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Abstract. Epithelial ovarian cancer (EOC) is the leading
cause of death in women with gynecological malignancies.
Among EOC, clear cell carcinoma (CCC) and endometrioid
adenocarcinoma (EAC) differ from the other histological
types with respect to their clinical characteristics and
carcinogenesis. Both tumor types are often associated with
endometriosis. EAC is recently reported to be characterized
by K-RAS activation and PTEN dysfunction. However, the
molecular changes in CCC remain largely unknown. The aim
of this review is to summarize the current knowledge on the
molecular mechanisms involved in CCC tumorigenesis. The
present article reviews the English language literature for
biological, pathogenetic and pathophysiological studies on
endometriosis-associated CCC of the ovary. Several recent
studies of loss of heterozygosity (LOH), allelic loss, com-
parative genomic hybridization, mutation, methylation status,
microarray gene-expression profiling and proteomics are
discussed in the context of CCC biology. Retrograde
menstruation or ovarian hemorrhage carries highly pro-
oxidant factors, such as heme and iron, into the peritoneal
cavity or ovarian endometrioma. A histologically normal
ectopic endometrium bears genetic damages caused by iron-
dependent oxidative stress. DNA damage or LOH caused by
oxidative stress is a critical factor in the carcinogenic
process. LOH studies have implicated the involvement of
specific chromosomal regions (5q, 6q, 9p, 10q, 11q, 17q and
22q). Furthermore, the PTEN and APC (early event), p53,
polo-like kinases, Emil and K-RAS (late event) genes may
be involved in CCC carcinogenesis. The molecular pathology
of CCC is heterogeneous and involves various putative
precursor lesions and multiple pathways of development,
possibly via genetic alteration by oxidative stress.
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1. Introduction

Epithelial ovarian cancer (EOC) is the leading cause of death
in women with gynecological malignancies worldwide. The
majority of patients present with stage III and IV disease, for
which the 5-year survival rates are less than 20%. Most of
the patients with EOC present with advanced disease that is
not cured by surgery. Ninety per cent of EOC are derived
from epithelium within inclusion cysts or from the ovarian
surface epithelium and these neoplasms are classified into
serous, mucinous, endometrioid adenocarcinoma (EAC),
clear cell carcinoma (CCC) and other types (1).

Molecular genetic alterations play a key role in carcino-
genesis (1). High-grade serous carcinoma arises in a de novo
fashion and is characterized by p53 mutations and BRCA1
and/or BRCA?2 dysfunction. In contrast, low-grade serous
carcinomas are characterized by activation of the RAS-RAF
signaling pathway secondary to mutations in KRAS and
BRAF in an adenoma-borderline tumor-carcinoma sequence.
Similarly, mucinous carcinomas have also K-RAS mutations
and probably develop via an adenoma-carcinoma sequence.
K-RAS mutation is considered to be an early event in mucinous
tumorigenesis.

Substantial histopathology data provide evidence that
endo-metriosis might be viewed as a neoplastic process of
CCC and EAC tumors, possibly via intermediary atypical
borderline lesions. Endometriosis is common, with an
estimated incidence of 10-15% of women in their reproductive
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age. The implantation and the metaplasia theories describe
the mechanism of initiation of endometriotic lesions.
Epidemiology studies have demonstrated a strong link
between endometriosis and the CCC and EAC subtypes (2).
Recent study in Japan also showed that endometriosis-
associated ovarian carcinoma (EAOC) is not rare, with an
estimated incidence of 0.72% (3). Thus, atypical endo-
metriosis is considered to be the precursor lesion of both
tumor types (2). In addition, the recent studies showed that
clear cell adenofibroma (CCAF) may also be a clonal
precursor lesion in CCC (4). Many of the risk factors (earlier
menarche, more regular periods, shorter cycle lengths and
lower parity) associated with endometriosis and EOC are the
same. The genes involved in both endometriosis and EOC
have been shown to play a role in the pathogenesis of EAOC.

EAOC is considered to arise in a stepwise fashion in an
adenoma-carcinoma sequence from typical to micropapillary
borderline tumors to invasive carcinoma. In a model of
genetically engineered mice harboring an oncogenic allele
of K-RAS resulting in benign lesions reminiscent of
endometriosis, a deletion of PTEN caused progression
towards the EAC, but not the CCC (5). K-RAS mutation
has been detected in EAC tissue, but not in atypical endo-
metriosis bordering the cancerous region (6). Low-grade
EAC are strongly characterized by mutations in PTEN, the
Wnt/CTNNB1 pathway, and microsatellite instability (MSI)
(1). High-grade EAC have similar changes to high-grade
serous carcinomas, possibly via p53 mutations and BRCA1/2
dysfunction. However, recent molecular genetic studies have
shown significantly lower TP53 mutation rates in CCC than
in other types of EOC. Thus, the molecular changes in CCC
of the ovary remain largely unknown.

The aim of this review is to summarize the current
knowledge of the molecular mechanisms involved in EAOC,
especially CCC, including results of allelic loss, LOH, com-
parative genomic hybridization, mutation, methylation, micro-
array gene-expression profiling and proteomics studies. The
identified molecular changes and pathways of development
in CCC will facilitate the development of more sensitive
means of diagnosis and tailored therapies for this malignancy,
resulting in better clinical outcome.

2. Identification of relevant studies

The present article reviews the English language literature
for biological, pathogenetic and pathophysiological studies
on endometriosis-associated CCC of the ovary. We searched
MEDLINE (PubMed) electronic databases for a 20-year
period (1989-2008), combining the keywords ‘loss of hetero-
zygosity’ ‘allelic loss’ ‘comparative genomic hybridization’
‘mutation’ ‘methylation’ ‘microarray’ ‘gene expression
profiling’ or ‘proteomics’ with ‘clear cell carcinoma of the
ovary’ or ‘endometriosis’. Several recent studies are discussed
in the context of CCC biology. Additionally, references in
each article were searched to identify potentially missed
studies. Study selection is as follows. Case series of ovarian
cancer that reported the histological characteristics of EOC
were included. For studies that reported data on the non-
serous subtypes, only data pertaining to CCC and EAC were
included. Studies that only categorized histologic subtype as
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serous and non-serous, without further classification of non-
serous subtypes were excluded. Here, we discuss possible
carcinogenic pathways for endometriosis-associated CCC.

3. Characteristics of CCC

CCC of the ovary was initially termed as ‘mesonephroma’
(7). They account for 4-12% of all EOC worldwide. In
contrast, the frequency of CCC (>20% of all EOC) has been
shown to be very common in Japan. When compared with
their serous counterparts, a greater proportion of CCC tumors
present as early-stage tumors, up to 60% of the patients with
CCC have stage I disease. They show resistance to chemo-
therapy and result in poor prognosis. An increased incidence
of vascular thrombotic events is seen in this disease. Gene
expression profiling studies have shown marked similarities
with CCC of the kidney and endometrium (7) and ovary (8),
suggesting that certain molecular events may be common to
CCC regardless of the organ of origin (8). This raises inter-
esting possibilities regarding novel therapeutic approaches.

4. LOH analysis

Activation of oncogenes, deregulation of tumor suppressor
genes, up-regulation of growth factors/growth factor receptor
signaling cascade systems, and alterations in apoptosis
regulation, have been reported to play important roles in the
process of carcinogenesis. Inactivation of tumor suppressor
genes derives from allelic loss (homozygous deletion or
LOH), mutation and methylation of these genes. Aberrant
hypermethylation is correlated with microsatellite instability
(MSI). LOH analysis has been extensively used to study
chromosomal loci that have been linked to cancer.

In early stage of endometriosis, the cells could begin with
genomic abnormalities involving implantation, metaplasia
and growth processes (9), followed by somatic mutations,
activation of oncogenes, or inactivation of tumor suppressor
genes with an identified ‘second hit’ (10). By the time these
implants or metaplastic lesions have developed into small
endometriotic cysts, about one-third will harbor LOH
(9,11-13). LOH has commonly been identified in endo-
metriosis at 1q, 5q, 6q, 9p, 10q, 11q, 17p, 22q (9,11-13).
Comparative genomic hybridization (CGH) repeated in
endometriotic tissue revealed loss of DNA copy number on
1p, 22q and chromosome X (14). This genetic alteration
could be necessary for the survival of ectopic endometrial
tissue, but other mutations or inactivation of tumor suppressor
genes are required for the promotion of a premalignant state.
Prowse et al (2) have reported that LOH in both the endo-
metriosis and EOC was detected on chromosomes 3q, 4q, 5q,
6p, 6q, 7q, 10q, 11p 11q, 13q, 14q, 16q, 17q and 21q.
Additional LOH events were detected in the EOC alone on
chromosomes 2p, 2q, 3p, 5p, 6q, 7p, 8q, 9p, 10p, 12q, 14p,
17p, 18p, 18q, 19p, 20q and 22q.

5. LOH involved in endometrioid adenocarcinoma (EAC)
of the ovary

LOH on the chromosome regions, including 4q, 5q13-q14,
6ql14-q15, 9p21, 10p23.3, 11923 and 22q13, has been shown
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to be very common in EAC (15). Mutations of PTEN
(chromosome 10p23.3) were identified in 20% of both
EAC and ovarian endometriosis, suggesting that the PTEN
inactivation is an early event in the malignant process of
endometriosis (14,16). A separate study identified reduced
PTEN protein expression in 15% of endometriosis cases (17).
The second hit or carcinogenesis step could be represented
by the reduced expression of hMLH1, MSI (17).

6. LOH involved in clear cell carcinoma (CCC) of the
ovary: the candidate tumor suppressor genes

LOH events were common in CCC and synchronous endo-
metriotic lesions (15,17). LOH on the chromosome regions,
including 5q, 6q, 9p, 11q, 17q and 22q, has been shown to be
common in CCC (15). Although loss of p53 gene accom-
panies the transition to atypical endometriosis, mutations in
p53 are rare or conspicuously absent in CCC (7). Similar to
EAC, loss of PTEN expression has been noted in 40% of
early-stage CCC, suggesting that PTEN inactivation may also
be an early event in CCC development (7). LOH of PTEN
exacerbates genetic instability.

Numerous studies have shown that LOH at the following
chromosomal regions may be involved in the development of
endometriosis-associated CCC. These loci may contain
candidate tumor suppressor genes involved in the initiation,
promotion or progression of CCC but results obtained are
sometimes discordant and not established.

Ip. LOH on l1p is rare in clear cell adenofibroma (CCAF)
but frequent in CCC (4). The following tumor suppressor
genes have been reported on chromosome 1p. TP73 (tumor
protein p73, location at 1p36.3): this gene encodes tumor
protein p73, which is a member of the p53 family of trans-
cription factors involved in cellular responses to stress and
development. DIRAS3 (DIRAS family, GTP-binding RAS-
like 3): location, 1p31. This gene is a member of the RAS
superfamily. Its expression is associated with growth
suppression of ovarian cancer. APITD1 (apoptosis-inducing,
TAF9-like domain 1): location, 1p36.22. This was identified
in the neuroblastoma tumor suppressor candidate gene.

1g. The genes for galactose-1-phosphate uridyl transferase
(GALT) and apolipoprotein A2 (APOA2) have been mapped
to chromosome 1q (11). Microsatellite DNA assays reveal an
allelic imbalance in GALT and APOAZ2 loci in patients with
endometriosis (11). SELENBP1 (selenium binding protein 1):
location, 1q21-q22. It has been proposed that the effects of
selenium in preventing cancer and neurologic diseases may
be mediated by selenium-binding proteins.

3p. Multiple chromosome 3p tumor suppressor genes have
been proposed in the pathogenesis of EOC (18). A deletion
involving chromosome 3p frequently occurs in small cell
lung cancer (19). There are many tumor suppressor genes
located at chromosome 3p, including DRR1 (down-regulated
in renal cell carcinoma 1), BAP1 (BRCA1-associated
protein 1), ARP (arginine-rich, mutated in early stage tumors;
ARMET), RIS1 (RAS-induced senescence 1), LIMD1 (LIM
domains-containing one), and LTF (Lactotransferrin) (20).
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4q. The candidate tumor suppressors located within chromo-
some 4q in hepatocellular and ovarian carcinomas (15).

5¢g. LOH on 5q13-14 was rare in endometriosis components
but frequent in EAC components (15). APC (adenomatous
polyposis coli): location, 5q21-q22. This gene encodes a
famous tumor suppressor protein that acts as an antagonist
of the Wnt signaling pathway. Defects in this gene cause
familial adenomatous polyposis, an autosomal dominant pre-
malignant disease that usually progresses to malignancy,
including colon carcinoma. IRF1 (interferon regulatory
factor-1): location, 5q31.1. IRF1 functions as a transcription
activator of genes induced by interferons o, 8 and vy. This
gene has been shown to play roles in regulating apoptosis
and tumor-suppression.

6p. LOH in both endometriosis and carcinoma was detected on
chromosomes 6p (2).

64q. The genes for estrogen receptor and superoxide dismutase,
a tumor suppressor gene, have been mapped to chromosome
6q (9,12,15). SNORDS0A (small nucleolar RNA, C/D box
50A): location, 6q14.3. This gene functions as a reasonable
candidate for the tumor suppressor gene in prostate cancer
and likely in other types of cancers. PLAGLI (pleiomorphic
adenoma gene-like 1): location, 6q24-q25. This gene might
be involved in regulating the p21WAFI/Ciel gene and protein
expression through its protein-protein interaction with p53
and histone deacetylase 1 (HDAC1).

9p. The CDKN2 (pl16Ink4) gene, encoding the pl6 protein,
has been mapped to chromosome 9p21 (9,11,15). p16 is
one of the cycle-dependent kinase inhibitors and acts as a
negative cell-cycle regulator (21). It is a potent tumor-sup-
pressor gene (21). Inactivation of pl6 gene may derive from
LOH, homozygous deletion, mutation and methylation of this
gene. Mutations and hypermethylation of the promoter
region of pl6 are rare events in EOC (17,22). Chromosome
9p deletions have also been noted in CCC of the kidney (7).
Furthermore, diffuse positivity with p16 in the uterine cervix
can be regarded as a surrogate marker of the presence of
high-risk human papillomavirus (HPV). EOC are usually p16-
positive and endometriosis is p16-negative or focally positive
(23). pl6 alteration may occur independently of histologic
subtype of EOC (24). However, the p16 overexpression does
not mean the suppression of tumor cell proliferation. In
addition, alterations in the various cell cycle regulatory mole-
cules or tumor suppressor genes, particularly of p21, one of
the p16 family members, and cyclin E, might be related to
the biological characteristics of CCC (24).

10q. Genetic aberrations, such as LOH and somatic mutations
leading to functional inactivation of the PTEN tumor sup-
pressor gene, located on chromosome 10q23.3, have been
identified in endometriosis (20%) (12,16) and one third of
EOC (25). the frequency of LOH at 10923.3 and PTEN
somatic mutations in CCC and EAC was still higher than in
other histological types of EOC, although LOH occurred less
frequently in CCC (8%) than in EAC (20%) (16,26,27). PTEN
gene alterations are very early events in the development of
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EAC and also support the concept that endometrial cysts are
a precancerous form of EAC. Dinulescu et al (5) reported
that, in an animal model, tissue-specific expression of active
mutant K-RAS results in pelvic endometriosis, or tissue-
specific expression of active mutant K-RAS and inactivation
of PTEN results in metastatic EAC. There are two important
reports that somatic mutations in the PTEN gene is an early
event in the development of endometriosis-CCC sequence
(16) and CCAF-CCC sequence (4). BRWD2 (bromodomain
and WD repeat domain containing 2): location, 10q26. This
gene is located in the chromosome 10g25-26 region, which is
frequently deleted in gliomas and tumors of other tissues.

11q. Frequent allelic loss at chromosome 11q23-q24 occurs
in a wide variety of human cancers, including breast and
ovarian tumors, suggesting that this region may harbor a
tumor suppressor gene (9,15). BCSC-1 (breast cancer sup-
pressor candidate-1) may exert a tumor suppressor activity
and is a likely target of the LOH observed on 11q23-q24 in
cancer (28). CADMI1 (cell adhesion molecule 1): location,
11923.2. Down-regulation of CADM1 tumor suppressor gene
expression is a critical event in neuroblastoma pathogenesis
resulting in tumor progression and unfavorable patient
outcome. Progesterone receptor gene is also located on
chromosome 1123 (9,15).

13g. LOH on 13q is rare in CCAF but frequent in CCC (2).
RCBTBI (regulator of chromosome condensation and BTB
domain containing protein-1). This gene maps to a region of
chromosome 13q14 that is frequently deleted in B-cell chronic
lymphocytic leukemia and other lymphoid malignancies.
Several observations of the coexistence of endometriosis and
cancer have been published. Elevated risks were found for
not only ovarian cancer but also lymphoma (29).

16q. Allelic imbalances affecting the long arm of chromo-
some 16 have been extensively reported in the literature as
common abnormalities observed in various carcinoma types.
WWOX that spans a fragile region of DNA located at
16q23.3-24.1 is a candidate tumor suppressor gene (30). The
two histotypes showing significant loss of WWOX expression
were of the CCC and mucinous types.

17p. The 17p13 genetic locus is known to harbor the tumor
suppressor gene p53 (11). The TP53 gene is the most
frequently mutated gene in human cancers and plays a role as
a transcription factor, causing cell cycle arrest or cell death.
Germline mutations of TP53 have usually been observed to
occur in the highly conserved region of exons 5-8. The
majority of TP53 missense mutations occur in its DNA-
binding domain. Mutations in the TP53 gene were observed
in one-half of the EOC. Mutation of TP53 is an early event in
the development of EOC and is present prior to stromal
invasion. In serous and endometrioid carcinomas, staining for
pS53 was usually positive and diffuse (24). P53 mutation was
more common in EAC than in CCC (27). TP53 alterations
occur frequently in late stage endometriosis (10). atypical
endometriosis had p53 overexpression (31). Thus, p53
mutations may affect malignant transformation of endo-
metriosis into EAC (16) or CCC (32). HIC1 (hypermethylated
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in cancer-1): location, 17p13.3. This gene is another tumor
suppressor gene. Inactivation of HIC1 by hypermethylation
is associated with several cancer pathogenesis.

17q. The histologies of EOC displaying a pattern of 17q
deletions were of the EAC, CCC and mucinous types (33).
Tumor suppressor genes on 17q are possibly involved in
development of endometriosis (2,34). NMEI (non-metastatic
cells 1, protein (NM23A) expressed in): location, 17q21.3.
This gene was identified because of its reduced mRNA
transcript levels in highly metastatic tumors.

22q. LOH at 22q has been identified in some endometrial
cysts and CCC (9,156). There are some tumor suppressor
genes on chromosome 22q. SMARCB1 (SWI/SNF related,
matrix associated, actin dependent regulator of chromatin,
subfamily b, member-1) is located on chromosome 22q11.
Mutations in this gene have been associated with malignant
rhabdoid tumors. NF2 neurofibromin 2 (merlin): location,
22q12.2. Mutations in this gene are associated with neuro-
fibromatosis type II.

7. Microsatellite instability in CCC

Microsatellite instability (MSI) is a phenomenon that is well
characterized in mismatch repair (MMR)-deficient tumor
cells. The MMR pathway is well defined in both inherited
and sporadic cancer pathogenesis. For example, hyperplastic
polyps in colon are part of the distinct pathway of colorectal
carcinogenesis characterized by MSI and deficiency in DNA
MMR. Although the relationship between endometriosis and
MSI has been controversial (6), a high frequency (~80%) of
MSI was found in endometriosis and atypical endometriosis
(14,25). In addition, methylation phenotype of hMLHI gene
(whose gene product is a component of the DNA MMR
pathway) is correlated with microsatellite phenotype of MMR
genes. Hypermethylation of hMLHI1 is noted in ~10% of
endometriosis (17). The high-level MSI or MSI leading to
the PTEN dysfunction has also been reported for EOC with
frequencies varying from 6 to 37% (14,25,35). Low-grade
EAC are predominantly characterized by MSI. These data
suggest that MSI is an early event in the development of
EAOC.

MSI is seen in some chronically inflamed tissues even in
the absence of genetic inactivation of the MMR system (36).
Oxidative stress associated with chronic inflammation might
damage protein components of the MMR system, leading to
its functional inactivation. These data allow us to speculate
that inactivation of the MMR function in response to oxidative
stress may be responsible for the MSI seen in non-neoplastic
(endometriosis) and cancer tissues (CCC) associated with
chronic inflammation (see ‘Iron, oxidative stress and carcino-
genesis’ section).

8. Genes specifically up-regulated in CCC

An enormous amount of knowledge has been obtained from
recent preclinical experiments. Mutations of K-RAS and up-
regulated HNF-18, Emil and mTOR signaling are specifically
found in CCC.
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Figure 1. Proposed genetic alterations in the development of CCC. The genetic model of CCC carcinogenesis arising in endometriosis and CCAF is shown.

K-RAS. K-RAS mutations occur significantly more frequently
in mucinous and EAC tumors, but not in normal or atypical
endometriosis bordering the cancerous region (6). Therefore,
K-RAS mutations may be associated with the late event in
the endometriosis-CCC sequence (37).

HNF-1f. It has recently been reported that expression of
HNF-18, a transcription factor, may be a genetic common
lineage among the mid-to-late secretory endometrium, endo-
metriosis, atypical endometriosis and CCC (38). Since CCC
are characterized by overexpression of HNF-16 gene and
protein (38), HNF-18 is a useful biomarker that could aid in
the diagnosis of CCC (39). Hypomethylation of the HNF-1
CpG island participates in the HNF-18 up-regulation in CCC
(40). A majority of biological functions of CCC is governed
HNF-163-dependently and possibly by interacting pathways.
HNF-18 was essential for its survival for CCC and possibly
endometriosis and involved in the characteristics of CCC,
including glycogen accumulation in cancer cells (Periodic
acid-Schiff is positive for glycogen in the cytoplasm), strong
antiapoptotic activity, and chemoresistance due to lower cell
proliferation (41). Gene expression profiling studies have
shown that several important CCC-specific genes overlapped
with those known to be regulated by HNF-18 (42). Thus,
HNF-16 is not only an excellent CCC-specific molecular
marker but also a molecular target for therapy of ovarian
CCC (41).

Emil. Polo-like kinases (PLK) have been implicated in mitotic
regulation and carcinogenesis. High expression levels of PLK
in ectopic endometrial cells are associated with abnormal cell
cycle regulation of endometriosis, suggesting that PLK may
play important roles in the pathogenesis of endometriosis (45).

Interestingly, PLK is rapidly activated by reactive oxygen
species or hydrogen peroxide and promotes genome stability
by regulating DNA replication under stressful conditions.
PLK phosphorylates Emil (Early mitotic inhibitor-1) to ensure
mitosis entry. Emil is a key cell cycle regulator, that promotes
S-phase and mitotic entry by inhibiting the anaphase promoting
complex/cyclosome (APC/C) (44). Emil overexpression
causes mitotic catastrophe and genomic instability, and
contributes to tumorigenesis (44). Recent study demonstrated
that the Emil/APC/C pathway is up-regulated and active in
atypical endometriosis component during clear cell tumori-
genesis (45). Subsequent steps in CCC carcinogenesis may
involve the Emil-dependent MSI, since overexpression of
Emil leads to genomic instability.

mTOR. The mammalian target of rapamycin (mTOR) has
been identified as a downstream target of the PI3K/Akt
pathway. mTOR has emerged as a critical effector in cell-
signaling pathways commonly deregulated in human cancers.
We have previously reported that mTOR is phosphorylated
and activated in endometriosis and CCC specimens (46).
This leads to phosphorylation of downstream targets, p70S6K
and 4E-BP1, and the subsequent enhanced translation of
mRNAs that are critical for cell cycle progression and proli-
feration. mTOR signaling has emerged as an attractive
therapeutic target for cancer therapy. The potential applications
of mTOR inhibitors for treating various types of cancer have
been actively studied both preclinically and clinically.

The Wnt and its downstream pathway B-catenin is another
key developmental pathway for which alterations have been
described in various human cancers. Over-activation of the
transcription factor B-catenin has also been associated with
malignancy such as colon and breast cancer. Wnt/B-catenin
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activation can stimulate the downstream protein translation
via mTOR activation (47). The activity of B-catenin can be
stimulated by mechanisms other than via the Wnt. Inter-
estingly, B-catenin functions as a pivotal molecule in defense
against oxidative stress.

9. Clear cell adenofibroma-CCC sequence

Most clear cell neoplasms of the ovary are carcinomas; benign
and borderline clear cell tumors (adenofibromas; CCAF) are
uncommon. Some reports suggest that CCC can arise from
not only endometriosis but also clear cell adenofibromas (4).
Like endometriosis-associated CCC, genetic alterations on
chromosomes 5q, 10q and 22q in CCAF may be early events
in carcinogenesis via the ‘CCAF-CCC sequence’ (4). The
genetic instability and LOH may lead to possible alterations
of known tumor suppressor genes, such as the APC (adeno-
matous polyposis coli) gene on chromosome 5q21-q22 and
the PTEN gene on 10g23.3. LOH on 1p and 13q increased in
accordance with higher cytologic atypia: much more frequent
in CCC (4), suggesting that these alleles may be involved
later in the CCAF-CCC sequence.

10. Iron, oxidative stress and carcinogenesis

The investigators highlight some major achievements in the
study of DNA damage caused by oxygen-free radicals and
the role in carcinogenesis played by oxidatively damaged
DNA (48). Heme and free iron are pro-oxidant and can
induce oxidative stress and DNA damage. In the presence of
superoxide radical and hydrogen peroxide, stored ferric iron
(Fe’*) is reduced to ferrous iron (Fe?*), which catalyzes the
formation of the hydroxyl radical, which in turn can promote
lipid peroxidation, mutagenesis, DNA damage, oncogene
activation, and tumor suppressor inhibition, possibly increasing
the risk of some cancer (49). Thus, excess iron may result in
increasing the risk of cancer (50). The carcinogenicity of iron
has been demonstrated in animal models, and epidemiologic
studies have shown associations with several cancers (49).
For example, pathological conditions such as hemochro-
matosis, chronic viral hepatitis B and C, exposure to asbestos
fibers, as well as endometriosis have been recognized as iron
overload-associated risks for cancer (51).

Several studies suggest that oxidative stress is a component
of the inflammatory reaction associated with endometriosis
(52). Retrograde menstruation and ovarian hemorrhage carry
pro-oxidant factors, such as heme and iron (52). Excess iron
accumulation can result in toxicity and may be one of the
factors contributing to the development of endometriosis and
subsequently EAOC (53-55).

There is a genomic site vulnerable to the oxidative damage
(56). There are target genes in iron-induced carcinogenesis
and that iron-catalyzed oxidative DNA damage is not random
(51). In an animal model, p15 (CDKN2B, p15INK4b) and
pl6 (CDKN2A, pl16INK4a) tumor suppressor genes are
among the major target genes. Loss of gene architecture at
the p15 occurs frequently in malignant cell lines and is
common in squamous cell carcinoma of the head and neck
(56). Allelic loss of pl16 is a genetic change involved in the
pathogenesis of smoking-induced human lung cancer and rat
renal carcinogenesis.
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11. Conclusions

A histologically normal ectopic endometrium bears genetic
instability or damages caused by iron-dependent oxidative
stress. DNA damage and LOH caused by oxidative stress is a
critical factor in the carcinogenic process. Genetic instability-
mediated down-regulation of some tumor suppressor genes
and overexpression of specific candidate oncogenes are
implicated in CCC tumorigenesis. PLK rapidly activated by
oxidative stress could induce Emil phosphorylation and
activation to ensure mitosis entry. Up-regulation of Emil,
K-RAS and mTOR expression is a late event in the develop-
ment of atypical endometriosis-CCC sequence. LOH and
mutations in the candidate tumor suppressor genes described
in Fig. 1 tend to occur frequently in endometriosis-associated
CCC. LOH studies have implicated the involvement of many
chromosomal regions including 1q, 5q, 9p, 10q, 11q, 17q and
22q. These loci may contain candidate tumor suppressor
genes involved in the initiation, promotion and progression
of CCC. LOH in the p53 gene is considered to be a late event
in the development of endometriosis-CCC sequence. In the
case of CCAF-CCC sequence, the PTEN and APC gene
alterations is an early event in tumorigenesis, whereas LOH
on 1p and 13q may be involved later in this sequence. Specific
tumor suppressor genes that could directly contribute to CCC
carcinogenesis have yet to be elucidated.

Patients with CCC have poor prognosis and short survival
due to lack of effective therapy. Up-regulated HNF-16, Emil
and mTOR signaling and mutation of K-RAS are found in
CCC. An enormous amount of knowledge has been obtained
from recent preclinical experiments. Therefore, inhibitors
that target HNF-18, Emil, K-RAS and its downstream targets,
including RAF, MEK, mTOR and VEGF, for example, could
be taken into consideration in patients with CCC. Furthermore,
treatment with an iron chelator may be beneficial in endo-
metriosis patients to prevent iron overload, thereby diminishing
the development of CCC. Future research is expected to
identify new compounds to block important signaling path-
ways and to identify new targets for therapies through novel
high-throughput technologies. The challenge to transferral of
these new compounds from preclinical research to disease
management is the design of effective prospective randomized
clinical trials. Further study is therefore needed to better
understand the pathogenesis of and basic therapies for CCC.
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