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Integrated genomic/epigenomic 
analysis stratifies subtypes of clear 
cell ovarian carcinoma, highlighting 
their cellular origin
Akira Nishijima 1,2, Katsutoshi Oda 3*, Kosei Hasegawa 4, Takahiro Koso 1,2, Kayo Asada 1,2, 
Yuji Ikeda 5, Ayumi Taguchi 2, Daichi Maeda 6, Genta Nagae 1, Shingo Tsuji 1, Kenji Tatsuno 1, 
Yuriko Uehara 1,2, Akira Kurosaki 4, Sho Sato 4, Michihiro Tanikawa 2, Kenbun Sone 2, 
Mayuyo Mori 2, Masako Ikemura 7, Keiichi Fujiwara 4, Tetsuo Ushiku 7, Yutaka Osuga 2 & 
Hiroyuki Aburatani 1*

The cellular origin of clear cell ovarian carcinoma (CCOC), a major histological subtype of ovarian 
carcinoma remains elusive. Here, we explored the candidate cellular origin and identify molecular 
subtypes using integrated genomic/epigenomic analysis. We performed whole exome-sequencing, 
microarray, and DNA methylation array in 78 CCOC samples according to the original diagnosis. The 
findings revealed that ARID1A and/or PIK3CA mutations were mutually exclusive with DNA repair 
related genes, including TP53, BRCA1, and ATM. Clustering of CCOC and other ovarian carcinomas 
(n = 270) with normal tissues from the fallopian tube, ovarian surface epithelium, endometrial 
epithelium, and pelvic peritoneum mesothelium (PPM) in a methylation array showed that major 
CCOC subtypes (with ARID1A and/or PIK3CA mutations) were associated with the PPM-lile cluster 
(n = 64). This cluster was sub-divided into three clusters: (1) mismatch repair (MMR) deficient with 
tumor mutational burden-high (n = 2), (2) alteration of ARID1A (n = 51), and (3) ARID1A wild-type 
(n = 11). The remaining samples (n = 14) were subdivided into (4) ovarian surface epithelium-like (n = 11) 
and (5) fallopian tube-like (considered as high-grade serous histotype; n = 3). Among these, subtypes 
(1–3) and others (4 and 5) were found to be associated with immunoreactive signatures and epithelial-
mesenchymal transition, respectively. These results contribute to the stratification of CCOC into 
biological subtypes.
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Clear cell ovarian carcinoma (CCOC) is one of the five major histological subtypes of ovarian carcinomas, 
the others being high-grade serous (HGSOC), low-grade serous, mucinous (MOC), and endometrioid ovar-
ian carcinomas (EMOC)1. Among these, HGSOC is the most common histological subtype, accounting for 
> 50% of all histological  subtypes2. CCOC is commonly observed in Asia, especially in Japan, where it com-
prises ~ 25% of the epithelial ovarian  carcinomas3. While HGSOC is linked with fallopian tube involvement and 
precursor lesions, CCOC is generally associated with endometriosis and is often resistant to platinum-based 
 chemotherapy3,4. Furthermore, the molecular events vary among these histological subtypes. In HGSOC, TP53 
mutations are observed in nearly 100% of  cases4,5. In addition, germline and somatic mutations in BRCA1/2 
and other homologous recombination repair genes (e.g., RAD51C, BRIP1) also occur much more frequently in 
 HGSOC4–6. In contrast, the two most frequently mutated genes in CCOC (at > 50%) are ARID1A and PIK3CA, 
and the coexistence of both mutations contributes to  tumorigenesis3. TP53 mutations, characteristic of HGSOC, 
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are relatively infrequent in CCOC, observed in approximately 10% of  cases7,8. The Nrf2-Keap1 signaling and 
DNA repair genes, like TP53 and ATM (ataxia telangiectasia mutated), protect cells from various toxicants 
and carcinogens, and mutations in these genes cause resistance to oxidative  stress9–11. CCOC is associated with 
ovarian endometrial cysts and anti-oxidative stress, indicating that a minor fraction could be associated with 
DNA repair deficiency, including TP53 mutations. The proportion of mutations in other genes, including KRAS, 
CTNNB1, PPP2R1A, and PTEN (< 10–15%)7,12,13 as well as in BRCA1/2 and the other homologous recombination 
repair genes is low in  CCOC14,15. Nevertheless, CCOC exhibits DNA copy number gains at various loci, includ-
ing MYC, PIK3CA, ZNF217, MET, and AKT2, whereas copy number losses are common at loci such as PTEN, 
CDKN2A/B, and LZT116,17. We previously reported that CCOC was characterized by a high ratio of whole-arm 
copy number alteration (CNA), whereas CNAs in HGSOC were mainly focal with a high frequency of loss of 
 heterozygocity16. Furthermore, overexpression of HNF1B and activation of the PI3K/AKT/mTOR pathway have 
been reported in the expression array of  CCOC3,18. These genome-wide analyses have provided insights into 
the molecular characterization of CCOC; however, they have not been integrated and lack the sufficient depth 
required for a biology-based classification of CCOC subtypes.

Until recently, all subtypes of ovarian carcinoma were believed to arise from the ovarian surface epithelium. 
However, recent pathological and molecular studies have indicated that the majority of them arise from non-
ovarian tissues. In particular, identical mutations of TP53 in the fallopian tube (serous tubal intraepithelial 
carcinoma) and in the primary HGSOC tumors indicated that the fallopian tube cells were likely the progenitor 
cells of  HGSOC19. CCOC is frequently associated with endometriosis and endometrial cysts of the  ovary20. 
Multiple lines of evidence, including pathology observation, epidemiology, and molecular evidence, show that 
CCOC arises from  endometriosis21,22. However, the cellular origin of CCOC (and the endometrial cyst itself) 
is not clearly understood. Mutational signatures, determined through collective somatic mutations in a cancer-
affected individual, reflect multiple mutagenic  processes23,24. BRCA- and Age-signatures are two major mutational 
signatures identified in HGSOC; however, the BRCA signature is not predominant in  CCOC5,7, suggesting dis-
similarity in the origin of HGSOC and CCOC.

DNA methylation-based classification has recently attracted much attention in carcinogenesis and cellular 
origin. Methylation-based classification is useful and applied in clinical settings to categorize all entities in the 
central nervous system  tumors25. In addition, the technique is applicable to the classification of pediatric brain 
 tumors26. Therefore, we speculated that genome-wide methylation analysis could contribute to clarifying cellular 
origin and origin-based classification in rare tumors.

In this study, using integrated genetic/epigenetic analysis, we aimed to (i) reveal CCOC-associated mutations 
in key pathways and assess their clinical relevance, (ii) determine mutational signatures, (iii) establish CCOC 
cellular origin based on methylation profiling, and (iv) develop tumorigenesis-based subclassification of CCOC.

Materials and methods
Sample description and preparation
Clear cell ovarian carcinoma (CCOC) tumors and patient-matched peripheral blood samples were collected at 
the University of Tokyo Hospital and Saitama Medical University International Medical Center with the approval 
of the institutional review board (ID: G-0683, G3531 by “The Research Ethics Committee, Graduate School of 
Medicine and Faculty of Medicine, The University of Tokyo, and 13–098 by Ethical Committee of Saitama Medi-
cal University, respectively) and written informed consent from the patients. Normal controls for expression and 
methylation analysis, ovarian surface epithelium (OSE) and pelvic peritoneal mesothelium (PPM) were obtained 
from patients without malignancy through laparotomic surgical resection at the University of Tokyo Hospital. 
All methods were performed in accordance with the relevant guidelines and regulations.

Genomic DNA and total RNA were extracted from frozen tumor samples, following cryostat sectioning, using 
DNA and AllPrep DNA/RNA Mini Kits (Qiagen, Hilden, Germany); genomic DNA from matched peripheral 
blood samples was isolated using QIAamp DNA Mini Kit (Qiagen). We dissolved DNA in water during the 
fragmentation process, using COVARIS. In the early phase of whole-exome sequencing (WES), the presence 
of iron in the water caused base substitution in only one strand, was caused by the iron in the water, leading to 
an OxoG artifact problem, which was solved using Tris–EDTA  buffer27. Nevertheless, the oxoG artifacts were 
removed according to a previous  study28. Depending on the sample availability and quality of DNA and RNA, 
we performed WES with paired tumor/normal DNA in 78, expression microarray with RNA in 90, and DNA 
methylation array with tumor DNA alone in 94 samples, as described in the next section.

WES, read mapping, and detection of somatic mutations
The genomic DNA libraries from tumor-blood pairs were constructed according to the KAPA Hyper Prep 
Kit protocol (Kapa Biosystems, Wilmington, MA). Whole-exome capture was performed using the SureSelect 
Human All Exon kit (Agilent Technologies, Santa Clara, CA) and sequenced the exome capture libraries on 
the HiSeq 2000 platform according to the manufacturer’s instructions generating 2 × 100 bp paired-end reads. 
Image analysis and base calling were performed using the Illumina pipeline with default settings. Exome reads 
were mapped to the human genome (GRCh37/hg19) using Burrows–Wheeler Aligner (BWA) and NovoAlign 
software independently. Given the project’s initiation in 2012 and the collection of all samples before 2013, 
GRCh37/hg19 was selected as the reference genome due to its relevance at that time. Reads with a minimal 
editing distance to the reference genome were chosen to represent optimal alignments. Thereafter, BAM files 
were locally realigned with Semantic-Rearrangement-based Multi-Level Alignment. Normal-tumor pair BAM 
files were processed using an in-house genotyper called karkinos (https:// sourc eforge. net/ proje cts/ karki nos/)29. 
Artifacts originating from errors in the sequence and mapping were filtered out by checking SNV positions 
and base quality scores for supporting reads. Annotation of SNVs was performed using  ANNOVAR30. Variant 
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calling for base pair substitutions, short insertions, and deletions, as well as a subset of base pair mutations and 
rearrangements, were validated during these procedures.

Detection of CNA
Several groups developed CNA calling based on  WES31. We detected allele-specific CNA from exome sequenc-
ing using the in-house pipeline, karkinos, by calculating allele-specific read ratio of the matched tumor and 
normal samples in regions of heterozygous SNPs, normalized raw data, adjusted GC contents, desecrate wavelet 
denoising, and applying multi-state  HMM32. Briefly, we detected and evaluated the allele-specific CNA (loss of 
heterozygosity, homozygous deletion, and copy number gain) in our pipeline, using the SNP genotypes (A/A-
A/B-B/B) with a clear imbalance of the variant allele frequency (VAF) (apart from 0.5) in all heterozygous (A/B) 
SNPs of the tumor cells. Conversely, no such imbalance was observed in the heterozygous SNPs of the normal 
cells, where all the A/B VAF values were approximately 0.533.

Mutational signature analysis
Mutational signatures of the 96 trinucleotide mutation contexts have been characterized in various types of 
human  cancers23,24. We analyzed the Non-negative Matrix Factorization (NMF) algorithm to detect and classify 
the somatic mutation signature types, as previously  described34.

In mutational signature analysis, one signature was identified in the majority of the hyper-mutation subgroup. 
Subsequent analyses identified the 8-Oxo-G artifact as the underlying  cause27. We filtered mutations using the 
D-ToxoG algorithm (http:// archi ve. broad insti tute. org/ cancer/ cga/ dtoxog), using a bias of read 1 and read 2 
from next-generation sequencing—24,791 mutations among the 47,070 mutations were detected as artifacts. 
Conversely; 22,270 mutations passed the filter and were re-analyzed. The median variant allele frequency of the 
24,791 mutations filtered out by the D-ToxoG algorithm as artifacts was lower (0.114) than that in real somatic 
mutations.

DNA methylation analysis
The DNA samples were run on an Infinium HumanMethylation450 BeadChip Kit according to the manufacturer’s 
protocol. β values (signal intensity of methylated probe)/(signal intensity of methylated probe + signal intensity 
of non-methylated probe) were corrected for probe design bias using a beta-mixture quantile normalization 
 method35.

We used DNA methylation data of OSE, PPM, CCOC, EME, and HGSOC from our hospital and public 
data of Fallopian Tubal Epithelium (FTE), OSE, and ovarian cancerous tissue from Gene Expression Omnibus 
(GEO), GSE51820 and GSE81227.

After excluding 416 probes targeting the Y chromosome and probes, including missing values, 460,860 of 
the 485,577 probes remained after the selection. We chose significant differentially methylated 13,350 probes 
satisfying the β value difference of > 0.2 (20%) and Benjamini–Hochberg corrected p-value of < 0.01 in three 
kinds of normal samples: OSE, FTE, PPM, and EME compared to the other three. We finally selected 8530 probes, 
excluding probes within five bases of SNPs, using the Infinium HD Methylation SNP List. We classified samples 
into three groups using the Non-negative Matrix Factorization (NMF) consensus package with parameter itera-
tions = 2000 and error function = Euclidian by GenePattern (Version: 3.9.2)36. The heatmaps were created using 
Java TreeView. (Version: 1.1.6r4). Cluster similarity was validated for principal component analysis (PCA) using 
a custom R script.

We advanced the subclassification to explore the epigenetic change from normal tissue to carcinoma. We 
excluded 91,230 probes within five bases of SNPs and 53,983 probes with at least one missing value; 339,894 
probes remained. Significant differentially methylated 15,305 probes satisfying β value difference of > 0.2 (20%) 
and Benjamini–Hochberg corrected p-value of < 0.01 between normal PPM and PPM-like CCOC were finally 
chosen for the clustering. We performed hierarchical clustering using cluster 3.0 (Measurement = Euclidian 
distance, Linkage = Average).

Motif analyses were performed using the HOMER package (version 4.9)37. Enhancer regions were defined 
as 500 base-sized regions around the significantly hypermethylated 449 probes in SWI/SNF depletion CCOC 
[β value difference of > 0.2 (20%) and Benjamini–Hochberg corrected p-value of < 0.05 between normal PPM 
and PPM-like CCOC from annotated “Enhancers” or “Genic enhancers” 21,119 probes using  ChromHMM38]. 
Genes near enhancer regions were detected with GREAT using default parameters (Proximal: 5 kb upstream, 1 kb 
downstream, plus Distal: up to 1000 kb)39. Metascape was used to find gene ontology (GO) and protein–protein 
interaction (PPI) networks of significantly hypermethylated and underregulated  genes40.

Microarray analysis
CCOC tissues (n = 90) were analyzed on HG-U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA) containing 
54,675 probe sets for human genes. Microarray analysis was performed as described  previously16,41. Briefly, 
RNA targets were prepared according to the manufacturer’s protocol using the GeneChip 3’ IVT Express Kit 
(Affymetrix). Total RNA (100 ng) was reverse transcribed and converted to a double-stranded cDNA template 
for transcription. In vitro transcription was used to synthesize amplified RNA (aRNA), and a biotin-conjugated 
nucleotide was incorporated. Fragmented cRNA (10 µg) was hybridized (45 °C, 16 h). Hybridization was con-
trolled using the GeneChip Eukaryotic Hybridization Control Kit (Affymetrix). Washing and staining were 
performed in a Fluidics Station 450 (Affymetrix) using the protocol EukGE-WS2v5. Scanning was performed 
using an Affymetrix GeneChip Scanner 3000 7G. For global normalization, the average signal in an array was 
given a value of 100 using the MAS5 algorithm in the R package affy (version 1.52.0); 54,675 probes were filtered 
based on the coefficient of variation to 5000. A clustering study using an unsupervised hierarchical clustering 
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algorithm classified clusters based on uncentered correlation. The calculations were performed in Cluster 3.0, Java 
TreeView, and the algorithm parameters were set to Measurement = Uncentered correlation, Linkage = Average, 
followed by gene set enrichment analysis (GSEA)42.

Results
Summary of mutations and their clinical relevance
We performed WES of paired samples (tumor tissue and normal tissue DNA) using 78 CCOC cases (Supple-
mentary Tables 1 and 2). The results (Significantly mutated genes and CNAs) are summarized in Fig. 1A–D, 
Supplementary Tables 3–7, and Supplementary Figs. 1–7. Two samples (2.6%) showed mismatch repair (MMR)-
deficient and tumor mutational burden (TMB)-high genotypes (Supplementary Figs. 1, 2). The ratio of TMB-high 
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(> 12 mut/Mb) was 5.1%, including 2 MMR-deficient tumors (Fig. 1A). Somatic mutations in the SWI/SNF 
complex, including ARID1A (55%); PI3K/AKT/mTOR pathway, including PIK3CA (54%); RTK/RAS pathway 
genes, including KRAS (13%), are summarized in Fig. 1D and Supplementary Table 6.

A total of 22 of 78 tumors (28%) were negative for mutations in either ARID1A or PIK3CA (“double-negative” 
genotype). Significantly mutated genes were DNA-repair/Nrf2-Keap1 signaling genes (TP53, ATM, and KEAP1) 
at 50% (11 among 22) in the “double-negative” CCOCs (Supplementary Fig. 5, 6A and Supplementary Table 7). 
Among these, a somatic BRCA1 mutation was detected only in one case, and no germline BRCA1/2 mutations 
were identified. The “double-negative” genotype was significantly associated with advanced stage (T stage) and 
lymph node metastasis (P = 0.040 and 0.0012, respectively; Supplementary Table 8) and with poor prognosis 
(Fig. 1E). Mutations in PIK3CA significantly correlated with favorable overall survival (P = 0.0074), whereas 
mutations in ARID1A did not (Supplementary Fig. 6B, C). Univariate and multivariate analyses indicated that 
mutated PIK3CA was a favorable prognostic factor, independent from the T stage (Supplementary Tables 9, 10).

Mutational signatures
The mutational signature reflects the carcinogenic process of mutation accumulation in individual  tumors21; 
therefore, we analyzed the mutational spectrum of 78 CCOC tissue samples and compared it with that of 78 
HGSOC samples collected from another cohort (Supplementary Fig. 7A–C). The components of mutational 
signatures were significantly different between CCOC and HGSOC samples (Supplementary Fig. 7C). The Age 
signature was predominant in 51 cases of CCOC (67%), whereas the APOBEC and BRCA signatures were 
predominant in 14 (18%) and 4 (5.2%) CCOC cases, respectively. Two MMR-deficient, hypermutated tumors 
exhibited the MMR signature (signature 6 of “Mutational Signatures v2” from the COSMIC database)23. In con-
trast, the BRCA signature was predominantly observed in HGSOC samples (Supplementary Fig. 7C).

Next, we analyzed the mutational signatures of 76 CCOC samples after excluding the two MMR-deficient 
tumors, as the Age signature was significantly concealed by the MMR signatures of the two hypermutated tumors. 
We found four representative signatures in these CCOC samples (Fig. 2A, B; Supplementary Fig. 8A), of which 
three were previously identified in a pan-cancer analysis of current COSMIC signatures through cosine simi-
larity. These three signatures matched signatures 1, 3, and 13 (v2), which are associated with Age, BRCA, and 
APOBEC3A/3B signatures, respectively (Fig. 2B). The remaining signatures did not match any reported signa-
tures and were predominant in the four samples with a low ratio of tumor cells. BRCA signature was predominant 
only in the 4 “double negative” CCOCs, suggesting the fraction of HGSOC-like tumors. The predominance of 
Age and APOBEC3A/3B signatures were compatible with that in a previous  report7. The number of mutations in 
the Age-signature predominant group was significantly lower than that in the APOBEC-signature predominant 
group, although the number of indels was not significantly different (Supplementary Fig. 8B, C).

Methylation profiling and cellular origin
Methylation profiles have recently garnered much attention as tools to establish the cellular origins of cancers 
because CpG island promoter hypermethylation patterns are cancer-type  specific43. We clustered 270 ovarian 
cancer samples (94 CCOCs, 157 HGSOCs, 8 MOCs, and 11 EMOCs) using non-negative matrix factorization 
in the methylation array and compared them to 30 normal samples {nine fallopian tube epithelium (FTE), three 
pelvic peritoneum mesothelium (PPM), 14 ovarian surface epithelium (OSE), and 4 endometrial epithelium 
(EME)}, using our dataset and publicly available datasets, GSE51820 and GSE81227. We independently per-
formed hierarchical clustering analysis in cancer and normal tissues due to the batch effects among the datasets. 
Batch effects were more evident in normal tissues because the sample size was small with various ratios of three 
datasets (i.e., PPM samples were only from publicly available samples, while samples from uterine endometrium 
were only our samples). Methylation profiles were site-specifically defined by these four normal tissues (Fig. 3A, 
Supplementary Fig. 9). We confirmed that ovarian cancer samples were classified into three clusters, which cor-
responded to the methylation profiles of FTE, PPM, and OSE/EME tissues (Fig. 3A; Supplementary Fig. 10). PCA 

Figure 1.  An overview of somatic mutations, copy number variations, and mutated pathways in 78 samples of 
clear cell ovarian carcinoma. (A) Genes with statistically significant mutations or focal copy number variations 
in each sample, classified by the status of the major mutations. Two samples in the right columns were hyper-
mutated. The upper histogram shows the somatic mutation rate in each sample. (B)–(D) Mutations of genes 
associated with the significantly mutated pathways: (B) Distribution of SWI/SNF complex mutations (78%, 
61/78). The number of mutations was as follows: 6 (7.7%) in SMARCA4 (encoding BRG1), 5 (6.4%) in ARID1B 
(BRG1-associated factor 250b: BAF250B), 1(1.3%) in SMARCAL1, SMARCA2, and SMARCC1. Coexistence 
with ARID1A mutations at 69% (9/13). The number of LOH is as follows; 17 (22%) in ARID1A (22%), 19 (24%) 
in SMARCA4 (chr 19p13.2), 3 (3.8%) in ARID1B (chr 6q25.3), 10 (13%) in SMARCA2 (chr 9p24.3), 5 (6.4%) 
in SMARCAL1 (chr 2q35), 5 (6.4%) in SMARCC1 (chr 3p21.31), and 4 (5.1%) in SMARCE1 (chr 17q21.2). (C) 
Distribution of mutations in the PI3K/AKT/mTOR pathway. The number of mutations was 1 (1.3%) in PTEN, 
AKT1, AKT2, mTOR, and TSC1. The number of copy number gain was as follows: 22 (28%) in PIK3CA (chr 
3q26.32), 6 (7.7%) in AKT1 (chr 14q32.33), and 9 (11.5%) in AKT2 (chr 19q13.2). The number of LOH was 
22 (33.3%) in TSC2 (chr 16p13.3). (D) Mutations and copy number variations in the RTK/RAS pathway. The 
number of mutations was as follows: 10 (12.8%) in KRAS, 4 (5.1%) in FGFR2, 4 (5.1%) in ERBB3, 4 (5.1%) 
in CTNNB1, 1 (1.3%) in NRAS, and 1 (1.3%) in MAP2K1 (MEK1). The number of copy number gains was as 
follows: 9 (12%) in KRAS (chr 12p12.1), 19 (24%) in ERBB2 (chr 17q12), 9 (12%) in ERBB3 (chr 12q13.2), 6 
(7.7%) in EGFR (chr 7p11.2), 4 (5.1%) in MET (chr 7q31.2), and 5 (6.4%) in CTNNB1. (E) Overall survival 
according to the mutational status of ARID1A and PIK3CA.

◂
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analysis of ovarian cancers revealed the presence of three distinct clusters. However, it’s crucial to acknowledge 
that batch effects may influence these clusters. This consideration arises particularly due to the inclusion of 
several OSE-like FTE samples in the FTE-like cluster (Fig. 3B). The FTE-like cluster included 129 of 157 (83%) 
HGSOC samples and only five of 94 (5.3%) CCOC samples (P < 0.001; Fig. 3A). In addition, the FTE-like cluster 
included 6 of 11 EMOC samples. In contrast, the PPM-like cluster was predominantly enriched with CCOC 
samples (76 of 94, 81%). The OSE/EME-like cluster contained 12 of 94 (13%) CCOC samples, 16 of 156 (10%) 
HGSOC samples, 3 of 8 MOC samples (38%), and 7 of 11 (64%) EMOC samples. All three CCOC samples in the 
FTE-like cluster had TP53 mutations with a predominance of the BRCA signature, whereas all CCOC samples 
with ARID1A and/or PIK3CA mutations (n = 56) were classified into the PPM-like cluster. CCOC samples in 
the OSE/EME-like cluster were associated with the “double-negative” genotype (six of nine: 67%). These data 
suggest that PPM cells could be associated with the cells of origin of (typical) CCOC.

Subclassification
Methylation‑based subclassification and correlation with the SWI/SNF depletion
We advanced the subclassification to explore epigenetic changes between normal PPM tissue and carcinoma by 
re-selecting 15,038 probes that were significantly different between normal PPM and PPM-like CCOC samples. 
Unsupervised hierarchical clustering identified two subgroups, stratified by the absence and presence of ARID1A 
mutations (ARID1A-intact cluster and ARID1A-mutated cluster) (Fig. 3C). The SWI/SNF-dependent distal 
enhancers are essential for controlling the expression of various  genes44; therefore, we focused on the probe types 
that were hypermethylated or hypomethylated in the ARID1A-mutated cluster. The ratio of “Quiescent” probes 
was significantly enriched (53%) in the hypomethylated probes, whereas the ratios of “Promoter” (20%) and 
“Repressed Polycomb States” (24%) were significantly enriched in the hypermethylated probes (Supplementary 

Figure 2.  Mutational signatures in 76 samples of clear cell ovarian carcinoma. (A) Bars represent APOBEC 
(blue), AGE (red), BRCA (green), and Unclassified (gray) signature mutation rates for each tumor. Each 
cluster (n = 4) is colored based on the predominant signature. (B) Nucleotide substitution patterns of the four 
mutational signatures, based on 96 possible mutation types {six types of substitutions (C > A, C > G, C > T, T > A, 
T > C, and T > G) × four types of the 5′-base × four types of the 3′-base}.
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Fig. 11), suggesting that the expression levels of specific genes were subsequently downregulated by the SWI/
SNF depletion.

We further identified transcription factor motifs in 449 probes of the enhancer regions, which were hyper-
methylated in the ARID1A-mutated cluster. Significantly enriched motifs included “CAC TTC CCC” ETS, “GGT 
TTC CTGTT” EWS/FLI fusion, and “TGC GGT TT” RUNX2 (Fig. 3D; Supplementary Fig. 12). To identify poten-
tial regulatory targets, we analyzed the expression of protein-coding genes regulated by the motifs (either methyl-
ated or demethylated) (Supplementary Figs. 13, 14; Supplementary Tables 11–14). In the expression array, 1,585 
probes were identified as potential regulatory targets by hypermethylation (Supplementary Fig. 13A). Among 
them, 117 expression array probes, including RUNX2, ETS1, and FLI1 genes, were significantly downregulated 
in the ARID1A-mutated cluster, whereas 54 expression array probes were upregulated (Supplementary Fig. 13B, 

Figure 3.  Methylation-based clustering of ovarian carcinomas (CCOC, HGSOC, MOC, and EMOC) and 
normal tissues. (A) Comparison of non-negative matrix factorization consensus clustering of DNA methylation 
between ovarian cancers and normal tissues (FTE, PPM, OSE, and EME) using significant differentially 
methylated probes. Our analysis includes CCOC (n = 92) and HGSOC (n = 83) samples alongside publicly 
available samples (11 CCOC, 65 HGSOC, 8 mucinous carcinomas, and 11 endometrioid carcinomas). (B) 
Principal component analysis of cancers (green, red, and blue dots are cancers in the FTE-like, PPM-like, and 
OSE/EME-like clusters, respectively) and normal tissues (shown in F, P, O, and E). (C) Methylation heat map 
sorted through unsupervised hierarchal clustering in PPM-like CCOC. The mutational status of ARID1A and 
PIK3CA is shown for each sample. (D) The list of enriched motifs detected in hyper-methylated enhancer 
regions in the SWI/SNF alteration cluster.
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Supplementary Table 11). Gene Ontology analysis identified that pathways associated with protein localization 
and cell junction were downregulated in the ARID1A-mutated cluster (Supplementary Figs. 13C, D; Supple-
mentary Table 12).

Expression array‑based subclassification
Hierarchical clustering by microarray gene expression profiling (HG-U133 Plus 2.0 arrays; Affymetrix) divided 
78 CCOC samples into two major subtypes (cluster-1 and 2; Fig. 4A). Gene set enrichment analysis revealed 
that epithelial-mesenchymal transition (EMT) pathway genes were highly upregulated in cluster-1 compared 
to that in cluster-2 (P = 0.0043, false discovery rate q = 0.017) (Fig. 4A, B; Supplementary Tables 15, 16). On the 
contrary, immunoreactive genes were upregulated in cluster 2 (Fig. 4B; Supplementary Tables 17, 18). Tumors 
with PPM-like and ARID1A-mutated methylation profiles were significantly enriched in cluster-2 (50/53: 94%), 
supporting the Gene Ontology analysis results.

Cluster-1 in the expression array was associated with the lack of PIK3CA and ARID1A mutations (Fig. 4A); 
therefore, we focused on those genes in this subgroup that were downregulated in the microarray and hypermeth-
ylated in the methylation array. In the “double-negative” subgroup; 2856 genes were significantly downregulated; 
and 1267 genes were hypermethylated, compared with the corresponding levels of expression and methyla-
tion, in the group with mutations of ARID1A and/or PIK3CA. Collectively, 233 genes overlapped, and they 
were epigenetically downregulated in the “double-negative” group (Supplementary Fig. 15A). Pathway analysis 

Figure 4.  Expression array-based clustering of CCOC. (A) Heat map of gene expression clusters (cluster-1 and 
cluster-2), supervised by integrated subtypes. Upregulated genes are indicated in red, and downregulated genes 
are indicated in green. (B) Gene set enrichment analysis plots and heat maps of key pathway genes (epithelial-
mesenchymal transition pathway genes and IFNγ signaling pathway genes) in these two clusters.
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identified that genes relevant to cell junction organization (GO:0034330) and cell–cell adhesion (GO:0098609 
and GO:0098742) were significantly downregulated in the “double-negative” group (Supplementary Fig. 15B), 
supporting the upregulation of EMT pathway genes in this subgroup.

Subclassification in the “double‑negative” group
We re-evaluated the pathological diagnosis in these 78 CCOC cases. Among the 21 tumors with a “double-
negative” genotype, 6 tumors (28%) CCOC samples with a “double-negative” genotype partly contained com-
ponents of serous carcinoma and/or of undifferentiated carcinoma (Supplementary Fig. 16A, B, Supplementary 
Table 19). All six tumors with HGSOC-like components were advanced staged and absent from endometriosis 
(Supplementary Table 19). In contrast, 9 of the 15 remaining samples (60%) were accompanied by endometriosis, 
and 9 (60%) were stage I (P = 0.019) (Supplementary Table 19). Strong nuclear atypia (grade 3) was observed in 
five (83%) out of the six CCOC samples with HGSOC-like components, whereas it appeared only in 5 (33%) of 
the remaining 15 tumors (P = 0.033) (Supplementary Tables 19 and 20). None of the six samples with HGSOC-
like components was enriched with either Age or APOBEC signatures, whereas 10 of 15 samples (67%) were 
enriched with Age or APOBEC signatures (P = 0.012). All four CCOC samples with the predominant BRCA 
signature contained HGSOC-like components (Supplementary Fig. 16C and Supplementary Tables 19 and 20). 
All six samples with HGSOC-like components were classified as Cluster 1, whereas 7 of the 14 remaining samples 
were Cluster 2 in the expression array (Supplementary Table 19).

Differential diagnosis with other histological types of ovarian carcinomas
Immunohistochemistry (IHC) of estrogen receptor, progesterone receptor, p53, and WT1 was performed in up 
to 10 “double negative” samples. Among these, three tumors with mutated TP53 displayed either strong stain-
ing or complete absence. Two of these tumors were positive for WT1 (at least in part), suggesting a potential 
classification of these two tumors as HGSOC (Supplementary Table 19). Therefore, appropriate IHC evaluation 
is essential to exclude the possibility of different histological types. Furthermore, because of the rarity of mixed 
carcinomas, particular attention should be paid to the six samples containing HGSOC-like components in the 
"double negative" genotype, as they may impact data integrity.

Additionally, another differential diagnosis for CCOC is endometrioid carcinomas. Among the 57 tumors 
with PIK3CA and/or ARID1A mutations, five tumors (8.8%) contained serous-like or endometrioid-like compo-
nents (HGSOC-like, n = 2; endometrioid-like, n = 2; and low-grade serous-like, n = 1) (Supplementary Table 19). 
All these tumors predominantly comprised CCOC components with only partial or focal involvement of the 
alternative components. No TP53 mutations were detected in these 5 tumors. Consequently, the pathological 
diagnosis of CCOC remained unchanged in these tumors after the re-evaluation.

Sub‑classification through integrated genomic/epigenomic analyses
CCOC could be classified into PPM-like (with either ARID1A and/or PIK3CA mutated) and non-PPM-like 
(commonly with “double negative” genotype) tumors, which may indicate the cell of origin. They are further 
sub-divided into five subtypes on the basis of methylation profiles and mutation profiles (Fig. 5A): (1) PPM-like 
and MMR-related (with mutations in MMR genes; n = 2), candidate for immune checkpoint inhibitors; (2) PPM-
like and ARID1A-mutated (mostly PI3K-mutated, with specific methylation profile by loss of SWI/SNF function; 
n = 51), candidate for epigenetic-modifying drugs (such as EZH2 inhibitor); (3) PPM-like and ARID1A-wild-type 
(mostly PI3K-mutated; n = 11), candidate for PI3Kalpha inhibitors (such as alpelisib); (4) OSE/EME-like (related 
to “double-negative,” but unrelated to BRCA; n = 11); and (5) FTE-like (related to “double-negative”, and often 
accompanied with TP53 mutations and BRCA signature; n = 3), candidate for PARP inhibitors (Fig. 5B). The 
three PPM-like subtypes (1–3) showed predominant mutational signatures of MMR, APOBEC, or Age, whereas 
non-PPM-like subtypes (4 and 5) were characterized by EMT expression signatures (Fig. 5B). The subtype (5) 
should be excluded from the sub-classification of CCOC, as this subtype could be more appropriately classified 
as HGSOC rather than CCOC.

Discussion
In this study, we performed a comprehensive analysis of 78 CCOC clinical specimens and stratified CCOC 
subtypes on the basis of methylation (reflecting the related cellular origin) and mutational profiles. Integration 
of epigenomic analysis (with normal tissues) and genomic analysis revealed that typical CCOC tumors contain 
cells with PPM-like methylation profiles, ARID1A and/or PIK3CA mutations, and predominant Age/APOBEC 
mutational signatures. Furthermore, depletion of the SWI/SNF complex was associated with specific methylation 
profiles and hypermethylation of the “Promoter,” “Repressed Polycomb,” and “Enhancer” region probes. Taken 
together, with a minor population of CCOC samples with MMR deficiency (including Lynch syndrome) and 
the “double-negative” genotype with non-PPM-like methylation profiles, we identified four CCOC subtypes: (1) 
PPM-like and MMR-related, (2) PPM-like and ARID1A-mutated, (3) PPM-like and ARID1A-wild-type, and (4) 
OSE/EME-like, by excluding the subtype (5) FTE-like.

Mutational signatures reflect the sum of all mutational processes, including actions of various carcinogens 
(such as aging, APOBEC cytidine deaminase enzymes, ultraviolet, and smoking) and DNA repair dysfunction 
(such as MMR deficiency and homologous recombination deficiency)23,45,46. For instance, APOBEC activity 
is responsible for the generation of helical domain hot spot mutations in the PIK3CA  gene47. Therefore, it is 
reasonable that mutational signatures and methylation profiles are closely associated with each other, reflecting 
the carcinogenesis of CCOC. Our data suggest that predominant mutational signatures in major CCOCs are 
characterized by either Age or APOBEC. Two CCOC samples with hypermutator phenotypes (including one 
Lynch syndrome) were associated with the MMR signature. CCOC samples with a “double-negative” genotype 
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were not associated with either Age or APOBEC signatures but rather with BRCA or unclassified signatures. Both 
methylation and microarray analysis can be influenced by tumor cellularity. All the samples tested among four 
samples with uncharacterized mutational signatures were classified as the EMT cluster in microarray and the 
OSE-like cluster in methylation array. One sample showed low TMB (0.16/Mb), which might be affected by the 
low tumor content ratio. As both microarray and methylation array reflect the profile of both tumor and normal 
cells, further evaluation of the tumor cellularity and the tumor microenvironment is warranted. Collectively, 
the data of genotypes and mutational signatures suggest that several carcinogenic processes may exist in CCOC.

The cellular origin of CCOC (and endometrial cyst) has not been fully understood, although the methyla-
tion profile was distinct from that of other histological subtypes of epithelial ovarian  cancer1. Recently, HGSOC 
was suggested to originate from fallopian tube (fimbria) cells, with the formation of serous tubal intraepithelial 
 carcinoma48,49. The methylome analysis in this study supported this hypothesis and showed that the FTE-like 
cluster included a small portion of samples, which were characterized by TP53 mutations and BRCA signatures 
(i.e., more likely to be HGSOC). Pathological findings in these rare cases support the epigenetic findings, as these 
tumors occasionally contained HGSOC-like components. Mixed ovarian epithelial carcinomas with clear cell 
and serous components are suggested to be variants of  HGSOC50. The findings of this study indicate that a small 
portion of tumors diagnosed as CCOCs should be diagnosed as HGSOC, although the morphological diagnosis 
was originally  CCOC13. Other than these rare tumors, our methylome analysis clearly indicated that the cellular 
origin of CCOC is distinct from that of HGSOC. Methylation patterns of major CCOC samples, including both 
our data sets and two other data sets, were similar to that of  PPM51,52, suggesting that the cells of origin of typical 
CCOC could be candidate components of the pelvic peritoneum.

Figure 5.  Integration of genomic and epigenomic features stratifies CCOC subtypes. (A) Five CCOC subtypes 
were distinguished based on DNA methylation-based clusters, the status of three driver genes (ARID1A, 
PIK3CA, and TP53), and mutational signatures. (B) Proposed evolutionary tree of CCOC according to 
methylation profiling, SWI/SNF status, and mutational signatures.
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Endometrial cysts are precursors of CCOC, and endometriosis is considered to be derived from menstrual 
inverse blood flow, with backflow of the endometrium. Indeed, endometrial implants can be occasionally found 
in biopsies from visually normal  peritoneum53,54. This etiology proposes the hypothesis that (ectopic) endo-
metrium may be the origin of endometriosis-associated ovarian cancer. However, endometriosis occurs most 
commonly in the pelvic  peritoneum52, and endometrial cysts are defined as “pseudo-cysts,” which are formed 
by the invagination of the endometrium and peritoneal  mesothelium55,56. In other words, every component of 
endometriotic lesions can be inside endometrial cysts, including the peritoneum and surrounding fibrous tissues, 
as well as the (ectopic)  endometrium56. Our findings suggest that the origin of CCOC (and endometrial cysts) 
may be associated with pelvic peritoneal cells (tissues) rather than with endometrial epithelial cells. The purity 
of cells in the methylation analysis should be taken into consideration. The samples in this study were obtained 
by using macrodissection, whereas the samples from the public dataset were obtained through  microdissection52. 
Moreover, this study lacked samples from endometrial cysts themselves. We do not deny the evidence that CCOC 
arises from endometrial cysts; however, we suggest that the cellular origin of endometrial cysts could be more 
associated with pelvic peritoneal cells rather than with the uterine endometrium. Further studies are warranted 
to clarify the origin of CCOC and endometrial cysts.

Epigenetic sub-classification of PPM-like clusters highlighted the importance of motifs that were associated 
with SWI/SNF depletion. Both ETS1 and RUNX2 were significantly downregulated in the ARID1A-mutated 
cluster. RUNX1 represses MYC expression by mediating the replacement of the SWI/SNF complex component, 
BRG1, with the polycomb-repressive complex component,  RING1B57. An association between erythroblast 
transformation specific (ETS) transcription factors and BAF chromatin remodeling complexes is reported in 
prostate  cancer58. Therefore, disruption of the SWI/SNF complex in CCOC may alter the transcriptional func-
tions of ETS and RUNX2, which may epigenetically promote cell proliferation.

Sub-classification by expression array reflected the methylation patterns, i.e., major CCOCs with PPM-like 
methylation profiles were classified in a single cluster. Upregulation of the interferon-gamma response pathway 
in this cluster suggests that typical CCOC is associated with immunoreactivity. CCOC tumors are under hypoxic 
stress conditions, and the expression profile is influenced by inflammation with the upregulation of HNF-1β, 
HIF-1α, IL-6, and  STAT359. In contrast, CCOC samples with the “double negative” genotype were predominantly 
classified in a cluster with the upregulation of EMT signaling, which may partly contribute to the poor prognosis 
in this cluster.

This study has several limitations. Rare mutations may not be fully identified by exome sequencing in this 
study population. The distribution of each CCOC subtype should be further confirmed. Biomarker-supported 
pathological diagnosis has not been established; this could lead to biological misdiagnosis. As this study included 
all tumors initially diagnosed as CCOC, a validation analysis focusing solely on high-confidence CCOC samples 
is strongly recommended. Carcinogenesis should be further clarified in endometriosis-associated CCOC with 
the exploration of the cellular origin of endometrial cysts. Clustering by methylation analysis should be further 
investigated, as the batch effects existed in this study.

In conclusion, integrated genome-wide analysis uncovered CCOC subtypes that may reflect the cells of origins 
with specific genetic/epigenetic profiles.

Data availability
All the data of whole-exome sequencing, microarray analysis, and methylation have been submitted to NBDC 
(National Bioscience Database Center) Human Database (https:// human dbs. biosc ience dbc. jp/ en/) and Japanese 
Genotype–phenotype Archive Data (https:// www. ddbj. nig. ac. jp/ jga/ index-e. html) under controlled access (Sub-
mission ID: JSUB000777). The URL of the databases is “https:// human dbs. dbcls. jp/ en/ hum00 30- v2” (NBDC 
database).
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