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Abstract. Recent data have provided information regarding 
the profiles of clear cell carcinoma of the ovary (CCC) with 
adenine-thymine rich interactive domain 1A (ARID1A) muta-
tions. The purpose of this review was to summarize current 
knowledge regarding the molecular mechanisms involved in 
CCC tumorigenesis and to describe the central role played 
by the aberrant chromatin remodeling. The present article 
reviews the English-language literature for biochemical 
studies on the ARID1A mutation and chromatin remodeling 
in CCC. ARID1A is responsible for directing the SWI/SNF 
complex to target promoters and regulates the transcription of 
certain genes by altering the chromatin structure around those 
genes. The mutation spectrum of ARID1A was enriched for 
C to T transitions. CCC and clear cell renal cell carcinoma 
(ccRCC) resemble each other pathogenetically. Dysfunction of 
the ARID1A protein, which occurs with VHL mutations in 
ccRCC, is responsible for loss of the assembly of the ARID1A-
mediated histone H2B complex. Therefore, ARID1A acts 
as a chromatin remodeling modifier, which stimulates cell 
signaling that can lead to cell cycle arrest and cell death in 
the event of DNA damage. The dysfunction of ARID1A may 
result in susceptibility to CCC carcinogenesis through a defect 
in the repair or replication of damaged DNA.
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1. Introduction

Epithelial ovarian cancer (EOC) is the most lethal gyne-
cologic malignancy worldwide. Epidemiology calculations 
of lifetime risk for EOC are that 1 in 55 women is likely to 
develop EOC during their lifetime (1). Since EOC is more 
likely to be advanced stage with unfavorable tumor biology, 
there are serious limitations to the surgical and oncological 
treatment available. Therefore, it is crucial to determine the 
earliest possible diagnosis. Early diagnosis and surgical resec-
tion offer patients the best opportunity of excellent long-term 
survival. On the other hand, patients who either present with 
metastatic disease or develop distant relapse within 6 months 
after surgery and chemotherapy have a poor prognosis. Among 
EOC, clear cell carcinomas of the ovary (CCC) are frequently 
characterized by chemoresistance and recurrence, resulting in 
a poor prognosis (2). Since CCC are resistant to conventional 
cytotoxic (platinum plus taxan-based) chemotherapy, the prog-
nosis is mostly poor (3). In the USA, the incidence of CCC is 
5% of all EOC, but the incidence in Japan is reported to be 
over 20% of all EOC. Thus, Japanese oncologists have focused 
on investigating the molecular pathogenesis and treatment 
strategies of CCC.

At present, little is known about the molecular genetic mech-
anisms that are involved in CCC tumorigenesis. Accumulated 
somatic mutations found in a subset of cancer genes are 
frequently noted. Such mutations include insertions/deletions 
(indels) and base substitutions that act as the ‘driver muta-
tions’ in oncogenesis. These mutations result in the activation  
of proto-oncogenes (gain of function) or the inhibition of 
tumor suppressor genes (loss of function) during the process 
of carcinogenesis. Screening for regions with loss of hetero-
zygosity (LOH) in tumors is widely used to search for novel 
tumor suppressor genes (4).

Endometriosis has been suggested to increase the risk of 
developing EOC (5). Compared to the serous surface epithelial 
subtype (serous adenocarcinoma, SAC), which comprises the 
majority of EOC, some types such as CCC and endometrioid 
adenocarcinoma (EAC) have been associated with endome-
triosis (6). CCC are most frequently associated with ovarian 
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and/or pelvic endometriosis in Japan (5). Even in the case of 
endometriosis, LOH at 1, 5, 9, 10, 11, 17 and 22q is especially 
common (7). In total, approximately 30% of cases exhibited 
LOH at one or more of these loci. These studies support the 
hypothesis that tumor suppressor gene inactivation plays a role 
in the development of at least one subset of cases (4,7). LOH 
studies have shown the involvement of specific chromosomal 
regions (5, 6, 9, 10, 11, 17 and 22q) in CCC (8). LOH of these 
chromosomes is frequent not only in endometriosis but also in 
CCC, suggesting that one or more common tumor suppressor 
genes are present in these regions.

The purpose of this review is to summarize the current 
knowledge on the molecular mechanisms involved in CCC 
tumorigenesis and to provide the central role played by aber-
rant chromatin remodeling. We specifically summarize what 
is currently known about the salient features of members of 
the ARID protein family and focus on recent developments in 
characterizing the functional links of carcinogenesis between 
CCC and clear cell renal cell carcinoma (ccRCC).

2. Materials and methods

The present article reviews the English-language literature for 
chromatin remodeling studies on CCC. We searched PubMed 
electronic databases over a 20-year period (1990-2010), 
combining the keywords ‘ARID1A’, ‘SWI/SNF’, ‘chromatin 
remodeling’, ‘p53’, ‘pRb’, ‘cell cycle’, ‘check point’ with ‘endo-
metriosis’, ‘ovarian cancer’, ‘endometriosis-associated ovarian 
cancer (EAOC)’, ‘clear cell carcinoma of the ovary’, or ‘clear 
cell renal cell carcinoma’. Various recent studies are discussed 
in the context of the pathogenesis of CCC. Additionally, refer-
ences in each article were searched to identify potentially 
missed studies for a 10-year period. In the present review, we 
evaluate promising molecular candidates for the development 
of CCC.

3. Article selection, data extraction and assessment

Although the main focus of the present review was the regu-
lation of ARID1A mutations obtained from human cancer 
samples, in vitro studies were included in the knowledge base. 
Animal models performed to support human data were also  
included. Initially, 37 potentially relevant studies were iden- 
tified by screening electronic databases. Additionally, 49 peer-
reviewed journal articles were identified from references.

4. Chromatin remodeling complex in cancers

Chromatin regulates transcriptional processes through 
coordinated covalent modifications of DNA and its associ-
ated nucleosomal histones (9). Such modifications include 
acetylation, methylation and ubiquitination. Post-translational 
modifications of histones play critical roles in chromosome 
dynamics. Epigenetic mechanisms underlying the modifica-
tion of chromatin structure rely on the activity of complexes 
that control the accessibility of DNA sequences to transcrip-
tion factors, thereby determining its different functional states 
(9). Chromatin remodeling complexes are master regulators 
of transcription factor action and enable gene transcription 
by aiding in the coordination of the binding of transcrip-

tion factors to promoters and enhancers. These complexes 
are involved in various processes that require alteration of 
chromatin structure including DNA repair, DNA synthesis, 
mitosis and genomic stability (10). Mounting evidence shows 
that alterations in the subunits of these complexes play a 
significant role in human disease, including cancer (10). Core 
components of the chromatin remodeling complexes are 
potent tumor suppressors that are specifically inactivated in 
cancers. Alterations of the components have been reported in 
a variety of cancer types, including central nervous system, 
head and neck, leukemia, breast, lung, neuroblastoma, renal, 
skin, gastric, colon, cervical and prostate cancer (10). Results 
of various studies have also shed light on the mechanistic 
basis of the action by demonstrating that these components 
regulate the cell cycle to prevent oncogenic transformation.

5. Characteristics of SWI/SNF subunit inactivation in CCC 

SWI/SNF. The chromatin remodeling complexes include SWI/
SNF, ISWI (Imitation SWI), CHD/Mi-2 (chromodomain 
helicase DNA binding protein), and INO80 (SNF2 family 
helicase). Of these complexes, SWI/SNF is the most studied, 
consisting of an evolutionarily conserved protein complex 
from yeast to humans. First, SWI/SNF is a multimeric complex 
of proteins of variable composition, including ATPase, core 
and accessory proteins. The functions and components of the 
SWI/SNF complex have been thoroughly reviewed elsewhere 
(10). This complex constitutes SMARCs (SWI/SNF-related, 
matrix-associated, actin-dependent regulators of chromatin; 
SMARCA/BRGI subunit or SMARCA2/BRM subunit) and 
the BAF (BRM- or BRG1-associated factors) complex, which 
comprises 10-12 protein subunits (10-12). The role of this 
complex may be to protect cells against DNA damage by 
ensuring DNA repair through cell cycle arrest and apoptosis. 
Key observations link the SWI/SNF complex with cancer. 
The complex is associated with multiple cancer-related 
pathways, and various components of the SWI/SNF complex 
act as bona fide tumor suppressors (13). Furthermore, cancer-
related proteins such as p21 (also known as p21WAF1/Cip1 
and CDKN1A, cyclin-dependent kinase inhibitor 1A), BRCA1 
(breast cancer 1, early onset), LKB1 (also known as STK11, 
serine/threonine kinase 11), SMADs, FOS (FBJ murine 
osteosarcoma viral oncogene homolog), MYC (v-myc myelo-
cytomatosis viral oncogene homolog) and FANCA (Fanconi 
anemia, complementation group A) have been associated with 
certain components of the SWI/SNF complexes. A growing 
body of evidence has demonstrated that these factors play a 
critical role in several steps of carcinogenesis, particularly in 
alterations in the cell cycle checkpoint machinery. p21WAF1/
Cip1 mediates the p53-dependent cell cycle G1 phase arrest 
in response to a variety of stress stimuli (14). Epigenetic 
inactivation of BRCA1 impairs the machinery involved in 
maintaining genomic integrity and stability, and also acts as a 
bona fide tumor suppressor (15). LKB1/STK11 plays a role in 
apoptosis and cell cycle arrest, both of which may require the 
tumor suppressor action of this kinase, whose mutations occur 
in approximately 50% of lung cancers (16). LKB1 tumor 
suppressor enzyme is vulnerable to inactivation by redox-
active species. Other genes such as SMADs, FOS, MYC 
and FANCA have been shown to play a role as regulators of 
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cell cycle progression, apoptosis and cellular transformation 
(17-19).

BRG1 (Brahma/SWI2-related gene 1). BRG1 (Brahma/
SWI2-related gene 1) is a central component of the SWI/
SNF chromatin-remodeling complex that features an ATPase 
activity (13). The role of BRG1 is to arrest the cell cycle. Loss 
of BRG1 has been associated with cancer development. BRG1 
deficiency is associated with a subset of lung, breast, prostate 
and pancreatic cancers (13).

SNF5/INI1. The clearest functional link between the SWI/
SNF complex and cancer is evident from the subunit SNF5/
INI1 (also known as SMARCAB1 or BAF47). SNF5 is a core 
protein of the SWI/SNF complex. SNF5 leads to a G1 cell 
cycle arrest associated with an increase in p16INK4a (also 
known as CDKN2A, cyclin-dependent kinase inhibitor 2A), 
E2F and cyclin D to prevent oncogenic transformation (20). 
Importantly, the E2F transcription factor plays a role in cell 
cycle control and is intimately regulated by RB (retinoblas-
toma tumor suppressor gene). Since SNF5 is a potent tumor 
suppressor, loss of SNF5 can lead to aberrant cell cycle 
activity and subsequent tumor formation. In particular, germ 
line or somatic mutations of the SNF5 gene were detected in 
malignant rhabdoid tumors arising primarily in the kidney 
and brain. This gene has been shown to bind the c-myc proto-
oncogene, as well as the BRCA1 and p53 tumor suppressors. 
Furthermore, SNF5 cooperates with HDAC (histone deacety-
lase) and loss of its function may thus inactivate HDAC. 
There is no evidence that silencing of these components of 
the SWI/SNF complex occurs by epigenetic means in EOC.

BAF. The mechanistic relationship between BAF complexes 
and the chromatin architecture inhibits target genes (21). 
BAF250 [also known as ARID1 (adenine-thymine rich inter-
active domain 1)] is responsible for directing the SWI/SNF 
complex to target promoters and regulates the transcription 
of certain genes by altering the chromatin structure around 
those genes (http://www.ncbi.nlm.nih.gov/gene/8289). ARID1 
is also involved in the modulation of hormone-responsive 
promoters. The C-terminus of the protein is capable of 
stimulating glucocorticoid receptor-dependent transcriptional 
activation. Additionally, ARID1 is an essential gene for FAS 
(TNF receptor superfamily, member 6)-mediated apoptosis 
(22). ARID1A is one of the most frequently deleted genes 
across all cancer types (23,24) and knockdown of this gene 
results in a failure of cell cycle arrest (23,25). This alteration 
strongly predominates in kidney, breast and lung cancers in 
humans (13,26). All inactivating mutations of this gene have 
been found in these cancers, suggesting that ARID1A plays 
an essential role during cancer development as a tumor 
suppressor.

More recent data from two groups have provided infor-
mation about the profiles of CCC tumors with ARID1A 
inactivation (27,28). Inactivating mutations of ARID1A 
were identified in sporadic CCC samples and a variety of 
CCC cancer cell lines. ARID1A is considered to be the 
most commonly altered gene in EAOC, particularly in CCC, 
while alterations are rare in SAC. The mutation spectrum 
was enriched for C to T transitions at 5'-CG base pairs. The 

mutations in ARID1A result in a stop codon or an out-of-
frame insertion or deletion. Atypical endometriotic lesions 
adjacent to the tumor (and not distant lesions) also exhibited 
the ARID1A mutations (27). Taken together, the data show that 
CCC may arise from atypical endometriosis with the muta-
tion of ARID1A. Even in cases where genetic mutations of 
ARID1A have not been identified, other aberrations affecting 
its activity have been noted, such as abnormal promoter hyper-
methylation of ARID1A or aberrations of the downstream 
target genes, leading to low or normal protein levels, respec-
tively. No conclusive evidence currently exists to support the 
existence of a role for ARID1A in tumor suppression in CCC.

Identification of ARID-containing proteins and ARID1A-
interacting components. A number of distinct human ARID 
proteins have been identified, including p270 (also known 
as ARID1A), KIAA1235 (ARID1B), RBP1 (retinol binding 
protein 1), RBP1L1 (ARID4B), RBP2 (retinol binding 
protein 2), SMCY/SMCX [KDM5D, lysine (K)-specific 
demethylase 5D], Plu-1 (KDM5B), jumonji (JARID2), 
Bright (DRIL1) (ARID3A), Bdp (DRIL-2) (ARID3B), 
MRF1 (ARID5A) and MRF2 (ARID5B) (29). Proteins of 
the ARID family are required for embryonic development 
and patterning, and maintain the expression pattern of 
homeotic genes at the chromatin level. As shown in Fig. 1, 
various BAF250a (ARID1A)-interacting proteins (transcrip-
tion factor) exist, including HOXA9 and HIC1. ARID1A is 
a positive regulator of HOXA9 (30). HOXA9 expression is 
spatially and temporally regulated during hematopoiesis and 
embryonic development. Reduced HOXA9 transcript levels 
are reportedly associated with breast cancer aggression,  
metastasis and patient mortality (31). ARID1A also directly 
interacts with HIC1 (hypermethylated in cancer 1), a tumor 
suppressor gene, which is epigenetically inactivated in 
numerous human cancers (32,33). This gene encodes a tran-
scriptional repressor involved in regulatory loops modulating 
p53-dependent and E2F-dependent cell survival and damage/
stress responses through the recruitment of ARID1A. E2F 
is a critical regulator of genes required for apoptosis by up- 
regulating p53 and enhancing the p53-mediated activation of 

Figure 1. The role of ARID1A in the cell cycle checkpoint machinery. There 
are several ARID1A-interacting transcription factors; its downstream targets 
include HOXA9, HIC1, E2F, p53, pRb. Loss or dysfunction of the ARID1A 
gene may lead to aberrant chromatin remodeling, alterations in the cell cycle 
checkpoint machinery and subsequent apoptosis evasion.
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downstream pro-apoptotic genes (34). ARID3A is known as 
E2FBP1 (E2F binding protein-1; a protein that interacts with 
E2F) (35). ARID3A also interacts with p53 and is involved in 
the p53 regulatory pathway, suggesting that ARID3A plays a 
role in growth suppression mediated by p53 (35). In addition, 
p14ARF inhibits formation of the MDM2-p53 complex and 
subsequently prevents MDM2-induced p53 degradation (36). 
p14ARF stops cell growth at the G1/S and G2/M phases (36). 
Loss of the p53 signaling pathway occurs in human cancer 
either by p53 gene mutation (a direct mechanism) or by loss 
of cell signaling upstream and downstream of p53 (an indirect 
mechanism) in the remaining cancers expressing wild-type 
p53 gene (37).

Certain ARID family proteins are linked genetically 
with E2F-mediated transcriptional factor, which is regulated 
in part by pRb, an active retinoblastoma tumor suppressor 
gene, resulting in cell cycle arrest (38). The p16INK4a-cdk4-
cyclin D-pRb pathway is modulated by ARID-dependent 
E2F signaling, resulting in cell cycle regulation (38). pRb 
phosphorylation leads to cell release from G1 arrest and to 
promotion entry into the S-phase (36). In addition, JARID1B/
KDM5B, a member of the ARID family, exerts cell cycle 
control via maintenance of pRb (39). These data allow us to 
speculate that proteins of the ARID family directly or indi-
rectly regulate the cell cycle, particularly alterations in the 

cell cycle checkpoint machinery. In contrast to various other 
human tumor types, p53 and pRb mutations are only rarely 
detected in CCC. ARID1A mutations may be involved in the 
carcinogenesis of CCC through inactivation, but not mutation, 
of the cell cycle regulatory proteins such as p53 and pRb.

6. A marked resemblance between CCC and ccRCC

Clear cell cancers possess a marked similarity in gene expres-
sion profiles between CCC and ccRCC (40), suggesting that 
CCC and ccRCC are also pathogenetically similar. ccRCC is 
characterized by the presence of inactivating mutations in the 
VHL (von Hippel-Lindau) gene in the majority of cases (41). 
The VHL protein acts as the substrate recognition module 
of an E3 ubiquitin ligase complex by binding the substrate 
and adapters (42,43). This protein directly interacts with 
Elongin C, whereas Elongin B connects VHL-Elongin C to 
cullin2-ROC1 (Rbx1) (Fig. 2A). These substrates include 
hypoxia-inducible factors (HIF-1α and -2α). VHL forms a 
complex that retains the ability to ubiquitinate HIFs, resulting 
in degradation by targeting the hydroxylated HIF-α subunit 
for ubiquitination and proteasomal degradation. VHL protein 
acts as a master regulator of HIF-activity loss of the VHL 
protein due to germline or somatic mutations disrupting the 
formation of this complex, thereby reducing the ability of the 

Figure 2. Putative molecular pathogenesis of CCC with ARID1A mutations. (A) The majority of ccRCC are caused by the mutation of the von Hippel-Lindau 
(VHL) tumor suppressor gene (54). VHL protein is part of an ubiquitin ligase complex that comprises elongin B, elongin C, cullin 2 and Rbx1, which 
are involved in ubiquitin-mediated destruction. This complex targets a hypoxia-inducible factor (HIF) transcription factor. In the absence of VHL, HIF-
responsive genes and its downstream targets are activated. In ccRCC, when VHL protein either cannot function due to a mutation or is abnormally low/absent 
in the cell, HIF-1α cannot be bound to the ubiquitin ligase, cannot be degraded, and thus is constitutively present at a higher level in the nucleus. High levels 
of HIF-1α in turn lead to the overexpression of VEGF and other angiogenesis factors in carcinogenesis. (B) The molecular pathogenesis of ccRCC with VHL 
mutations resembles that noted in CCC patients with ARID1A mutations. ARID1A protein is also part of an ubiquitin ligase complex for ubiquitin-mediated 
destruction of histone H2B. Similar to the VHL gene, once histone H2B binds to ARID1A, an ubiquitin ligase complex binds H2B, leading to ubiquitination 
of H2B, and marking it for degradation by the proteasomal machinery of the cell. The right panels of the figure show the disruption of this normal regulatory 
process when ARID1A function is aberrant by somatic mutations. In the absence of functional ARID1A, the ubiquitin ligase complex cannot bind H2B, 
resulting in the accumulation of H2B in the nucleus. Inactivation of the ARID1A tumor-suppressor protein and subsequent loss of function in the ARID1A 
complex result in dysfunction in the ubiquitination of histone H2B, which is crucial in the aberration of chromatin remodeling and cell cycle checkpoint 
machinery, and subsequent evasion of apoptosis.

  A

  B



ONCOLOGY LETTERS  2:  591-597,  2011 595

VHC protein to ubiquitinate HIFs, resulting in accumulation 
of HIFs to high levels (42). Overexpression of HIF genes 
stimulates the expression of a number of significant genes, 
such as vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF) and transforming growth 
factor α (TGFα) (44).

As described above, the majority of CCC possess somatic 
inactivating mutations in the ARID1A gene (27,28). As with  
VHL, ARID1A exists in complex with a series of other 
proteins, including elongin B, elongin C, cullin2 and Rbx1, 
to form an ubiquitin ligase complex (30) (Fig. 2B). Loss of 
the ARID1A tumor suppressor, which occurs with VHL 
mutations in ccRCC, promotes CCC tumorigenesis primarily 
through loss of the assembly of the Cullin-Elongin-Rbx1-E2 
complex and subsequent ARID1A-mediated histone H2B 
regulation. The binding of H2B to ARID1 and to the ubiquitin 
ligase complex causes H2B to be ubiquitinated and degraded 
by the proteasomal complex (30). Mutated ARID1A may not 
bind to H2B, and consequently is not degraded. Loss of the 
ARID1A protein may cause a failure to regulate the H2B 
assembly, resulting in accumulation of H2B to high levels. 
Results using siRNA-knockdown approach indicate that 
ARID1A is required for cell-cycle arrest (26). Ubiquitination 
of H2B was associated with transcriptional activation (45). For 
example, ubiquitinated H2B has been identified in the yeast 
Saccharomyces cerevisiae, and mutation of the conserved 
ubiquitination site is shown to confer defects in mitotic cell 
growth and meiosis. H2B ubiquitination is a prerequisite for 
a second modification on a different histone. Methylation 
of H3 at lysine residues depends on the ubiquitination of 
histone H2B (46). Reduced ubiquitination of H2B reduces H3 
lysine-79 di-methylation and correlates with a decreased gene 
expression. The addition of ubiquitin to chromatin compo-
nents such as H2B affects various DNA-based processes, 
such as cell cycle progression, DNA damage repair and gene 
silencing (47). These results indicate the role of ARID1A 
mutations in components of the chromatin modification 
machinery in CCC.

Notably, mutations of the following three genes encoding 
enzymes involved in histone modification were found in 
ccRCC cases: UTX (KDM6A, a histone H3 lysine 27 demethy 
lase), SETD2 (a histone H3 lysine 36 methyltransferase), and 
JARID1C (KDM5C, a histone H3 lysine 4 demethylase) (48). 
KDM6A catalyzes the demethylation of tri/dimethylated 
histone H3 (48). This gene regulates cell proliferation and 
acts as a tumor suppressor via pRb-dependent pathways (49). 
SETD2 is a methyltransferase specific to histone H3 lysine-
36, and methylation of this residue is associated with active 
chromatin. SETD2 behaves in the same manner as a poten-
tial tumor suppressor gene in breast cancer (50) and ccRCC 
(51). KDM5C encodes a protein with one ARID domain and 
is involved in the regulation of transcription and chromatin 
remodeling. These results emphasize the role of mutations in 
other components of the chromatin modification machinery in 
ccRCC (48).

Finally, the somatic mutation spectrum of the ARID1A 
gene in CCC tissue samples was calculated using the data 
from two recently published articles (27,28). We calculated 
that the majority of these mutations were C to T mutations 
(68%) (Table I). The mutation spectrum was enriched for tran-

sitions (75%), indicating that C to T transition mutations were 
the major type of base substitution. Notably, the mutation spec-
trum in ccRCC was dominated by C to T/G to A transitions, 
but not transversion (48). The mutation spectrum in CCC was 
dominated by C to T transition as has been noted in ccRCC. 
These data allow us to hypothesize that CCC and ccRCC arise 
from a common pathogenesis. The data on the ccRCC gene 
mutations may provide insights into pathogenesis as well as 
the opportunity to gain a better understanding of the role of 
genetic and epigenetic subtypes of CCC. VHL inactivation 
alone induces senescence, suggesting a requirement for addi-
tional mutations to further drive ccRCC development in VHL 
mutant cases (48). No data exist regarding whether ARID1A 
inactivation alone induces CCC phenotype. Therefore, the role 
of ARID1A and the manner in which its inactivation affects 
cancer development should be investigated.

7. Conclusions

Although the broad principles of the biology of CCC are not 
fully understood, this tumor type is often associated with 
endometriosis. The somatic mutations of CCC have been 
investigated. Although p53, KRAS and PTEN genes are 
frequently mutated in other types of human cancer, contri-
bution of these genes to neoplastic transformation of CCC 
is limited (27,52). One of the novel mutated genes involved 
in CCC was found to be ARID1A, a chromatin remodeling 
modifier (27,28). This review focuses on the potential role of 
histone modifiers such as ARID1A in CCC carcinogenesis. 
The mutation spectrum of ARID1A in CCC was dominated 
by C to T transitions, leading to nonsense mutations (27,28). 
Since ARID1A mutation and subsequent loss or dysfunction 
of BAF250a protein is observed in preneoplastic lesions (atyp-
ical endometriosis), it has been reported that this mutation is 
an early event in the transformation of endometriosis into 
CCC (27). The biological role of ARID1A is to ubiquitinate 

Table I. Base substitution mutations of the ARID1A gene 
observed in CCC tissue samples.

Base substitution mutations No. (%)

Transition total 21 (75.0)
  C to T 19 (67.9)
  A to G 1 (3.6)
  G to A 1 (3.6)

Transversion total 7 (25.0)
  C to A 1 (3.6)
  C to G 1 (3.6)
  A to C 1 (3.6)
  G to T 2 (7.1)
  T to A 1 (3.6)
  T to G 1 (3.6)

The majority of base substitution mutations were C to T transition. 
Data are from refs. 27 and 28.
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and rapidly degrade histone H2B through the proteosomal 
complex (30). This process includes the pathway from aber-
rations in ARID1A to dysregulated (unubiquitinated) histone 
H2B, leading to downstream changes in transcription genes. 
Post-translational modifications of the histone H2B are 
centrally involved in the regulation of all DNA-templated 
processes, including gene transcription, DNA replication, 
recombination, and repair, thus regulating a wide range of 
cellular processes and functions.

Histone modifications and other epigenetic mechanisms 
work together in maintaining gene activity states. Epigenetic 
information in chromatin includes covalent modifications, 
such as acetylation, methylation, phosphorylation and 
ubiquitination, of histones. Therefore, ARID1A, a chromatin-
modifying factor, plays an essential role in DNA processing 
pathways that dictate cellular functions. ARID1A may 
contribute to cell cycle arrest and induced apoptosis, possibly 
through p53- and/or pRb-dependent signaling cascades, 
suggesting a role of ARID1A in the cell cycle checkpoint 
machinery (Fig. 2). Loss or dysfunction of the ARID1A gene 
by mutations may lead to aberrant chromatin remodeling, 
alterations in the cell cycle checkpoint machinery and subse-
quent apoptosis evasion. ARID1A acts as a tumor suppressor 
gene, that stimulates cell signaling, leading to cell cycle arrest 
and cell death in the event of DNA damage. Therefore, the 
dysfunction of ARID1A may lead to susceptibility to CCC 
carcinogenesis through a defect in the repair or replication 
of damaged DNA. Loss of expression and dysfunction of the 
ARID family may markedly alter in carcinogenesis. However, 
the functions and regulation of histone H2B ubiquitination 
and deubiquitination by ARID1A have yet to be fully under-
stood. This is a significant consideration for various tumors 
showing the downregulation of ARID1A expression since 
acquired resistance to the activation of apoptosis in tumor 
cells is a serious limitation of current anticancer therapies. 
Thus investigating the manner in which ARID1A levels in 
CCC affect the prognosis of the disease upon treatment with 
various DNA-damaging agents is crucial.

Although the broad principles of the biology of CCC are 
not fully understood, significant advances have been made. 
Recent biochemical studies based on genome-wide expres-
sion analysis technology have noted a specific expression of 
a transcription factor, hepatocyte nuclear factor-1β (HNF-1β), 
in CCC (8,53). HNF-1β overexpression is common in CCC. 
By comparing CCC to the contiguous atypical endometriotic 
lesions, the same overexpression of HNF-1β may be present in 
the putative precursor lesions (atypical endometriosis) and in 
a variety cancers. The distant endometriotic lesions have also 
shown a moderate expression of HNF-1β. In the case of EAC, 
however, HNF-1β expression was not present in the atypical 
endometriosis nor in the tumors. A correlation between chro-
matin remodeling gene ARID1A and the CCC-specific gene 
HNF-1β has yet to be elucidated.

Although ARID1A mutation may be significant factor 
for CCC carcinogenesis, various questions have yet to be 
answered. Investigation into whether i) histone modification is 
the most critical event for oncogenesis; ii) other, as yet under-
studied, genes are also involved; and iii) these events are more 
critical for CCC and not in another organ system, is required 
to determine new treatment modalities for CCC.
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