometriosis and/or
progression to endometriotic-associated carcinoma. The most commonly used strategies
include searching for genomic alterations or genomic differences between eutopic and
ectopic endometria, and examining different stages of endometriosis. Molecular tools used
for the studies include comparative genomic hybridization, single nucleotide polymorphism,
and LOH. A number of studies have been conducted recently with variable results, likely
due to different clinical settings, sample sizes, platforms, and analytical tools. A few genetic
alterations, however, seem to be strongly associated with endometriosis and shared among
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the studies (Table 1). By microsatellite analysis, LOH is present in 10% to 20% of
endometriosis cases, commonly involving 9p, 11q, and 22q (27). The patterns of LOH in
endometriotic-associated carcinoma are similar to those found in endometriosis, but the rates
of LOH are significantly higher (20%-60%; Table 1). The data from comparative genomic
hybridization studies revealed similar findings (65). LOH in the Xq region is not present in
endometriosis, but is as high as 38% in endometriotic-associated carcinoma (27). The rate of
LOH in chromosome 10q suggests that it may be a region potentially associated with
endometriosis and endometriotic-associated carcinoma. For example, in endometriosis,
association studies show that 10g26 is significantly associated with endometriosis (51), but
no LOH is found (21). In atypical endometriosis, LOH of 10g23 is found in 40% of cases,
whereas in endometriotic-associated carcinoma, LOH of 10923 can be as high as 45% (55).

Thus far, based on the knowledge of genomic alterations, it has been hypothesized that: (1)
endometriosis presents significant evidence of somatic cell and molecular damages and
these damages are monoclonal; (2) in a proportion of cases, this damage may be sustaining
the progression of the disease; (3) areas of additional chromosomal losses (6p, 17p, and Xq)
may contain important tumor suppressor genes; and (4) in a very small proportion of cases,
the disease progresses to an endometrioid tumor (66) (Fig. 3).

Several molecular pathways have been identified that contribute to the tumorigenesis of
endometrioid carcinomas, including RAS PTEN, ARID1A, PIK3 CA, and f-catenin, and
rarely, P53 (Table 1). Currently, only very few studies have examined the changes in these
pathways or gene mutations that occur during the progression of endometriosis to atypical
endometriosis, ovarian borderline tumor, and endometriotic-associated carcinoma. PTEN is
a tumor suppressor gene that is commonly lost in endometrioid carcinoma (41). Genomic
alteration/ mutation of the PTEN gene can be found in endometriosis, before transformation.
Studies showed that although LOH at the PTEN locus (10g23) is infrequent in
endometriosis, somatic mutations at the PTEN gene can be as high as 57% (13 of 23) in
solitary endometriotic cysts (55). Martini et al. (56) stated that reduced Pten protein
expression was detected in 15% (7 of 46) of endometriosis. PTEN mutations in atypical
endometriosis remain to be determined (41). In endometrioid borderline tumors,
approximately 12% of tumors showed Pten mutations (36,57).

In both endometrioid and clear cell ovarian endometriotic-associated carcinoma, LOH and
PTEN mutations are frequently seen. LOH at 10g23.3 was found in 42.1% of ovarian
endometrioid carcinomas and 27.3% of clear cell carcinomas carcinomas (55), whereas
PTEN mutations were found in approximately 21% of ovarian endometrioid carcinoma but
not in clear cell carcinoma (41). More studies and larger sample sizes are needed to further
study the rate of PTEN mutations in different stages of tumor progression from
endometriosis. Current studies suggest that Pten mutations may be an important mechanism
associated with endometriotic-associated carcinoma progression (Fig. 3 and Table 1).

K-Ras is another gene frequently mutated in type | ovarian tumors. From limited studies, it
seems that K-Ras gene mutations are not common in endometriosis, atypical endometriosis,
or endometriosis-associated borderline tumors. In endometriotic-associated carcinoma, K-

Ras gene mutations were frequently found, but the rate of gene mutations varied depending

Int J Gynecol Pathol. Author manuscript; available in PMC 2014 August 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wei et al.

Page 10

on the studies. Overall, K-Ras mutations are found in 10% to 20% of endometriotic-
associated carcinoma (40,59,60) (Table 1). If we include mucinous ovarian carcinoma, the
K-Ras gene mutations are present in as many as 50% of tumors. These findings suggest that
K-Ras mutations may be a later and less common event of tumorigenesis in endometriotic-
associated carcinoma. Mullerian borderline tumors from endometriosis seemed to have a
higher rate of K-Ras mutation rate and 69% of mullerian borderline tumors had K-Ras
mutations in small series (70). Of note, this seems to be different in the mouse endometriosis
model, in which K-Ras mutations play a major role in the development of endometriosis,
and subsequent PTEN mutations promote endometriotic-associated carcinoma
transformation (18). We are still in the early stages of studying whether the development of
endometriotic-associated carcinoma requires sequential genetic alterations of tumor
suppressors or oncogenes; we currently lack critical information about the stages of tumor
progression.

f-catenin mutations and overexpression are very common in ovarian endometrioid
carcinoma; approximately 50% of endometrioid carcinoma have -catenin alterations (40).
Endometrioid carcinoma containing /-catenin mutations are low grade and associated with
better prognosis. As many as 90% of endometrioid borderline tumors harbor f-catenin
mutations (40) (Table 1). These findings suggest that f-catenin mutation is an early event in
the tumorigenesis of endometrioid carcinoma in the ovary. Given that most endometriotic-
associated carcinoma are low grade and have a good prognosis, clinical use of f-cateninas a
marker for detecting early-stage endometriotic-associated carcinoma should be further
investigated.

CAL125 is one of the few biomarkers used to monitor cancer development. In a study of
nonserous ovarian carcinoma (mucinous, endometrioid, and clear cell types), approximately
half of the patients showed a bordering elevation of CA125 (35<CA125 <65U/mL) within a
period of 3.8 years. Seventy-five percent of serous carcinomas show a sudden elevation of
CAL125 (71). CA125 may be a valuable biomarker for monitoring endometriotic-associated
carcinoma development, particularly in borderline ovarian tumors associated with
endometriosis.

ARID1A mutations are newly identified in ovarian clear cell carcinoma. Wiegand et al. (63)
conducted ARID1A mutation analysis in large numbers of endometriosis-associated
carcinomas, and ARID1A mutations were seen in 55 of 119 ovarian clear cell carcinomas
(46%), in 10 of 33 endometrioid carcinomas (30%), and in none of the 76 high-grade serous
ovarian carcinomas. The findings provide new molecular tools for the study of
endometriosis-associated carcinoma. Currently, no mutation analysis has been performed in
either atypical endometriosis or endometriosis-associated borderline tumor.

Currently, we are still in the early stages of characterizing the molecular changes that occur
during the progression of endometriotic-associated carcinoma. Global gene expression
profiling analysis may be useful for identifying potential molecular markers of the different
stages of endometriotic-associated carcinoma. Studies have shown that ectopic and eutopic
endometria contain a sizable number of common genomic alterations, indicating similarities
in endometriotic tissue. However, the data from the gene profiles can differentiate ectopic
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from eutopic endometria and classify different subtypes of endometrioses from the
peritoneum and ovary (72). Information about the differential expression of genes between
eutopic and ectopic endometrial tissues may provide clues about the histogenesis of
endometriosis (73), but may be less informative with regard to endometriosis-associated
tumor progression. Future studies should examine the differences in gene expression in each
stage of endometriosis-associated tumor progression. The search for potential target genes
should be carried out for each stage of tumor progression in selected cases in which the
morphologic spectrum of tumor progression is well characterized (Fig. 1).

MicroRNAs (miRNASs) are newly identified small noncoding RNAs that have been found to
be significantly associated with human carcinomas. Several studies have reported that
deregulation of miRNASs is associated with endometriosis (74-76). These miRNAs
potentially regulate the putative molecular pathways constituted by their targets, suggesting
that miRNAs may play an important role in endometriotic lesion development. Ohlsson et
al. (74) further proposed that endometriosis-associated miRNAs may have regulatory
functions in hypoxia, inflammation, tissue repair, transforming growth factor (TGF)-p-
regulated pathways, cell growth, cell proliferation, apoptosis, extracellular matrix
remodeling, and angiogenesis. In addition, specific miRNAs may be associated with
malignant progression in endometriosis (74). Therefore, MiRNAs may be useful as
biomarkers for tumor classification or to differentiate between endometriotic-associated
carcinoma and nonendometriotic-associated carcinoma. The role of miRNAs for evaluating
endometriotic-associated carcinoma remains to be determined.

ENDOMETRIOSIS AND OVARIAN CANCER: INFLAMMATION

It is increasingly evident that chronic inflammation, coupled with genetic alterations,
promotes the progression of a malignant endometriotic-associated carcinoma phenotype.
The immune system plays paradoxical roles in endometriotic-associated carcinoma.
Endometrial cells are considered to be dysfunctional cells that chronically stimulate the
immune system. Unless the immune system can detect and eradicate the abnormally located
endometrial tissue (immunosurveillance), chronic inflammation results in immune-mediated
changes referred to as immunosculpting, a process that includes both permanent (eg,
mutations) and nonpermanent (eg, reversible ligand-induced cytokine production) events. As
a result, the immune system may induce alterations in the tumor that make it acceptable to
the immune system (immunoediting). These alterations may be associated with immune
escape, such as transformation and increased aggressiveness [ie, inflammation-induced
tumor promotion; (77)].

Inflammatory Milieu in Early-Stage Endometriosis

In endometriosis, proinflammatory interferon-y and interleukin (IL)-2 from Th1, and the
anti-inflammatory cytokines IL-4 and IL-10 from Th2, are found to be increased in
peritoneal fluids. Th1 cytokines are known to induce activation of T cell-mediated, delayed-
type hypersensitivity and macrophage activation (classic M1) with production of significant
amounts of reactive nitrogen and oxygen intermediates. Th2 cytokines stimulate antibody-
mediated immunity by B-cell differentiation to plasma cells, inhibit the Th1-mediated
response, and activate macrophages (78) (Fig. 4, alternative M2). Increased proliferation of
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endometrial tissue and retrograde menstruation lead to high levels of hemoglobin, heme, and
iron (79,80). As a consequence, high levels of oxidative stress may further enhance adhesion
of refluxed endometrial cells onto the peritoneum during menstruation and perpetuate the
progression of endometriosis.

In endometriosis, accumulation of iron affects a wide range of cell types, including
endometrial cells (stromal and epithelial), promoting proliferation through catalysis of key
DNA synthesis reactions, and increasing adhesion by damaging the mesothelium and
creating new adhesion sites. Iron overload also exacerbates activation of peritoneal
macrophages, the major cells involved in degradation of erythrocytes and iron metabolism.
Thus, iron sustains the state of chronic inflammation and modulates multiple mechanisms
involved in the progression of endometriosis (81,82).

Protumorigenic Cytokines and Major Cells in Progressive and Atypical Endometriosis

Macrophages are the main population of peritoneal leukocytes. Increased cell counts may be
attributable to elevated levels of macrophage colony-stimulating factor (83) and monocyte
chemotactic protein 1 (84) derived from endometrial/endometriotic cells or peritoneal
macrophages, respectively.

In vitro studies revealed that peritoneal macrophages derived from patients with
endometriosis produce increased levels of the cytokines IL-6, IL-1, and tumor necrosis
factor (TNF)-a (85), compared with peritoneal macrophages of women with other benign
gynecologic disorders. These factors promote the adhesion of endometrial cells to
peritoneum in patients with endometriosis (86).

Similar to CD4* T cells, macrophages can contribute to tumor destruction or facilitate tumor
growth and metastasis, depending on their phenotype. Macrophages are differentially
activated by various cytokines and other factors, and become either tumor promoting (M2)
or tumoricidal (M1). Some of the molecules produced by M2 macrophages attract additional
proinflammatory mediators to the lesion site, thereby amplifying the inflammatory
microenvironment. Macrophages activated through the “alternative” pathway with 1L-4,
IL-13, and/or TGF- promote tumor progression by enhancing angiogenesis and producing
type 2 cytokines and chemokines (87) (Fig. 4).

Peritoneal macrophages also are a major source for hepatocyte growth factor (HGF)
production. HGF behaves similar to a pleiotropic growth factor and has mitogenic,
motogenic, and morphogenic functions in vitro on various epithelial cells derived from
rodents and humans (88). The concentrations of HGF in women with advanced
endometriosis are significantly higher than those from women without endometriosis.

Most progressively growing ovarian tumors are infiltrated by large numbers of
macrophages. These tumor-associated macrophages (TAMS) are a key component of the
tumor stroma and are essential for angiogenesis and matrix remodeling that support
progressively growing neoplasms (Fig. 4). In human ovarian cancer, TAMS promote tumor
progression by blocking the activation of tumor-specific T cells by their expression of a
negative regulator of T-cell activation (89,90). Gene profiling has confirmed that TAMS and
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M2 macrophages are intermediate in the continuum of macrophage phenotypes (91). In
mucinous and serous ovarian tumors, TAMS and M2 cells preferentially express CD163 and
CD204. In addition, their expression in borderline and malignant tumors was significantly
higher than in benign tumors and correlated well with the histologic gradient of malignancy

(Fig. 4).

In addition to TNF-a, IL-1, and IL-8, macrophage migration inhibitory factor (MIF) seems
to be crucial in generating a milieu for tumor progression (Fig. 4). MIF is a key regulator of
immune and inflammatory responses, is produced by a variety of cells and tissues, and is a
key inducer of inflammatory cytokines such as TNF-a and IL-1 (92). MIF binds to the
extracellular domain of CD74, the cell-surface form of the major histocompatibility complex
class-11-associated invariant chain (93). CD74 may be the long sought-after MIF receptor, or
it may be a docking molecule that is involved in the presentation of MIF to its as-yet-
unidentified receptor. An elevation of MIF also was observed in the peritoneal fluid of
women with endometriosis and increased expression of MIF protein and activity have been
reported in active ectopic endometrial implants (94). Ovarian borderline tumor, ovarian
carcinomas, and malignant ascites of patients with ovarian cancer express significant MIF
protein.

MIF affects protumorigenic pathways in many different ways. Importantly, MIF sustains
macrophage viability, which sustains inflammation through TAMS activation, and leads to
tumor progression and the development of metastases (95). Loss of MIF seems to disrupt
certain DNA damage checkpoints and Skp1-Cullin-F-box-dependent degradation of specific
cell cycle regulators, leading to tumorigenesis. MIF upregulates COX-2 synthesis and
Prostaglandin E2 (PGE2) secretion in ectopic endometrial cells through p38 and ERK
MAPK signaling pathways (96). COX-2 is thought to contribute to tumor cell proliferation,
survival, and angiogenesis. In the ovary, COX-2 is implicated in early events of neoplastic
transformation; it is rarely found in normal ovarian surface epithelia but is present in
endometriosis and in ovarian inclusion cysts considered to be premalignant [(96); Fig. 4].

IL-1 secreted by peritoneal macrophages plays a major role in induction of COX-2
expression. In ectopic endometrial implants, it is 100 times more sensitive compared with
eutopic loci. IL-1 acts rapidly on endometriotic cells and stimulates MIF secretion. This
interaction between IL-1 and MIF may have an important impact on endometriotic cell
growth and endometriosis pathophysiology. IL-1 can also upregulate the expression of the
steroidogenic enzyme 11HSD-1 and suppress the GnRH receptor, thus inducing
glucocorticoids and reducing progesterone responsiveness. The latter effect may also trigger
proliferation (94). As a protumorigenic cytokine, IL-1 is likely to stimulate a continuing
chemical conversation between the developing tumor and its supportive stroma (97).

IL-8 is a macrophage-derived protein that is highly expressed in ectopic endometrial cells, in
peritoneal fluid of women with endometriosis, and in the cyst fluid of endometriomas and
ovarian carcinomas (98). IL-8 is a CXC chemokine, initially identified as a regulator for the
recruitment and trafficking of leukocytes to sites of inflammation. IL-8 induces ovarian
cancer cell proliferation partly through increasing ERa activity, and induces proliferation of
endometrial stromal cells by acting as an autocrine growth factor in normal endometrioma
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and in endometriotic cells (99). IL-8 concentration was shown to be among the most
informative ovarian cancer serum biomarkers in a multianalyte profiling study (100).

TGF-B activity is also elevated in the peritoneal fluid of women with endometriosis, and
women with a higher stage of endometriosis also have a higher concentration of TGF- in
their peritoneal fluid (101). TGF-B has been implicated in ovarian tumorigenesis. TGF-f is a
dominant, indirect, proinvasive factor for epithelial cancer cells (102). Under the influence
of TGF-B, CD4* T cells develop into T regulatory cells that actively block tumor immunity
by suppressing tumoricidal CD8* T cells.

In summary, inflammation is considered to be a hallmark of endometriosis, with local and
systemic implications (Fig. 4). Local inflammatory reactions at the endometriotic implant
site elicit the release of proinflammatory cytokines by associated immune cells and
endometriotic cells. The chronic aberrant expression of these proinflammatory cytokines
alters regulatory signaling pathways, thereby changing the physiological homeostasis and
inducing progressive transcriptional changes that drive sustained proliferation, and increase
the rate of DNA repair and the likelihood of accumulation of genetic mutations in
endometriotic cells.

ENDOMETRIOSIS AND OVARIAN CANCER: SEX STEROID HORMONES

Estrogen seems to be a mitogen both for endometriosis and ovarian cancer. Direct and
indirect epidemiologic evidence suggest that estrogen may be carcinogenic to the ovary
(103). However, laboratory evidence does not support this concept, and a plausible
mechanism that links estrogen to ovarian carcinogenesis has not yet been developed. There
is evidence supporting a role of estrogen in the etiology of endometriosis and enhancement
of inflammation.

Estrogen Overproduction in Endometriosis

Estrogen production plays a key role in the pathology of endometriosis because its inhibition
by GnRH analogs, oral contraceptives, progestins, or aromatase inhibitors significantly
reduces pelvic disease and pain (104). Steroidogenic acute regulatory protein (STAR)
facilitates the initial step of estrogen formation (105). The key step, the conversion of C19
steroids to estrogens, is catalyzed by CYP19A1 (aromatase), inhibition of which effectively
eliminates all estrogen production.

Three major body sites produce estrogen in women with endometriosis. First, estradiol is
secreted by the ovary. Second, aromatase enzyme in peripheral adipose and skin tissue
catalyzes the conversion of circulating androstenedione to estrone. Finally, cholesterol is
converted to estradiol locally in endometriosis. Peripheral and/or local aromatase activity in
endometriosis may be particularly important because a combination of a GnRH agonist and
an aromatase inhibitor is significantly superior to only GnRH agonist for providing long-
lasting pain relief in patients with severe endometriosis (106).
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Estrogen and Inflammation

Two basic pathologic processes, namely cell survival and inflammation, are responsible for
the primary symptoms of endometriosis. Estrogen enhances the survival or persistence of
endometriotic tissue, whereas prostaglandins and cytokines mediate pain, inflammation, and
infertility (107,108). A link between inflammation and estrogen production in endometriosis
was recently uncovered and describes a positive feedback cycle that favors overexpression
of key steroidogenic genes, most notably aromatase, overexpression of COX2, and
continuous local production of estradiol and PGE2 in endometriotic tissue (109-112).

PGE2 coordinately stimulates the expression of all necessary steroidogenic genes, thus
enabling the endometrial stromal cell to synthesize estradiol from cholesterol (105). Among
the 6 steroidogenic genes, the regulation of STAR and aromatase has been characterized
extensively. Both endometriotic and endometrial stromal cells express similar levels of the
PGE2 receptor subtypes (113). PGE2 or a cCAMP analog stimulates STAR and aromatase
levels and activity in endometriotic cells, but not in endometrial stromal cells (105,109,111).
Thus, PGE2-cAMP-dependent steroidogenesis in endometriotic stromal cells requires
downstream effectors and its absence in endometrial stromal cells is mediated by inhibitory
mechanisms or a lack of stimulatory effectors downstream of cCAMP.

The nuclear receptor NR5A1, which is present in endometriosis and absent in endometrium,
serves as the key transcription factor responsible for mediating the PGE2-cAMP-dependent
induction of STAR, aromatase, and possibly other steroidogenic genes in endometriotic
stromal cells. The absence of NR5A1 in endometrial cells plays a major role in the lack of
responsiveness of steroidogenic genes to PGE2 or cAMP analogs. In addition, the redundant
presence of a number of transcriptional inhibitors of STAR and aromatase promoters in
endometrial cells provides a fail-safe system for silencing these steroidogenic genes. In the
absence of NR5AL, a transcriptional complex that consists of these repressors occupies the
steroidogenic promoters and suppresses them in endometrial cells (105).

In summary, on PGE2 induction, coordinated recruitment of NR5A1 to the promoters of the
essential steroidogenic genes is the key event for estradiol synthesis in endometriotic
stromal cells. A suitable therapeutic target among the steroidogenic enzymes is aromatase,
which is encoded by a single gene, because its inhibition blocks all estradiol biosynthesis.
Aromatase inhibitors diminish or eradicate endometriotic implants and associated pain that
is refractory to currently available treatments (114).

CONCLUSION AND FUTURE DIRECTIONS

Endometriosis-associated ovarian cancer has been and will continue to be a major focus of
research efforts into the causes of ovarian cancer. Several recent review articles have
discussed endometriosis and ovarian cancer (1,21,22,115-118). This review discussed the
stepwise tumor progression of endometriotic-associated carcinoma and focused on studies in
the roles of sex steroid hormones, inflammatory processes, and genetic alterations in the
progression from endometriosis, atypical endometriosis, ovarian borderline tumor, and
endometriotic-associated carcinoma. The World Endometriosis Society and the World
Endometriosis Research Foundation recently endorsed a workshop to develop a global
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consensus statement of research directions and priorities in endometriosis (the 10th World
Congress on Endometriosis held in Melbourne, Australia, March 2008). One of the major
recommendations from the workshop with regard to basic research is to identify the
mechanisms and risk factors underlying the transformation of ovarian endometriosis to
ovarian cancer. This task first requires a better understanding of the pathophysiological
processes of endometriosis, including histology, immunohistochemistry, and molecular and
proteomics approaches. Development of new biomarkers based on genetic alterations
identified in endometriotic-associated carcinoma will eventually benefit the clinical
evaluation, diagnosis, and management of patients at various stages along the continuum of
the endometriosis-associated ovarian carcinoma.
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FIG. 1.
Photomicrographs illustrating the morphologic steps of tumor progression from

endometriosis to endometriosis-associated carcinoma. Upper panel, photomicrograph of a
hematoxylin and eosin (H/E)-stained section of large, cystic, endometriosis-associated clear
cell ovarian carcinoma in which different stages of tumor progression are indicated within
boxes. Lower panels, magnification of the boxed areas from the ovarian tumor section in the
upper panel. From left to right, the sections show the histologic and immunohistochemical
features of typical endometriosis, early inflammation, atypical endometriosis, ovarian
borderline tumors, and clear cell carcinoma. Ki-67 immunostaining is an indicator of cell
proliferation and CD10 immunostaining localizes endometrioid stromal cells.
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FIG. 2.
The natural history of human endometriosis. Ectopic endometriotic tissues on the ovarian

surface either encounter an unfavorable microenvironment (left) and undergo regression
with scar formation (fibrosis with minimal endometriotic tissue) or encounter a favorable
microenvironment and continue growth (right) to form endometriotic cysts/masses, which
have an increased risk of accumulating additional genetic alterations that lead to the
development of endometrioid ovarian cancer.
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FIG. 3.

The major steps involved in endometriosis-associated tumor progression. Ovarian carcinoma
is classified as type | (left bottom) or type Il (right bottom). Endometriosis-associated
ovarian carcinomas are commonly type |. CCC indicates clear cell carcinoma; EMC,
endometrioid carcinoma; L-PSC, low-grade papillary serous carcinoma; MUC, mucinous
carcinoma. * Association of low-grade papillary serous carcinoma with endometriosis has

not been established.
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FIG. 4.
Protomural role of tumor-associated macrophages (TAM). Endometriosis favors Th2 cell

production and M2 polarization, which lead to an increase in TAM. Through the Wnt/B-
catenin signaling pathway and other unknown pathways, TAM promotes tumorigenesis.
Mechanisms include suppression of the adaptive immune response by the release of
chemokines such as CCL-8 that recruit T-cell subsets devoid of cytotoxic ability (eg, Th2, T
reg), which in turn release immunosuppressive mediators including interleukin (IL)-10 and
transforming growth factor (TGF)-f. TAM signaling also promotes angiogenesis through
production of epithelial growth factor, TGF-3, and chemokines, and stimulates tumor cell
growth and survival factors such as NF-xB, migration inhibitory factor (MIF), and IL-1.
TAM also plays a role in degradation of extracellular matrix and tissue remodeling activity
through expression and release of matrix metallopeptidases 2 and 9 (MMPs) and urokinase
plasminogen activator (UPA), which digest tumor basement membrane and facilitate
metastasis.
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