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Simple Summary: Driver gene mutations have been identified in not only various types of en-
dometriosis which are considered the origin of endometriosis-associated ovarian cancer but also
the normal endometrium which is considered the origin of endometriosis. We focused on genomic
linkage from normal endometrium to ovarian endometriosis and endometriosis-associated ovarian
cancer (EAOC) and summarized the current knowledge of the commonality and differentiation
of genomic features in the uterine endometrium, endometriosis, and EAOC. In addition, we have
proposed molecular mechanism of ovarian carcinogenesis from the normal endometrium via en-
dometriosis based on genomic alterations. This review is expected to contribute to research for the
prevention of endometriosis and EAOC.

Abstract: Numerous epidemiological and histopathological studies support the notion that clear
cell and endometrioid carcinomas derive from ovarian endometriosis. Accordingly, these histologic
types are referred to as “endometriosis-associated ovarian cancer” (EAOC). Although the uterine
endometrium is also considered an origin of endometriosis, the molecular mechanism involved in
transformation of the uterine endometrium to EAOC via ovarian endometriosis has not yet been
clarified. Recent studies based on high-throughput sequencing technology have revealed that cancer-
associated gene mutations frequently identified in EAOC may exist in the normal uterine endometrial
epithelium and ovarian endometriotic epithelium. The continuum of genomic alterations from the
uterine endometrium to endometriosis and EAOC has been described, though the significance of
cancer-associated gene mutations in the uterine endometrium or endometriosis remains unclear.
In this review, we summarize current knowledge regarding the molecular characteristics of the
uterine endometrium, endometriosis, and EAOC and discuss the molecular mechanism of cancer
development from the normal endometrium through endometriosis in an effort to prevent EAOC.
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1. Introduction

Epithelial ovarian cancer involves five major histological types: high-grade serous,
low-grade serous, clear cell, endometrioid, and mucinous ovarian carcinomas, and the
origin of ovarian cancer varies by histological type (the World Health Organization
(WHO) classification of tumors of the female genital tract) (http://whobluebooks.iarc.
fr/editorialboard /index.php, accessed on: 21 March 2021). Recently, it has been clarified
that high-grade serous carcinoma (HGSC) drives serous tubal intraepithelial carcinoma
(STIC) [1]. Based on clinicopathological and epidemiological findings, the precursor of ovar-
ian clear cell carcinoma (CCC) and ovarian endometrioid carcinoma is endometriosis [2-6].
Therefore, CCC and endometrioid carcinoma are both called “endometriosis-associated
ovarian carcinoma” (EAOC).
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Endometriosis, which is defined as the presence of endometrial tissues outside of the
uterine cavity, is common in gynecological disease affecting 10-15% of reproductive-age
women, causing various symptoms of dysmenorrhea, chronic pelvic pain, and infertility
and leading to a reduction in quality of life [7,8]. There are several hypotheses for the
development of endometriosis, such as the retrograde menstruation theory, the coelomic
metaplasia theory, and the stem cell theory [9]. In 1927, Dr. Sampson proposed that frag-
ments of the menstrual endometrium flow retrograde through the fallopian tubes and
then implant at peritoneal surfaces, and this theory is broadly accepted [10]. Another
leading theory, the coelomic metaplasia theory, suggests that endometriosis originates from
metaplasia of the abdominal peritoneum, as stimulated by hormonal, environmental, or
infectious stimuli [11]. Furthermore, it was recently proposed that endometriosis derives
from stem/progenitor cells or bone marrow-derived stem cells [9]. To date, numerous
studies to elucidate the pathological mechanism of endometriosis have been performed
worldwide, though it remains unclear why benign endometriosis causes malignant trans-
formation. Recent genomic studies, including ours [12-14], are key to understanding this
phenomenon.

In this review, we summarize the current knowledge on the commonality and dif-
ferentiation of genomic features in the uterine endometrium, endometriosis, and EAOC
and describe a proposed molecular mechanism of EAOC development from the normal
endometrium via endometriosis based on genomic alterations.

2. Genomic Profiling of Endometriosis-Associated Ovarian Cancer

With the improvement of sequencing technology, several studies focusing on genomic
features or molecular targets in EAOC have been performed. Tables 1 and 2 summarize
the genomic alterations occurring in CCC [15-19] or endometrioid carcinoma (EC) [20-22]
based on previously reported results of whole-exome sequencing, respectively. First, the
ARID1A gene, which encodes a key component of the SWI/SNF complex that plays an
important role in chromatin remodeling, is most frequently mutated in EAOC; indeed,
46-70% of CCCs and 19-36% of ECs harbor ARIDIA mutations. Immunohistochemical
analysis has demonstrated that ARID1A loss-of-function mutations correlate strongly
with loss of ARID1A protein expression, and ARID1A loss-of-function mutation is one
of the most important driver events in EAOC. In addition to ARID1A, ARID1B (10-18%)
and SMARCA4 (5-10%), also SWI/SNF complex components, are frequently mutated in
CCC, suggesting an important association between aberrant chromatin remodeling and
carcinogenesis in CCC.

Table 1. Frequency of somatic gene alterations in ovarian clear cell carcinoma.
Authors [Ref]  Noof Samples  ARIDIA  PIK3CA  PPP2RIA  ARIDIB KRAS PIK3R1 TP53 PTEN
Wang et al., 35 19 (54%) 33 (51%) 6 (17%) NA 3 (9%) 3 (9%) 2 (6%) 2 (6%)
2017 [15]
Itamochi etal., 55 23 (42%) 19 (35%) NA 10 (18%) 5 (9%) 4 (7%) NA 1(2%)
2017 [16]
Murakami o o o o o o o
etal, 2017 [17] 39 24 (62%) 20 (51%) 4 (10%) 4 (10%) 4 (10%) 3 (8%) NA 2 (5%)
Shibuya et al.,
2018 [18] 48 32(67%) 24 (50%) 9 (19%) 4 (8%) 8 (17%) 5(10%) 2 (4%) 1(2%)
Kim et al., o o o o o o
2018 [19] 15 6 (40%) 6 (40%) 3 (20%) NA 3 (20%) NA 2(13%)  2(13%)
Total of 192 104 (54%) 102 (53%)  22(16%) 18 (13%) 23 (12%) 15 (8%) 6 (6%) 8 (4%)

frequencies
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Table 2. Frequency of somatic gene alterations in ovarian endometrioid carcinoma.

Authors [Ref] No of Samples  PIK3CA CTNNB1 PTEN ARID1A KRAS TP53 PIK3R1
Wang et al., 2017 [15] 30 15 (50%) 9 (30%) NA 12 (40%) 11 (37%) 8 (27%) 2 (7%)
Cybulska et al., 2019 [20] 36* 14 (39%) 9 (25%) 12 (33%) 7 (19%) 15 (42%) 6 (17%) 4 (11%)
Pierson et al., 2020 [21] 26 7 (27%) 11 (42%) 12 (46%) 5 (19%) 6 (23%) 5 (19%) 5 (19%)
Hollis et al., 2020 [22] 112 48 (43%) 54 (48%) 32 (29%) 40 (36%) 29 (26%) 29 (26%) 10 (9%)
Total of frequencies 234 84 (41%) 83 (41%) 56 (32%) 64 (31%) 61 (30%) 48 (24%) 21 (10%)

* Whole-exome sequencing (28 samples) and target sequencing (8 samples).

In general, activation of the PI3K/AKT/mTOR pathway plays a key role in the ma-
lignant transformation of tumors and their growth, proliferation, and metastasis [23], and
EAQC often harbors gene alterations in multiple components of the pathway. For ex-
ample, PIK3CA mutation is found in 40-51% of CCCs and 27-43% of ECs. PTEN is also
mutated in 5% of CCCs and 29% of ECs (Table 1), and loss of PTEN expression has been
detected in 12-40% of CCCs [24-26] and 35-38% of ECs [26,27]. The correlation between
loss of ARID1A expression and activation of the PI3K/AKT pathway in CCC has been
reported [25,28]. Statistically, PIK3CA mutations were more frequently detected in tumors
that showed loss of ARID1A expression than in tumors that strongly expressed ARID1A
(46% vs. 17%, p = 0.013) [28]. In another report, loss of ARID1A expression was more
frequent in CCC cases with (54%) than in those without (30%) PI3K/AKT pathway activa-
tion (p = 0.046) [25]. Several genomic studies based on next-generation sequencing data
have demonstrated that ARID1A and PIK3CA mutations frequently coexist in both CCC
(20-56%) [29] and EC (11-25%) [21,22]. In addition, Mabuchi et al. conducted proteome
analysis of 98 primary ovarian tumors (52 CCCs and 46 HGSCs) using a tissue microarray
and showed that AKT, mTORC1, and mTORC?2 are more frequently activated in the former
than in the latter [30]. PI3K/AKT/mTOR inhibitors have significant antitumor activity in
ovarian cancer cells with high AKT/mTORC1 activity but only a slight effect in ovarian
cancer cells with low AKT/mTORC1 activity [30,31]. Therefore, the PI3K/Akt/mTOR
pathway has been highlighted as a biomarker for CCC therapy.

Genes encoding components of the mitogen-activated protein kinase (MAPK) path-
way, such as KRAS, PPP2R1A, and ERBB2, are also frequently mutated in CCC and EC
(Tables 1 and 2). The MAPK pathway is involved in cell proliferation, survival, differen-
tiation, and migration, and Itamochi et al. reported activation of this pathway in 20% of
CCCs, with significantly higher overall survival (OS) in patients with MAPK pathway
activation than in those without activation [16]. Unlike PIK3CA mutation, KRAS mutation
does not necessarily coexist with ARID1A mutation. Therefore, the MAPK pathway and
its downstream signaling pathways are also considered to be potential targets for cancer
therapy in EAOC [32].

As mentioned above, the genomic profile of EAOC differs from that of HGSC, which
is characterized by a high frequency of TP53 mutation and homologous recombination
deficiency (HRD), including BRCA1 and BRCA2 mutations (Table 1). Our previous study
investigated germline and somatic mutations of 16 HR-associated genes in 207 ovarian
cancer samples [33], and germline or somatic HR-associated gene mutations were detected
in 44% of HGSCs but 28% of CCCs and 23% of ECs. In particular, the frequency of BRCA1/2
somatic mutations was lower in CCC (5%) or EC (5%) than in HGSC (12%). On the
other hand, the ATM gene, which encodes a regulator of the tumor-suppressor proteins
p53 and BRCA1, checkpoint kinase CHK?2, checkpoint proteins RAD17 and RAD9, and
DNA repair protein NBS1, is more frequently mutated in CCC (9%) and EC (18%) than
in HGSC (4%). Because ATM plays a key role in the DNA damage response [34], its
inactivation is associated with high sensitivity to the PARP inhibitor olaparib in mantle cell
lymphoma [35], colorectal cancer [15], and prostate cancer [36]. Therefore, PARP inhibitors
may provide a survival advantage for those with ATM-mutated CCC or EC.
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Copy number alterations are also important genomic events related to cancer [37]. It
has been reported that the frequency of copy number alterations is much lower in CCC than
in HGSC [38] and that the ratio of whole-arm copy number alterations is significantly higher
in CCC [39]. Amplification of chromosome 8 is detected in 52% of CCCs [39], especially
ZNF217 copy number gain in CCCs, which is also frequently detected (in 20-36%) of
CCCs [39-41]. Interestingly, ZNF217 amplification is associated with clinically aggressive
behavior such as recurrence or metastasis in CCC [40].

Furthermore, MET (chr7q31) (31%) and AKT2 (chr19q13.2) (24%) are amplified in
31% and 24% of CCCs, respectively [42]. Copy number loss at CDKN2A /2B (9p21.3) is
also often found [38]. Although these copy number alterations are potential molecular
targets, a new treatment strategy based on copy number alterations has not been developed
for CCC [43]. On the other hand, whole-exome sequencing studies have identified some
EC samples with widespread copy number alterations, similar to the genomic instability
demonstrated by HGSC [20-22]. As an example, Hollis et al. reported that the copy
number alteration burden of EC varies by molecular subgroup defined by the mutation
status of TP53 and CTNNB [22]. These authors showed that cases of TP53 mutation (26%)
harbored a greater copy number alteration burden than cases of wild-type TP53 (74%). In
addition, they reported that CTNNB mutation cases with wild-type TP53 had a lower copy
number alteration burden than wild-type CTNNB cases with wild-type TP53. Comparing
the clinical behavior of the above three genomic subtypes of EC, the group with a high copy
number alteration burden (TP53 mutation group) had worse outcomes, whereas the group
with the lowest burden (CTNNBI mutation group with wild-type TP53) had favorable
outcomes [22].

In general, it is difficult to distinguish high-grade EC from HGSC (WHO classification
of tumors of the female genital tract) [44]. Indeed, common genomic alterations such
as TP53 mutations and copy number alterations were observed in both high-grade EC
and uterine corpus serous. So-called “high-grade” endometrial carcinomas show worse
prognosis [20,22,45]. Instead of genomic differences, Assem et al. examined six immuno-
histochemical markers (PAX8, WT1, p53, CSKN2A, dMMR, ARID1A) in grade 1-3 EC and
high-grade serous ovarian carcinoma samples [46]. Corresponding to genomic results,
more grade 3 ECs showed abnormal p53 expression compared with grade 1 ECs. Parra-
Herran et al. demonstrated that MMR and POLE alterations were identified in a subset of
ovarian endometrioid carcinoma with excellent prognosis [47].

Liquid biopsies of circulating tumor DNA (ctDNA) have recently been attracting atten-
tion as a non-invasive diagnostic and monitoring tool for solid cancers [48,49]. In s previous
study, liquid biopsies from ctDNA and target sequencing were performed in 51 ovarian
cancer patients with different histological subtypes [50]. In CCC, APC and DCAF12L1 were
mutated preferentially (30.8%), followed by mutations in TP53, PIK3CA, and PDGFRA
mutations (23.1%). In EC, PIK3CA and SLITRK5 mutations were detected frequently (40%).
Higher cell-free (cf) DNA concentration significantly correlated with worse progression-
free survival (PFS) in all patients. Further, patients with any pathogenic mutations showed
significantly worse PFS. These findings suggested that ctDNA-based gene profiling might
be used for the prediction of prognosis and planning the therapeutic strategies.

3. Cancer-Associated Gene Mutations in Endometriosis

Genomic studies of endometriosis were very limited before the advent of next-
generation sequencing. Sato et al. showed that 13 of 23 ovarian endometriosis cases
(56.5%) displayed loss of heterozygosity (LOH) of PTEN [51], suggesting that PTEN in-
activation is an early event in the development of malignant transformation of ovarian
endometriosis. In 2010, Wiegand et al. not only found that CCCs frequently harbor
ARID1A mutations but also reported that in a limited number of cases, ARIDIA mutations
and ARID1A loss occur in CCC and contiguous atypical endometriosis but not in distal
endometriosis [6]. Subsequent studies using immunohistochemistry have shown that
ARIDIA expression is usually lost in endometriosis coexisting with CCC, corresponding to
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the ARID1A expression level in carcinoma, but that ARID1A expression is preserved in
distal or benign endometriosis [52,53].

More recently, genomic analysis based on next-generation sequencing has revealed
the presence of cancer-associated gene mutations in endometriosis [12-14]. A list of
representative cancer-associated gene mutations detected in endometriosis is shown in
Table 3. We sequenced 107 ovarian endometrial epithelium samples (13: whole-exome
sequencing and 94: targeted gene sequencing) and identified many cancer-associated gene
mutations that are frequently identified in EAOC. For instance, we clarified that KRAS
and PIK3CA followed by ARID1A were the most frequently mutated genes with high
mutant allele frequencies (MAFs). In addition, we performed multiregional sampling
of several sites from the same case and identified that cancer-associated gene mutations
were homogeneously present in all sampling sites of the ovarian endometriotic cyst. Thus,
cancer-associated gene mutations may induce endometriotic epithelial cells to expand
clonally in the ovary.

Table 3. Summary of genomic alterations in endometriosis.

High-Frequency

Study Site of Endometriosis No of Samples for Each Material Method of Cancer-Associated Gene
[Ref] Sequencing Method Collection Samples Mutations
(Proportion of Samples)
Total no of samples: 39
24: Whole-exome FFPE LMD (Laser KRAS (15%)
Anglesio et al., 2017 Deep infiltrating sequencing (Formalin fixed Microdissection) or ARID1A (5%)
[13] endometriosis 3: Target gene paraffin macrodissection PIK3CA (3%)
sequencing embedded) PPP2R1A (3%)
12: droplet digital PCR
KRAS (43%)
Total no of samples: 107 PIK3CA (35%)
. 13: Whole-exome ARID1A (7%)
Suda etlgl., 2018 cg)var}tap . sequencing Frozen section LMD TAF1 (7%)
(2] €ndomELriosis 94: Target gene FAT1 (5%)
sequencing ARHGAP35 (4%)
PPP2R1A (1%)
. Total no of samples: 40 KRAS (5%)
bacetan 200 ineisional 40: Target gene FFPE Lvpor PIK3CA (2.5%)
endometriosis sequencing macrodissection ERBB2 (2.5%)

Anglesio et al. performed genomic analysis of deep-infiltrating endometriosis (DIE),
which is a rare and highly invasive form of endometriosis that infiltrates within extrauterine
organs such as the uterosacral ligaments or colon [13]. Whole-exome sequencing revealed
80 somatic mutations in 19 of 24 patients (79%) with DIE, with five harboring oncogenic
driver mutations, such as in ARID1A, KRAS, PIK3CA, and PPP2R1A. In an independent
dataset, targeted gene sequencing and droplet digital polymerase chain reaction (PCR)
identified KRAS mutations in two of three patients and three of 12 patients, respectively,
and 10 DIE patients (26%) harbored at least one oncogenic driver mutation. Anglesio et al.
also performed targeted gene sequencing in incisional endometriosis (IE), an iatrogenic
form of endometriosis that occurs in obstetrics or gynecological operation scars [14], but
KRAS and PIK3CA mutations occur less frequently in IE (5% and 2.5%).

The above three studies demonstrate that endometriosis harbors cancer-associated
gene mutations regardless of the site of the lesion. Interestingly, KRAS mutation is the
most frequent event occurring in ovarian endometriosis, DE, and IE (Table 3). Although
43% of ovarian endometriosis cases harbor KRAS mutations, the frequency of malignant
transformation of ovarian endometriosis is 0.5-1% [54]. Given the lower frequency of
KRAS mutation in EAOC compared to endometriosis, it is possible that KRAS mutation
plays a different role than malignant transformation of endometriosis. For instance, KRAS
mutation is involved in antiapoptotic effects called oncogene-induced senescence [55] and
may contribute to the survival of endometriotic epithelial cells in ovarian endometriotic
cysts, which are harsh environments with hemolysis and elevated levels of free heme and
iron [56,57]. This hypothesis is consistent with the findings that KRAS-mutated cells are



Cancers 2021, 13, 1439

6 of 14

able to clonally expand inside ovarian endometriosis [12]. Moreover, specific types of KRAS
mutations, such as KRAS p.G12D or p.G12V, are associated with inflammation [58-60].
Further studies are needed to clarify the biological significance of cancer-associated gene
mutations in endometriosis.

4. Mutational Profiling of the Normal Uterine Endometrium

Prior to the era of next-generation sequencing, Mutter et al. reported loss of PTEN
expression in the normal endometrium in 43% (24/56) of cases [61]. PTEN loss occurs in an
entire endometrial gland rather than in a single cell, suggesting that endometrial glands are
monoclonal units. Although it has long been difficult to identify somatic mutations with low
frequency in a few cells of normal tissues [62,63], next-generation sequencing technology
has in the last few years enabled the identification of mutations of oncogenes and tumor
suppressors in histologically normal skin [64], the esophagus [65], colon [66], liver [67],
bladder [68], and endometrium [12,69,70]. Table 4 lists cancer-associated gene mutations in
the normal endometrial epithelium. In our previous study, we performed whole-exome
sequencing of 11 endometrial epithelium samples collected by laser microdissection [12]
and identified cancer-associated mutations, such as in PIK3CA and KRAS, with low MAFs.
At the same time, we isolated 109 single epithelial glands from three cases and performed
targeted sequencing for 84 cancer-associated genes. Somatic mutations in cancer-associated
genes such as PIK3CA, KRAS, FBXW7, PPP2R1A, PIK3R1, and ARIDIA occurred in a
nearly clonal state characterized by high MAFs, supporting that endometrial glands are
monoclonal units. When combined with the findings that KRAS- or PIK3CA-mutated cells
expand clonally in endometriosis, KRAS- or PIK3CA-mutated cells may contribute to the
implantation and survival of endometrial cells at ectopic sites after retrograde menstruation.

Table 4. Summary of genomic alterations in uterine endometrium.

High-Frequency Cancer-Associated

Study No of Glands or Samples . Method of . .
[Ref] for Each Sequencing Method Material Collection Samples Age Gene é\’[utatlons (Proportion of
amples or Glands)
11 samples (11 patients): AI;};(%?Z 3(53 g’,?)%)
Whole-exome sequencing o
. fon LMD 38-57 PIK3R1 (17%)
rozen sectio (median: 46) FBXW7 (12%)
71 samples (29 patients): PP, gi‘iRSIA (07/%)
Target gene sequencing I; TEN((lf"/ (;)
Suda et al., 2018 °
[12]
PIK3CA (27%)
ARHGAP35 (12%)
o PIK3R1 (11%)
Tlff §1aﬁse(:epizﬁrc‘f;)' Single glands 38,47,49 FBXW?7 (9%)
get gene seq 8 PPP2RIA (8%)
KRAS (5%)
ARID1A (2%)
. KRAS (35%)
25 ETzie:e(zse%itifms)‘ FFPE Macrodissection PIK3CA (13%)
Lac et al., 2019 geteed & 21-61 FGFR2 (5%)
[70] (median: 37) NRAS (2%)
85 samples (85 patients): Curettage AKT1 (1%)
Target sequencin, or biops; NA ERBB2 (1%)
8 q 8 psy PTEN (1%)
PIK3CA (20%)
ARHGAP35 (7%)
PIK3R1 (7%)
Moore et al., 2020 (35wt FFPE or LMD 19-81 FBXW7 (5%)
[69] Whole- en};m se .en in frozen section (median: 39) ZFHX3 (4%)
-genome sequencing CHD4 (4%)
FOXA2 (4%)

KRAS (3%)
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The frequencies of RAS/MAPK and PI3K/AKT pathway alterations identified by
next-generation sequencing were compared among uterine endometrium [69], ovarian
endometriosis [12], CCC [16], and EC [22].

Lac et al. performed target sequencing for normal endometrium in 25 hysterectomy
and 85 curettage or biopsy specimens [70] and found that 54% of cases carried cancer-
associated mutations. KRAS and PIK3CA were frequently mutated, whereas ARIDIA
mutations were not observed in the normal endometrium. The authors investigated the
relationship between the prevalence of cancer-associated mutations and aging in the normal
endometrium and found that the risk of harboring somatic mutations increased by 5%
per year.

Additionally, Moore et al. performed whole-genome sequencing of 292 endometrial
glands collected from 28 cases by laser microdissection [69], with 25 of the 28 (89.3%)
cases harboring somatic cancer-associated gene mutations. Corresponding to our results,
PIK3CA was the most frequently mutated (over 50% of the cases), and somatic mutation
MAFs ranged from 0.3-0.5, supporting that endometrial glands are monoclonal units. The
researchers also observed a linear accumulation of 29 base pair mutations per gland per
year and concluded that the mutation burden increased with aging, as reported for other
normal tissues [62]. Moreover, the normal endometrium exhibited significantly lower
mutation loads for base substitutions and indels compared to endometrial cancers and
showed no POLE mutations, deficiency in DNA mismatch repair genes, or copy number
alterations, which are molecular characteristics in endometrial cancer. Driver genes of
endometrial carcinoma, such as PTEN, CTCF, CTNNB1, ARID1A, and TP53, were also less
frequently mutated in the normal endometrium.

5. Genomic Linkage from the Uterine Endometrium to Endometriosis and EAOC

Molecular analysis of the similarities between carcinoma and contiguous or concurrent
endometriosis has been performed. Sato et al. showed that contiguous endometriosis had
the same mutational or LOH status for PTEN as coexisting CCC or EC and suggested
that PTEN inactivation occurred in the early stage of carcinogenesis [51]. Wiegand et al.
demonstrated that CCC and contiguous endometriosis share the same ARID1A mutation
and loss of ARID1A expression [6]. Other studies have confirmed that ARIDA loss occurs
in atypical endometriosis [52,71-73]. Corresponding to pathological findings, atypical
endometriosis is considered to be a precursor lesion of CCC or EC at the genomic level.
Yamamoto et al. performed Sanger sequencing and identified similar PIK3CA mutation
profiles between endometriosis without atypia and coexisting cancer [5]. Nonetheless,
most of the studies described above focused on a single gene, and how EAOC evolves
from endometriosis was not discussed. Anglesio et al. used next-generation sequencing
technology to identify mutation profiles for CCC and concurrent endometriosis and found
shared ARID1A and PIK3CA mutations [74]. In addition, some concurrent endometriotic
lesions harbor most of the somatic mutations detected in primary CCC, and ancestral
mutations have been identified in not only cancer-adjacent but also in tumor-distant
endometriotic lesions. These findings provide evidence that endometriotic cells with cancer-
associated gene mutations have already expanded in concurrent ovarian endometriosis
which is the precursor of CCC.

Cancer-associated gene mutations are identified in both endometriosis [12-14] and nor-
mal endometrium [12,74,75]. By multiregional sequencing, we demonstrated that epithelial
cells with cancer-associated mutations such as oncogenic PIK3CA and KRAS mutations
clonally expand in ovarian endometriosis without cancer [12]. Our single-endometrial
gland sequencing found that each gland carries distinct cancer-associated gene mutations,
demonstrating the heterogeneity of the genomic architecture of the uterine endometrial ep-
ithelium [12]. These findings support Dr. Sampson’s retrograde menstruation hypothesis,
whereby endometriosis derives from menstrual dissemination of endometrial tissue into
the peritoneal cavity at the genomic level.
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Figure 1 shows that the frequencies of RAS/MAPK and phosphatidylinositol-3-kinase
(PI3K)/ AKT pathway alterations identified by next-generation sequencing were different
among uterine endometrium [69], ovarian endometriosis [12], CCC [16], and EC [22]. Many
genes related to RAS/MAPK or PI3K/AKT pathways are already mutated in endometriosis
and normal endometrium. On the other hand, the frequency of ARID1A mutation is
clearly higher in EAOC compared to endometriosis and normal endometrium, indicating
that ARID1A mutation plays an important role in oncogenesis. Although ARIDIA is
not a direct component of the PI3K/AKT pathway, ARID1A mutation induces aberrant
activation of the PI3K/AKT pathway, leading to increased cell proliferation and inhibition
of apoptosis [75,76]. In a mouse model, coexistence of the loss of ARID1A expression and
PIK3CA mutation is needed to promote ovarian and endometrial carcinogenesis [77,78],
and these findings are consistent with high co-mutation rate of ARID1A and PIK3CA in
clinical EAOC samples.

RTK
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Uterin l I
PIK3R1 PIK3CA KRAS el =
35%36% 43% R IREN ETY: 3 ERA TR Endometriosis  CCC
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1% 0% | 2% [29% —1 Inhibition
L MAPK1 [ CHEEN |
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[XAE&A +2%36%

Figure 1. Alteration of PI3K/AKT and RAS/MAPK pathways in endometrium, endometriosis, and endometriosis-

associated ovarian cancer (EAOC).

Although nearly half of endometriosis samples harbor KRAS mutations, the frequency
is less than 10% for normal endometrium and CCC (Figure 1). These results suggest that
KRAS mutations in endometriosis do not necessarily contribute to carcinogenesis. This
phenomenon can be explained by the concept of oncogene-induced cellular senescence [55].
In a mouse model harboring a conditional oncogenic KRAS G12V allele, multiple lung
adenomas and a few lung carcinomas developed [79]. Senescence markers were highly
expressed in adenomas but not in cancers. Lac et al. have suggested that early activation of
KRAS induces senescence in endometrial cells and inhibits progression towards malignant
transformation [70]. Furthermore, our recent study has reported that KRAS G12V mutant
allele expression was associated with inflammation in ovarian endometriosis [80]. In other
words, KRAS mutation alone may be insufficient to cause cancer. In general, at least
three driver mutations are required for malignant transformation [81]. For example, in a
conventional colorectal adenoma-to-carcinoma sequence, carcinogenesis begins with APC
inactivation followed by genetic activation of an oncogene such as KRAS or BRAF or by
genetic or epigenetic inactivation of a tumor suppressor gene such as TP53 or SMAD4 [82].
This concept can be applied to a carcinogenesis from normal endometrium to ovarian cancer,
suggesting that not only oncogene mutations but also inactivation of tumor suppressor
genes is needed for malignant transformation.

However, there is no clear evidence to date that cancer develops from the endometrium
via endometriosis. To provide evidence for a link between the uterine endometrium and
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A)

B)

Uterine endometrium

EAOC through endometriosis, we performed whole-exome sequencing of the normal
uterine endometrium, endometriosis, and cancer in a CCC patient [83]. Numerous somatic
mutations, including cancer-associated mutations in ARID1A, ATM, CDH4, NRAS, and
PIK3CA, were shared among the epithelium from the uterine endometrium, endometriotic
lesions distant from and adjacent to the carcinoma, and the carcinoma itself. The MAF of
the shared mutations increased from the uterine endometrium to the distant endometriosis
and adjacent endometriosis sites, and the carcinoma. In particular, a splice site mutation
of ARID1A was shared among the uterine endometrium, distant endometriosis, adjacent
endometriosis, and clear cell carcinoma, whereas another frameshift mutation was specific
to the adjacent endometriosis site and the carcinoma. Remarkably, these two types of
mutations in ARID1A occurred in different alleles, suggesting that inactivation of ARID1A
caused by a “second hit” [84] was the trigger of malignant transformation. To clarify the
significance of ARID1A inactivation in the development of EAOC, we investigated whether
ARIDI1A is expressed in ovarian endometriosis with an ARID1A loss-of-function muta-
tion [53]. All ARID1A mutations identified in ovarian endometriosis were heterozygous
mutations, and ARID1A protein expression was retained in all ovarian endometriosis
samples despite loss-of-function mutations. On the other hand, the presence of ARID1A
loss-of-function mutations was significantly associated with loss of ARID1A protein ex-
pression in CCC. In particular, ARID1A protein expression is absent in CCC samples that
harbor multiple ARID1A loss-of-function mutations or ARID1A allelic imbalance. These
results suggest that the second ARIDI1A hit is necessary for benign endometriosis with
ARIDI1A heterozygous mutation to transform into cancer. Figure 2 shows the malignant
transformation model of endometriosis focusing on ARID1A alteration. As inactivation of
ARID1A is involved in epigenetic alterations and posttranscriptional and posttranslational
modifications, both genomic and epigenetic or proteomic analyses are needed to search for
a second hit of ARIDIA.
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Figure 2. Molecular mechanism of EAOC development from uterine endometrium via endometriosis focused on ARID1A.

(A) The second hit model of ARIDIA in EAOC development from uterine endometrium via endometriosis. (B) The model

that explain the process of ARIDIA mutant cell progression for the development of EAOC.
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Figure 2A. Uterine endometrium and endometriosis with and without ARIDIA first
hit retain ARID1A expression, while ovarian cancer with ARIDIA second hit demonstrates
loss of ARID1A expression.

Figure 2B. The image shows molecular mechanism of EAOC development from uterine
endometrium via endometriosis. At first, endometrial epithelial cells with cancer-associated
gene mutation in uterine endometrium transfer to ovary through a retrograde menstruation
and demonstrate clonal expansion in endometriosis. Next, ARID1A heterozygous mutation
occurs in the process of endometriosis development and second hit of ARID1A such as
genomic or epigenetic alteration leads to malignant transformation of endometriosis. The
illustrations were created with reference to Tomasetti et al. [85].

6. Conclusions

Driver gene mutations have been identified at the genetic level in benign endometrio-
sis, which is the origin of endometriosis-associated ovarian cancer, as well as in the normal
endometrium, which is the origin of endometriosis. The next issue is to clarify a trig-
ger of carcinogenesis based on genomic lineage from normal endometrium to EAOC via
endometriosis. To address these issues, multiomics analysis combining genomics, transcrip-
tomics, and proteomics will be necessary. In other words, we are entering the postgenomic
analysis stage. Further research on the normal endometrium and endometriosis may lead
to the prevention of endometriosis and ovarian cancer development.

Author Contributions: Conceptualization, K.Y.; writing—original draft preparation, N.Y. and K.Y,;
writing—review and editing, M.Y.,, R.T,, K.S. and T.E.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI Grant-in-Aid for Scientific Research C for
K.Y., grant number JP19K(09822.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shih, LM.; Wang, Y.; Wang, T.L. The Origin of Ovarian Cancer Species and Precancerous Landscape. Am. |. Pathol. 2021, 191,
26-39. [CrossRef] [PubMed]

2. Munksgaard, P.S,; Blaakaer, ]. The association between endometriosis and gynecological cancers and breast cancer: A review of
epidemiological data. Gynecol. Oncol. 2011, 123, 157-163. [CrossRef]

3. Pearce, C.L.; Templeman, C.; Rossing, M.A ; Lee, A.; Near, A.M.; Webb, PM.; Nagle, C.M.; Doherty, J.A.; Cushing-Haugen, K.L.;
Wicklund, K.G.; et al. Association between endometriosis and risk of histological subtypes of ovarian cancer: A pooled analysis
of case—control studies. Lancet Oncol. 2012, 13, 385-394. [CrossRef]

4. Prowse, AH.; Manek, S.; Varma, R;; Liu, J.; Godwin, A.K.; Maher, E.R.; Tomlinson, I.P.; Kennedy, S.H. Molecular genetic evidence
that endometriosis is a precursor of ovarian cancer. Int. J. Cancer. 2006, 119, 556-562. [CrossRef] [PubMed]

5. Yamamoto, S.; Tsuda, H.; Takano, M.; Iwaya, K.; Tamai, S.; Matsubara, O. PIK3BCA mutation is an early event in the development
of endometriosis-associated ovarian clear cell adenocarcinoma. J. Pathol. 2011, 225, 189-194. [CrossRef] [PubMed]

6. Wiegand, K.C.; Shah, S.P; Al-Agha, O.M.; Zhao, Y.; Tse, K.; Zeng, T.; Senz, ].; McConechy, M.K.; Anglesio, M.S.; Kalloger, S.E.; et al.
ARID1A mutations in endometriosis-associated ovarian carcinomas. N. Engl. . Med. 2010, 363, 1532-1543. [CrossRef]

7. Shafrir, A.L,; Farland, L.V,; Shah, D.K; Harris, H.R.; Kvaskoff, M.; Zondervan, K.; Missmer, S.A. Risk for and consequences of
endometriosis: A critical epidemiologic review. Best Pract. Res. Clin. Obstet. Gynaecol. 2018, 51, 1-15. [CrossRef]

8. Aubry, G,; Panel, P; Thiollier, G.; Huchon, C.; Fauconnier, A. Measuring health-related quality of life in women with endometriosis:
Comparing the clinimetric properties of the Endometriosis Health Profile-5 (EHP-5) and the EuroQol-5D (EQ-5D). Hum. Reprod.
2017, 32, 1258-1269. [CrossRef] [PubMed]

9. Wang, Y.; Nicholes, K.; Shih, LM. The Origin and Pathogenesis of Endometriosis. Annu Rev. Pathol. 2020, 15, 71-95.
[CrossRef] [PubMed]

10. Sampson, J.A. Peritoneal endometriosis due to the menstrual dissemination of endometrial tissue into the peritoneal cavity. Am.
J. Obstet Gynecol. 1927, 14, 422-469. [CrossRef]

11. Matsuura, K.; Ohtake, H.; Katabuchi, H.; Okamura, H. Coelomic metaplasia theory of endometriosis: Evidence from in vivo
studies and an in vitro experimental model. Gynecol. Obstet. Investig. 1999, 47 (Suppl. S1), 18-20. [CrossRef]

12.  Suda, K.; Nakaoka, H.; Yoshihara, K.; Ishiguro, T.; Tamura, R.; Mori, Y.; Yamawaki, K.; Adachi, S.; Takahashi, T.; Kase, H.; et al.

Clonal Expansion and Diversification of Cancer-Associated Mutations in Endometriosis and Normal Endometrium. Cell Rep.
2018, 24, 1777-1789. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ajpath.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/33011111
http://doi.org/10.1016/j.ygyno.2011.06.017
http://doi.org/10.1016/S1470-2045(11)70404-1
http://doi.org/10.1002/ijc.21845
http://www.ncbi.nlm.nih.gov/pubmed/16506222
http://doi.org/10.1002/path.2940
http://www.ncbi.nlm.nih.gov/pubmed/21735444
http://doi.org/10.1056/NEJMoa1008433
http://doi.org/10.1016/j.bpobgyn.2018.06.001
http://doi.org/10.1093/humrep/dex057
http://www.ncbi.nlm.nih.gov/pubmed/28383700
http://doi.org/10.1146/annurev-pathmechdis-012419-032654
http://www.ncbi.nlm.nih.gov/pubmed/31479615
http://doi.org/10.1016/S0002-9378(15)30003-X
http://doi.org/10.1159/000052855
http://doi.org/10.1016/j.celrep.2018.07.037
http://www.ncbi.nlm.nih.gov/pubmed/30110635

Cancers 2021, 13, 1439 11 of 14

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Anglesio, M.S.; Papadopoulos, N.; Ayhan, A.; Nazeran, T.M.; Noe, M.; Horlings, HM.; Lum, A_; Jones, S.; Senz, J.; Seckin, T.; et al.
Cancer-Associated Mutations in Endometriosis without Cancer. N. Engl. . Med. 2017, 376, 1835-1848. [CrossRef] [PubMed]
Lac, V.; Verhoef, L.; Aguirre-Hernandez, R.; Nazeran, T.M.; Tessier-Cloutier, B.; Praetorius, T.; Orr, N.L.; Noga, H.; Lum, A.; Khattra,
J.; et al. Iatrogenic endometriosis harbors somatic cancer-driver mutations. Hum. Reprod. 2019, 34, 69-78. [CrossRef] [PubMed]
Wang, Y.K.; Bashashati, A.; Anglesio, M.S.; Cochrane, D.R.; Grewal, D.S.; Ha, G.; McPherson, A.; Horlings, H.M.; Senz, J.; Prentice,
L.M.; et al. Genomic consequences of aberrant DNA repair mechanisms stratify ovarian cancer histotypes. Nat. Genet. 2017, 49,
856-865. [CrossRef] [PubMed]

Itamochi, H.; Oishi, T.; Oumi, N.; Takeuchi, S.; Yoshihara, K.; Mikami, M.; Yaegashi, N.; Terao, Y.; Takehara, K.; Ushijima, K.; et al.
Whole-genome sequencing revealed novel prognostic biomarkers and promising targets for therapy of ovarian clear cell carcinoma.
Br. J. Cancer 2017, 117, 717-724. [CrossRef]

Murakami, R.; Matsumura, N.; Brown, J.B.; Higasa, K.; Tsutsumi, T.; Kamada, M.; Abou-Taleb, H.; Hosoe, Y.; Kitamura, S.;
Yamaguchi, K.; et al. Exome Sequencing Landscape Analysis in Ovarian Clear Cell Carcinoma Shed Light on Key Chromosomal
Regions and Mutation Gene Networks. Am. . Pathol. 2017, 187, 2246-2258. [CrossRef] [PubMed]

Shibuya, Y.; Tokunaga, H.; Saito, S.; Shimokawa, K.; Katsuoka, F.; Bin, L.; Kojima, K.; Nagasaki, M.; Yamamoto, M.; Yaegashi,
N.; et al. Identification of somatic genetic alterations in ovarian clear cell carcinoma with next generation sequencing. Genes
Chromosomes Cancer 2018, 57, 51-60. [CrossRef]

Kim, S.I; Lee, ] W.; Lee, M.; Kim, H.S.; Chung, H.H.; Kim, J.W,; Park, N.H.; Song, Y.S.; Seo, ].S. Genomic landscape of ovarian
clear cell carcinoma via whole exome sequencing. Gynecol. Oncol. 2018, 148, 375-382. [CrossRef]

Cybulska, P;; Paula, A.D.C.; Tseng, J.; Leitao, M.M.,, Jr.; Bashashati, A.; Huntsman, D.G.; Nazeran, T.M.; Aghajanian, C.; Abu-
Rustum, N.R.; DeLair, D.F,; et al. Molecular profiling and molecular classification of endometrioid ovarian carcinomas. Gynecol.
Oncol. 2019, 154, 516-523. [CrossRef] [PubMed]

Pierson, W.E.; Peters, PN.; Chang, M.T.; Chen, L.M.; Quigley, D.A.; Ashworth, A.; Chapman, ].S. An integrated molecular profile
of endometrioid ovarian cancer. Gynecol. Oncol. 2020, 157, 55-61. [CrossRef] [PubMed]

Hollis, R.L.; Thomson, ].P,; Stanley, B.; Churchman, M.; Meynert, A.M.; Rye, T.; Bartos, C.; Ilida, Y.; Croy, I.; Mackean, M.;
et al. Molecular stratification of endometrioid ovarian carcinoma predicts clinical outcome. Nat. Commun. 2020, 11, 4995.
[CrossRef] [PubMed]

Stokoe, D.; Stephens, L.R.; Copeland, T.; Gaffney, P.R.; Reese, C.B.; Painter, G.F; Holmes, A.B.; McCormick, F.; Hawkins,
P.T. Dual role of phosphatidylinositol-3,4,5-trisphosphate in the activation of protein kinase B. Science 1997, 277, 567-570.
[CrossRef] [PubMed]

Hashiguchi, Y.; Tsuda, H.; Inoue, T.; Berkowitz, R.S.; Mok, S.C. PTEN expression in clear cell adenocarcinoma of the ovary.
Guynecol. Oncol. 2006, 101, 71-75. [CrossRef] [PubMed]

Huang, HN,; Lin, M.C; Huang, W.C.; Chiang, Y.C.; Kuo, K.T. Loss of ARID1A expression and its relationship with PI3K-Akt path-
way alterations and ZNF217 amplification in ovarian clear cell carcinoma. Mod. Pathol. 2014, 27, 983-990. [CrossRef] [PubMed]
Martins, EC.; Couturier, D.L.; Paterson, A.; Karnezis, A.N.; Chow, C.; Nazeran, T.M.; Odunsi, A.; Gentry-Maharaj, A.; Vrvilo,
A.; Hein, A; et al. Clinical and pathological associations of PTEN expression in ovarian cancer: A multicentre study from the
Ovarian Tumour Tissue Analysis Consortium. Br. J. Cancer. 2020, 123, 793-802. [CrossRef] [PubMed]

Huang, H.N.; Lin, M.C.; Tseng, L.H.; Chiang, Y.C.; Lin, L.I,; Lin, Y.F; Huang, H.Y.; Kuo, K.T. Ovarian and endometrial
endometrioid adenocarcinomas have distinct profiles of microsatellite instability, PTEN expression, and ARID1A expression.
Histopathology 2015, 66, 517-528. [CrossRef] [PubMed]

Yamamoto, S.; Tsuda, H.; Takano, M.; Tamai, S.; Matsubara, O. PIK3CA mutations and loss of ARID1A protein expression are
early events in the development of cystic ovarian clear cell adenocarcinoma. Virchows Arch. 2012, 460, 77-87. [CrossRef]

Iida, Y.; Okamoto, A.; Hollis, R.L.; Gourley, C.; Herrington, C.S. Clear cell carcinoma of the ovary: A clinical and molecular
perspective. Int. |. Gynecol. Cancer 2020. [CrossRef]

Mabuchi, S.; Kawase, C.; Altomare, D.A.; Morishige, K.; Sawada, K.; Hayashi, M.; Tsujimoto, M.; Yamoto, M.; Klein-Szanto, A.J.;
Schilder, R.].; et al. mTOR is a promising therapeutic target both in cisplatin-sensitive and cisplatin-resistant clear cell carcinoma
of the ovary. Clin. Cancer Res. 2009, 15, 5404-5413. [CrossRef] [PubMed]

Mabuchi, S.; Sugiyama, T.; Kimura, T. Clear cell carcinoma of the ovary: Molecular insights and future therapeutic perspectives. J.
Gynecol. Oncol. 2016, 27, e31. [CrossRef]

Mandal, R.; Becker, S.; Strebhardt, K. Stamping out RAF and MEK1/2 to inhibit the ERK1/2 pathway: An emerging threat to
anticancer therapy. Oncogene 2016, 35, 2547-2561. [CrossRef]

Sugino, K.; Tamura, R.; Nakaoka, H.; Yachida, N.; Yamaguchi, M.; Mori, Y.; Yamawaki, K.; Suda, K.; Ishiguro, T.; Adachi, S; et al.
Germline and somatic mutations of homologous recombination-associated genes in Japanese ovarian cancer patients. Sci. Rep.
2019, 9, 17808. [CrossRef] [PubMed]

Lieber, M.R. The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway. Annu. Rev.
Biochem. 2010, 79, 181-211. [CrossRef] [PubMed]

Weston, V.J.; Oldreive, C.E.; Skowronska, A.; Oscier, D.G.; Pratt, G.; Dyer, M.].; Smith, G.; Powell, ].E.; Rudzki, Z.; Kearns, P.; et al.
The PARP inhibitor olaparib induces significant killing of ATM-deficient lymphoid tumor cells in vitro and in vivo. Blood 2010,
116, 4578-4587. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa1614814
http://www.ncbi.nlm.nih.gov/pubmed/28489996
http://doi.org/10.1093/humrep/dey332
http://www.ncbi.nlm.nih.gov/pubmed/30428062
http://doi.org/10.1038/ng.3849
http://www.ncbi.nlm.nih.gov/pubmed/28436987
http://doi.org/10.1038/bjc.2017.228
http://doi.org/10.1016/j.ajpath.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28888422
http://doi.org/10.1002/gcc.22507
http://doi.org/10.1016/j.ygyno.2017.12.005
http://doi.org/10.1016/j.ygyno.2019.07.012
http://www.ncbi.nlm.nih.gov/pubmed/31340883
http://doi.org/10.1016/j.ygyno.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/32139151
http://doi.org/10.1038/s41467-020-18819-5
http://www.ncbi.nlm.nih.gov/pubmed/33020491
http://doi.org/10.1126/science.277.5325.567
http://www.ncbi.nlm.nih.gov/pubmed/9228007
http://doi.org/10.1016/j.ygyno.2005.09.047
http://www.ncbi.nlm.nih.gov/pubmed/16290000
http://doi.org/10.1038/modpathol.2013.216
http://www.ncbi.nlm.nih.gov/pubmed/24336158
http://doi.org/10.1038/s41416-020-0900-0
http://www.ncbi.nlm.nih.gov/pubmed/32555365
http://doi.org/10.1111/his.12543
http://www.ncbi.nlm.nih.gov/pubmed/25195947
http://doi.org/10.1007/s00428-011-1169-8
http://doi.org/10.1136/ijgc-2020-001656
http://doi.org/10.1158/1078-0432.CCR-09-0365
http://www.ncbi.nlm.nih.gov/pubmed/19690197
http://doi.org/10.3802/jgo.2016.27.e31
http://doi.org/10.1038/onc.2015.329
http://doi.org/10.1038/s41598-019-54116-y
http://www.ncbi.nlm.nih.gov/pubmed/31780705
http://doi.org/10.1146/annurev.biochem.052308.093131
http://www.ncbi.nlm.nih.gov/pubmed/20192759
http://doi.org/10.1182/blood-2010-01-265769
http://www.ncbi.nlm.nih.gov/pubmed/20739657

Cancers 2021, 13, 1439 12 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

De Bono, J.; Mateo, J.; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
Metastatic Castration-Resistant Prostate Cancer. N. Engl. . Med. 2020, 382, 2091-2102. [CrossRef]

Zack, T.I; Schumacher, S.E.; Carter, S.L.; Cherniack, A.D.; Saksena, G.; Tabak, B.; Lawrence, M.S.; Zhsng, C.Z.; Wala, ].; Mermel,
C.H.; et al. Pan-cancer patterns of somatic copy number alteration. Nat. Genet. 2013, 45, 1134-1140. [CrossRef] [PubMed]

Kuo, K.T.; Mao, T.L.; Chen, X.; Feng, Y.; Nakayama, K.; Wang, Y.; Glas, R.; Ma, M.].; Kurman, R.J.; Shih Ie, M.; et al. DNA copy
numbers profiles in affinity-purified ovarian clear cell carcinoma. Clin. Cancer Res. 2010, 16, 1997-2008. [CrossRef]

Uehara, Y.; Oda, K,; Ikeda, Y.; Koso, T.; Tsuji, S.; Yamamoto, S.; Asada, K.; Sone, K.; Kurikawa, R.; Makii, C.; et al. Integrated
copy number and expression analysis identifies profiles of whole-arm chromosomal alterations and subgroups with favorable
outcome in ovarian clear cell carcinomas. PLoS ONE 2015, 10, e0128066.

Rahman, M.T.; Nakayama, K.; Rahman, M.; Nakayama, N.; Ishikawa, M.; Katagiri, A.; lida, K.; Nakayama, S.; Otsuki, Y.; Shih
Ie, M; et al. Prognostic and therapeutic impact of the chromosome 20q13.2 ZNF217 locus amplification in ovarian clear cell
carcinoma. Cancer 2012, 118, 2846-2857. [CrossRef]

Okamoto, A.; Sehouli, J.; Yanaihara, N.; Hirata, Y.; Braicu, I.; Kim, B.G.; Takakura, S.; Saito, M.; Yanagida, S.; Takenaka, M.; et al.
Somatic copy number alterations associated with Japanese or endometriosis in ovarian clear cell adenocarcinoma. PLoS ONE
2015, 10, e0116977.

Yamashita, Y.; Akatsuka, S.; Shinjo, K.; Yatabe, Y.; Kobayashi, H.; Seko, H.; Kajiyama, H.; Kikkawa, F.; Takahashi, T.; Toyokuni, S.
Met is the most frequently amplified gene in endometriosis-associated ovarian clear cell adenocarcinoma and correlates with
worsened prognosis. PLoS ONE 2013, 8, e57724. [CrossRef]

Oda, K.; Hamanishi, J.; Matsuo, K.; Hasegawa, K. Genomics to immunotherapy of ovarian clear cell carcinoma: Unique
opportunities for management. Gynecol. Oncol. 2018, 151, 381-389. [CrossRef]

Lim, D.; Murali, R.; Murray, M.P.; Veras, E.; Park, K.J.; Soslow, R.A. Morphological and Immunohistochemical Reevaluation of
Tumors Initially Diagnosed as Ovarian Endometrioid Carcinoma with Emphasis on High-grade Tumors. Am. J. Surg. Pathol.
2016, 40, 302-312. [CrossRef]

The Cancer Genome Atlas Research Network; Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson,
A.G.; Pashtan, I; Shen, R,; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67-73. [CrossRef]
Assem, H.; Rambau, P.F; Lee, S.; Ogilvie, T.; Sienko, A.; Kelemen, L.E.; Kobel, M. High-grade Endometrioid Carcinoma of the
Ovary: A Clinicopathologic Study of 30 Cases. Am. J. Surg. Pathol. 2018, 42, 534-544. [CrossRef] [PubMed]

Parra-Herran, C.; Lerner-Ellis, J.; Xu, B.; Khalouei, S.; Bassiouny, D.; Cesari, M.; Ismiil, N.; Nofech-Mozes, S. Molecular-based
classification algorithm for endometrial carcinoma categorizes ovarian endometrioid carcinoma into prognostically significant
groups. Mod. Pathol. 2017, 30, 1748-1759. [CrossRef]

McDermott, U.; Downing, J.R.; Stratton, M.R. Genomics and the continuum of cancer care. N. Engl. ]J. Med. 2011, 364,
340-350. [CrossRef]

Schwarzenbach, H.; Hoon, D.S.; Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nat. Rev. Cancer 2011, 11,
426-437. [CrossRef] [PubMed]

Noguchi, T.; Iwahashi, N.; Sakai, K.; Matsuda, K.; Matsukawa, H.; Toujima, S.; Nishio, K.; Ino, K. Comprehensive Gene Mutation
Profiling of Circulating Tumor DNA in Ovarian Cancer: Its Pathological and Prognostic Impact. Cancers 2020, 12, 3382. [CrossRef]
Sato, N.; Tsunoda, H.; Nishida, M.; Morishita, Y.; Takimoto, Y.; Kubo, T.; Noguchi, M. Loss of heterozygosity on 10q23.3 and
mutation of the tumor suppressor gene PTEN in benign endometrial cyst of the ovary: Possible sequence progression from benign
endometrial cyst to endometrioid carcinoma and clear cell carcinoma of the ovary. Cancer Res. 2000, 60, 7052-7056. [PubMed]
Yamamoto, S.; Tsuda, H.; Takano, M.; Tamai, S.; Matsubara, O. Loss of ARID1A protein expression occurs as an early event
in ovarian clear-cell carcinoma development and frequently coexists with PIKBCA mutations. Mod. Pathol. 2011, 25, 615-624.
[CrossRef] [PubMed]

Yachida, N.; Yoshihara, K.; Suda, K.; Nakaoka, H.; Ueda, H.; Sugino, K.; Yamaguchi, M.; Mori, Y.; Yamawaki, K.; Tamura, R.; et al.
ARID1A protein expression is retained in ovarian endometriosis with ARID1A loss-of-function mutations: Implication for the
two-hit hypothesis. Sci. Rep. 2020, 10, 14260. [CrossRef] [PubMed]

Murakami, K.; Kotani, Y.; Shiro, R.; Takaya, H.; Nakai, H.; Matsumura, N. Endometriosis-associated ovarian cancer occurs early
during follow-up of endometrial cysts. Int. J. Clin. Oncol. 2020, 25, 51-58. [CrossRef] [PubMed]

Collado, M.; Serrano, M. Senescence in tumours: Evidence from mice and humans. Nat. Rev. Cancer 2010, 10, 51-57.
[CrossRef] [PubMed]

Chui, M.H.; Wang, T.L.; Shih, LM. Endometriosis: Benign, malignant, or something in between? Oncotarget 2017, §,
78263-78264. [CrossRef]

Kobayashi, H.; Yamada, Y.; Kanayama, S.; Furukawa, N.; Noguchi, T.; Haruta, S.; Yoshida, S.; Sakata, M.; Sado, T.; Oi, H. The role
of iron in the pathogenesis of endometriosis. Gynecol. Endocrinol. 2009, 25, 39-52. [CrossRef] [PubMed]

Kun, EH.S,; Tsang, Y. T.M,; Lin, S.; Pan, S.; Medapalli, T.; Malpica, A.; Richards, J.S.; Gershenson, D.M.; Wong, K.K. Differ-
ences in gynecologic tumor development in Amhr2-Cre mice with KRAS(G12D) or KRAS(G12V) mutations. Sci. Rep. 2020,
10, 20678. [CrossRef]

Hamarsheh, S.; Osswald, L.; Saller, B.S.; Unger, S.; De Feo, D.; Vinnakota, ].M.; Konantz, M.; Uhl, EM.; Becker, H.;
Lubbert, M.; et al. Oncogenic Kras(G12D) causes myeloproliferation via NLRP3 inflammasome activation. Nat. Commun. 2020,
11, 1659. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa1911440
http://doi.org/10.1038/ng.2760
http://www.ncbi.nlm.nih.gov/pubmed/24071852
http://doi.org/10.1158/1078-0432.CCR-09-2105
http://doi.org/10.1002/cncr.26598
http://doi.org/10.1371/journal.pone.0057724
http://doi.org/10.1016/j.ygyno.2018.09.001
http://doi.org/10.1097/PAS.0000000000000550
http://doi.org/10.1038/nature12325
http://doi.org/10.1097/PAS.0000000000001016
http://www.ncbi.nlm.nih.gov/pubmed/29309296
http://doi.org/10.1038/modpathol.2017.81
http://doi.org/10.1056/NEJMra0907178
http://doi.org/10.1038/nrc3066
http://www.ncbi.nlm.nih.gov/pubmed/21562580
http://doi.org/10.3390/cancers12113382
http://www.ncbi.nlm.nih.gov/pubmed/11156411
http://doi.org/10.1038/modpathol.2011.189
http://www.ncbi.nlm.nih.gov/pubmed/22157930
http://doi.org/10.1038/s41598-020-71273-7
http://www.ncbi.nlm.nih.gov/pubmed/32868822
http://doi.org/10.1007/s10147-019-01536-5
http://www.ncbi.nlm.nih.gov/pubmed/31473885
http://doi.org/10.1038/nrc2772
http://www.ncbi.nlm.nih.gov/pubmed/20029423
http://doi.org/10.18632/oncotarget.21051
http://doi.org/10.1080/09513590802366204
http://www.ncbi.nlm.nih.gov/pubmed/19165662
http://doi.org/10.1038/s41598-020-77666-y
http://doi.org/10.1038/s41467-020-15497-1
http://www.ncbi.nlm.nih.gov/pubmed/32246016

Cancers 2021, 13, 1439 13 of 14

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Ling, J.; Kang, Y.; Zhao, R.; Xia, Q.; Lee, D.F; Chang, Z.; Li, J.; Peng, B.; Fleming, ].B.; Wang, H.; et al. KrasG12D-induced
IKK?2 /beta/NF-kappaB activation by IL-lalpha and p62 feedforward loops is required for development of pancreatic ductal
adenocarcinoma. Cancer Cell 2012, 21, 105-120. [CrossRef] [PubMed]

Mutter, G.L.; Ince, T.A.; Baak, ].P.; Kust, G.A.; Zhou, X.P.; Eng, C. Molecular identification of latent precancers in histologically
normal endometrium. Cancer Res. 2001, 61, 4311-4314. [PubMed]

Risques, R.A.; Kennedy, S.R. Aging and the rise of somatic cancer-associated mutations in normal tissues. PLoS Genet. 2018, 14,
€1007108. [CrossRef] [PubMed]

Wijewardhane, N.; Dressler, L.; Ciccarelli, ED. Normal Somatic Mutations in Cancer Transformation. Cancer Cell. 2021, 39,
125-129. [CrossRef] [PubMed]

Martincorena, I.; Roshan, A.; Gerstung, M.; Ellis, P.; Van Loo, P.; McLaren, S.; Wedge, D.C.; Fullam, A.; Alexandrov, L.B.; Tubio,
J.M,; et al. Tumor evolution. High burden and pervasive positive selection of somatic mutations in normal human skin. Science
2015, 348, 880-886. [CrossRef] [PubMed]

Yokoyama, A.; Kakiuchi, N.; Yoshizato, T.; Nannya, Y.; Suzuki, H.; Takeuchi, Y.; Shiozawa, Y.; Sato, Y.; Aoki, K.; Kim, SK; et al.
Age-related remodelling of oesophageal epithelia by mutated cancer drivers. Nature 2019, 565, 312-317. [CrossRef] [PubMed]
Lee-Six, H.; Olafsson, S.; Ellis, P.; Osborne, R.J.; Sanders, M.A.; Moore, L.; Georgakopoulos, N.; Torrente, F.; Noorani, A.; Goddard,
M.; et al. The landscape of somatic mutation in normal colorectal epithelial cells. Nature 2019, 574, 532-537. [CrossRef] [PubMed]
Zhu, M; Lu, T, Jia, Y.; Luo, X.; Gopal, P; Li, L.; Odewole, M.; Renteria, V,; Singal, A.G.; Jang, Y.; et al. Somatic Mutations Increase
Hepatic Clonal Fitness and Regeneration in Chronic Liver Disease. Cell 2019, 177, 608-621.e612. [CrossRef] [PubMed]

Lawson, A.R.J.; Abascal, E; Coorens, TH.H.; Hooks, Y.; O'Neill, L.; Latimer, C.; Raine, K.; Sanders, M.A.; Warren, A.Y.;
Mahbubani, K.T.A ; et al. Extensive heterogeneity in somatic mutation and selection in the human bladder. Science 2020, 370,
75-82. [CrossRef] [PubMed]

Moore, L.; Leongamornlert, D.; Coorens, T.H.H.; Sanders, M.A ; Ellis, P.; Dentro, S.C.; Dawson, K.J.; Butler, T.; Rahbari, R.;
Mitchell, T.J.; et al. The mutational landscape of normal human endometrial epithelium. Nature 2020, 580, 640-646. [CrossRef]
Lac, V.; Nazeran, T.M.; Tessier-Cloutier, B.; Aguirre-Hernandez, R.; Albert, A.; Lum, A.; Khattra, J.; Praetorius, T.; Mason, M.;
Chiu, D.; et al. Oncogenic mutations in histologically normal endometrium: The new normal? J. Pathol. 2019, 249, 173-181.
[CrossRef] [PubMed]

Ayhan, A; Mao, T.L.; Seckin, T.; Wu, C.H.; Guan, B.; Ogawa, H.; Futagami, M.; Mizukami, H.; Yokoyama, Y.; Kurman, R.J.; et al.
Loss of ARID1A expression is an early molecular event in tumor progression from ovarian endometriotic cyst to clear cell and
endometrioid carcinoma. Int. J. Gynecol. Cancer 2012, 22, 1310-1315. [CrossRef] [PubMed]

Chene, G.; Ouellet, V,; Rahimi, K.; Barres, V.; Provencher, D.; Mes-Masson, A.M. The ARID1A pathway in ovarian clear cell
and endometrioid carcinoma, contiguous endometriosis, and benign endometriosis. Int. J. Gynaecol. Obstet. 2015, 130, 27-30.
[CrossRef] [PubMed]

Stamp, J.P; Gilks, C.B.; Wesseling, M.; Eshragh, S.; Ceballos, K.; Anglesio, M.S.; Kwon, J.S.; Tone, A.; Huntsman, D.G.; Carey, M.S.
BAF250a Expression in Atypical Endometriosis and Endometriosis-Associated Ovarian Cancer. Int. J. Gynecol. Cancer 2016, 26,
825-832. [CrossRef] [PubMed]

Anglesio, M.S.; Bashashati, A.; Wang, YK,; Senz, J.; Ha, G.; Yang, W.; Aniba, M.R; Prentice, L.M.; Farahani, H.; Li Chang, H.; et al.
Multifocal endometriotic lesions associated with cancer are clonal and carry a high mutation burden. J. Pathol. 2015, 236, 201-209.
[CrossRef] [PubMed]

Takeda, T.; Banno, K.; Okawa, R.; Yanokura, M.; lijima, M.; Irie-Kunitomi, H.; Nakamura, K.; lida, M.; Adachi, M.; Umene, K.; et al.
ARID1A gene mutation in ovarian and endometrial cancers (Review). Oncol. Rep. 2016, 35, 607-613. [CrossRef] [PubMed]
Liang, H.; Cheung, LW.; Li, J.; Ju, Z; Yu, S.; Stemke-Hale, K; Dogruluk, T.; Lu, Y.; Liu, X.; Gu, C.; et al. Whole-exome sequencing
combined with functional genomics reveals novel candidate driver cancer genes in endometrial cancer. Genome Res. 2012, 22,
2120-2129. [CrossRef]

Chandler, R.L.; Damrauer, ].S.; Raab, ].R.; Schisler, ].C.; Wilkerson, M.D.; Didion, J.P.; Starmer, J.; Serber, D.; Yee, D.; Xiong, J.; et al.
Coexistent ARID1A-PIK3CA mutations promote ovarian clear-cell tumorigenesis through pro-tumorigenic inflammatory
cytokine signalling. Nat. Commun. 2015, 6, 6118. [CrossRef]

Wilson, ML.R.; Reske, ].].; Holladay, J.; Wilber, G.E.; Rhodes, M.; Koeman, J.; Adams, M.; Johnson, B.; Su, RW.; Joshi, N.R,; et al.
ARID1A and PI3-kinase pathway mutations in the endometrium drive epithelial transdifferentiation and collective invasion. Nat.
Commun. 2019, 10, 3554. [CrossRef] [PubMed]

Collado, M.; Gil, J.; Efeyan, A.; Guerra, C.; Schuhmacher, A.J.; Barradas, M.; Benguria, A.; Zaballos, A.; Flores, ].M.;
Barbacid, M.; et al. Tumour biology: Senescence in premalignant tumours. Nature 2005, 436, 642. [CrossRef] [PubMed]

Yachida, N.; Yoshihara, K.; Suda, K.; Nakaoka, H.; Ueda, H.; Sugino, K.; Yamaguchi, M.; Mori, Y.; Yamawaki, K.; Tamura, R.; et al.
Biological significance of KRAS mutant allele expression in ovarian endometriosis. Cancer Sci. 2021. [CrossRef] [PubMed]
Vogelstein, B.; Kinzler, K.W. The Path to Cancer—Three Strikes and You're Out. N. Engl. ]. Med. 2015, 373, 1895-1898.
[CrossRef] [PubMed]

De Palma, ED.E.; D’Argenio, V.; Pol, J.; Kroemer, G.; Maiuri, M.C.; Salvatore, F. The Molecular Hallmarks of the Serrated Pathway
in Colorectal Cancer. Cancers 2019, 11, 1017. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ccr.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22264792
http://www.ncbi.nlm.nih.gov/pubmed/11389050
http://doi.org/10.1371/journal.pgen.1007108
http://www.ncbi.nlm.nih.gov/pubmed/29300727
http://doi.org/10.1016/j.ccell.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33220180
http://doi.org/10.1126/science.aaa6806
http://www.ncbi.nlm.nih.gov/pubmed/25999502
http://doi.org/10.1038/s41586-018-0811-x
http://www.ncbi.nlm.nih.gov/pubmed/30602793
http://doi.org/10.1038/s41586-019-1672-7
http://www.ncbi.nlm.nih.gov/pubmed/31645730
http://doi.org/10.1016/j.cell.2019.03.026
http://www.ncbi.nlm.nih.gov/pubmed/30955891
http://doi.org/10.1126/science.aba8347
http://www.ncbi.nlm.nih.gov/pubmed/33004514
http://doi.org/10.1038/s41586-020-2214-z
http://doi.org/10.1002/path.5314
http://www.ncbi.nlm.nih.gov/pubmed/31187483
http://doi.org/10.1097/IGC.0b013e31826b5dcc
http://www.ncbi.nlm.nih.gov/pubmed/22976498
http://doi.org/10.1016/j.ijgo.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25912412
http://doi.org/10.1097/IGC.0000000000000698
http://www.ncbi.nlm.nih.gov/pubmed/27051059
http://doi.org/10.1002/path.4516
http://www.ncbi.nlm.nih.gov/pubmed/25692284
http://doi.org/10.3892/or.2015.4421
http://www.ncbi.nlm.nih.gov/pubmed/26572704
http://doi.org/10.1101/gr.137596.112
http://doi.org/10.1038/ncomms7118
http://doi.org/10.1038/s41467-019-11403-6
http://www.ncbi.nlm.nih.gov/pubmed/31391455
http://doi.org/10.1038/436642a
http://www.ncbi.nlm.nih.gov/pubmed/16079833
http://doi.org/10.1111/cas.14871
http://www.ncbi.nlm.nih.gov/pubmed/33675098
http://doi.org/10.1056/NEJMp1508811
http://www.ncbi.nlm.nih.gov/pubmed/26559569
http://doi.org/10.3390/cancers11071017
http://www.ncbi.nlm.nih.gov/pubmed/31330830

Cancers 2021, 13, 1439 14 of 14

83. Suda, K.; Cruz Diaz, L.A.; Yoshihara, K.; Nakaoka, H.; Yachida, N.; Motoyama, T.; Inoue, I.; Enomoto, T. Clonal lineage

from normal endometrium to ovarian clear cell carcinoma through ovarian endometriosis. Cancer Sci. 2020, 111, 3000-3009.
[CrossRef] [PubMed]

84. Knudson, A.G., Jr. Mutation and cancer: Statistical study of retinoblastoma. Proc. Natl. Acad. Sci. USA 1971, 68, 820-823.
[CrossRef] [PubMed]

85. Tomasetti, C. Mutated clones are the new normal. Science 2019, 364, 938-939. [CrossRef] [PubMed]


http://doi.org/10.1111/cas.14507
http://www.ncbi.nlm.nih.gov/pubmed/32473611
http://doi.org/10.1073/pnas.68.4.820
http://www.ncbi.nlm.nih.gov/pubmed/5279523
http://doi.org/10.1126/science.aax5525
http://www.ncbi.nlm.nih.gov/pubmed/31171683

	Introduction 
	Genomic Profiling of Endometriosis-Associated Ovarian Cancer 
	Cancer-Associated Gene Mutations in Endometriosis 
	Mutational Profiling of the Normal Uterine Endometrium 
	Genomic Linkage from the Uterine Endometrium to Endometriosis and EAOC 
	Conclusions 
	References

