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Abstract
Ovarian Clear Cell Carcinoma (OCCC) is an aggressive human cancer that is generally resistant to
therapy. To explore the genetic origin of OCCC, we determined the exomic sequences of eight
tumors after immunoaffinity purification of cancer cells. Through comparative analyses of normal
cells from the same patients, we identified four genes that were mutated in at least two tumors.
PIK3CA, which encodes a subunit of phosphatidylinositol-3 kinase, and KRAS, which encodes a
well known oncoprotein, had previously been implicated in OCCC. The other two mutated genes
were novel: PPP2R1A encodes a regulatory subunit of serine/threonine phosphatase 2 and
ARID1A encodes AT-rich interactive domain-containing protein 1A, which participates in
chromatin remodeling. The nature and pattern of the mutations suggest that PPP2R1A functions as
an oncogene and ARID1A as a tumor suppressor gene. In a total of 42 OCCCs, 7% had mutations
in PPP2R1A and 57% had mutations in ARID1A. These results suggest that aberrant chromatin
remodeling contributes to the pathogenesis of OCCC.

Ovarian cancers are a heterogeneous group of diseases with distinct clinicopathological and
molecular features (1). Among them, OCCCs, which accounts for 10% of epithelial ovarian
cancers, is one of the most aggressive types because, unlike the high grade-serous type, it is
refractory to standard platinum-based chemotherapy. Previous morphological and molecular
studies have indicated that OCCC develops in a stepwise fashion from a common disease
progenitor state, in many cases endometriosis, and then proceeds to frank malignancy (2-6).
Activating mutations in PIK3CA (7) and genomic amplification of chr20q13.2 (8) are the
most common molecular genetic alterations so far identified in OCCC.
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To explore the genetic basis of this tumor type, we have determined the sequences of the
∼18,000 protein-encoding genes listed in the RefSeq database in tumors from eight patients
(table S1). Because these tumors are composed of a mixture of cancer and stromal cells, we
purified the cancer cells using epithelial cell target antibodies attached to magnetic beads
(9). Staining of the cells bound to the beads revealed that > 90% of them were OCCC cells.
This procedure thereby maximized the sensitivity of the sequencing analyses by eliminating
most of the contaminating normal cells (containing normal genomes) from the sample. DNA
from the purified cells, as well as from normal cells obtained from the blood or uninvolved
tissues of the same patients were used to generate libraries suitable for massively parallel
sequencing by synthesis (9). Following capture of the coding sequences of the targeted
genes with a SureSelect Enrichment System, the DNA was sequenced using an Illumina
GAIIx platform. The average coverage of each base in the targeted regions was 84 fold and
92.7 % of these bases were represented in at least 10 reads (table S2).

Using stringent criteria for analysis of these data (9) we identified 268 somatic mutations in
253 genes among the eight tumors. The range of mutations per tumor was 13 to 125
alterations. Of these, 237 (88%) mutations were confirmed by Sanger sequencing (table S3).
The tumor with 125 mutations (OCC06PT) was from a patient with recurrent disease that
had previously been treated with chemotherapy. Excluding OCC06PT, there was an average
of 20 mutations per tumor (table S2 and S3). The mutation spectrum was enriched for C to T
transitions at 5′-CG base pairs, similar to those of other tumors whose exomes have been
sequenced (10-14). Only four genes were mutated in more than one of the eight tumors
studied: PIK3CA, KRAS, PPP2R1A, and ARID1A. The mutations in each of these four
genes, and their somatic nature, were confirmed by Sanger sequencing of the DNA from the
tumor and normal tissues of the corresponding patients (examples in Fig. 1). The sequences
of these four genes were then determined in the tumor and normal tissues of an additional 34
OCCC cases using PCR amplification and Sanger sequencing with the primers listed in table
S4. In total, PIK3CA, KRAS, PPP2R1A, and ARID1A mutations were identified in 40%,
4.7%, 7.1%, and 57% of the 42 tumors, respectively (Table 1).

Cancer cell lines with mutations in genes involved in cancer development provide valuable
tools for further research. To this end, we extended the analysis of these four genes in seven
OCCC cell lines that were derived from tumors independent of those described above. In
seven cell lines we identified nine ARID1A mutations in five cell lines, three with PPP2R1A
mutations, one with a KRAS mutation and four with PIK3CA, mutations (table S5).

The nature of the somatic mutations in tumors can often be used to classify them as
oncogenes or tumor suppressor genes (15). In particular, all bona fide oncogenes are
mutated recurrently (that is, at the same codon or clustered at a few adjacent codons in
different tumors), and the mutations are nearly always missense. In contrast, all bona fide
tumor suppressor genes are mutated at a variety of positions throughout the coding region of
the gene and the mutations often truncate the encoded protein through production of a stop
codon by a base substitution, an out-of-frame insertion or deletion (indel) or a splice site
mutation. Moreover, tumor suppressor gene mutations generally affect both alleles, whereas
mutations in oncogenes commonly affect only one allele.

Based on this logic, we can speculate about the likely function of the four genes in OCCC.
PIK3CA and KRAS are well-studied oncogenes, and the 19 mutations identified in OCCC
were heterozygous and clustered; fourteen of the 17 mutations in PIK3CA were at codons
542, 546, or 1047, while both mutations in KRAS were at codon 12 (Table 1). The three
mutations in PPP2R1A were similarly heterozygous and clustered, suggesting that it
functions, when mutated, as an oncogene (Table 1). In contrast, the 32 mutations in ARID1A
were distributed throughout the coding region and all were predicted to truncate the protein
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through a base substitution resulting in a stop codon (9 mutations), or an out-of-frame
insertion or deletion (23 mutations) (Table 1). In 10 of the 24 tumors with ARID1A
mutations, both ARID1A alleles were affected through either a mutation in one allele and
loss of heterozygosity of the other allele, or through two mutations which were presumably
biallelic. Thus, we hypothesize that ARID1A functions as a tumor suppressor gene and that
somatic mutations inactivate the gene product.

The serine/threonine protein phosphatase PP2A represents a family of holoenzymes with
various activities. The holoenzyme contains a core composed of a heterodimer of a catalytic
subunit (PPP2CA or PPP2CB) and a constant regulatory subunit (PPP2R1A or PPP2R1B).
PPP2R1A serves as a scaffold to coordinate the interaction of the core enzyme with one of
more than 15 regulatory subunits to form the heterotrimeric holoenzyme (16,17). Somatic
mutations in PPP2R1A are not listed in the Cancer Gene Census of the COSMIC database,
although a few alterations in this gene have been previously reported (18). Functional
studies have shown that PP2A is involved in the control of cell growth and division.
Specifically, this protein is required for proper chromosome segregation through its
interactions with Bub1 and Sgo1 (19). The two arginine residues that were somatically
mutated in OCCC are highly conserved and reside within one of the HEAT domains of
PPP2R1A that are involved in binding regulatory subunits.

The protein encoded by ARID1A can bind to AT-rich DNA sequences and is a component of
the ATP-dependent chromatin modeling complex SWI/SNF. The SWI/SNF chromatin-
remodeling complex mobilizes nucleosomes and functions as a regulator of gene expression
and chromatin dynamics. ARID1A is one of the two mutually exclusive ARID1 subunits of
the SWI/SNF complex and is thought to provide specificity to this complex (20). Changes in
chromatin can influence the epigenetic regulation of many genes, inducing those that play a
role in cancer (20-22). Indeed, functional studies have implicated ARID1A in the ability of
the SWI/SNF complex to inhibit cell growth (23). No mutations of ARID1A are listed in the
Cancer Gene Census of the COSMIC database, but chromosomal translocations that involve
this gene have been identified in a human breast cancer and a human lung cancer cell line
(24). Knock-down of ARID1A in a leukemia cell line confers resistance to Fas-mediated
apoptosis (25).

The results of this study emphasize two themes in modern cancer genetics. The first is that
specific tumor types are characterized by mutations in “communal cancer genes” like KRAS
and PIK3CA as well as in “restricted cancer genes” like PPP2R1A and ARID1A. The
communal cancer genes are involved in a variety of cancers and have been extensively
studied. Restricted cancer genes have been shown to contribute to specific types of
leukemias and sarcomas, mainly through translocations (e.g., the ABL oncogene in chronic
myelogenous leukemia and EWS fused to an ETS transcription factor family member in
Ewing's sarcoma). With the advent of whole exome sequencing, we are beginning to see
similar specificity with respect to point mutations (e.g., IDH1 in gliomas (14) and GNAQ in
uveal melanomas (26)).

The second theme is that mutations of chromatin-modifying genes are characteristic of
certain tumor types. Recent examples include the JARID1C gene, also known as lysine (K)-
specific demethylase 5C (KDM5C), in renal cell cancers (27), SMARCA4/BRG1 (SWI/SNF
related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 4)
in lung cancers (28) and now ARID1A in OCCC. Epigenetic changes in cancers, including
methylation of deoxycytidine residues in DNA and a variety of covalent modifications of
chromatin proteins, have been extensively studied (20-22,29). Interestingly, however, the
reason(s) that DNA methylation and chromatin are different in cancer cells than in normal
cells is completely unknown. Similarly, the relationship between the genetic alterations that
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unequivocally drive tumorigenesis and the epigenetic changes that are so widespread in
tumor genomes has not been defined. Discovery of tumor suppressor genes such as ARID1A
that are mutated in cancers bridge this gap, as they are likely to directly lead to epigenetic
changes in cancer cells through specific modifications of chromatin proteins. They
additionally provide a potential approach to determine which of the numerous epigenetic
changes in cancers confer a selective growth advantage and which are simply “passengers”
that do not play a causal role. The identification of the genes whose chromatin is specifically
affected by ARID1A inactivation, and whose expression is thereby modulated, will be the
next crucial step in this line of research.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence chromatograms showing somatic ARID1A and PPP2R1A mutations. The lower
panels show the tumor and the upper panels show the matched normal control.
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