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Understanding the Carcinogenic Mechanism of High-Grade Serous Carcinoma Based on
the Fallopian Tube Origin Hypothesis Using Whole-Exome Sequencing
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We launched a clinical study involving whole-exome sequencing (WES) of
approximately 10,000 cases to enhance the accuracy of next-generation integrated cancer diagnostic
systems and establish a Japanese cancer genome database, including numerous ovarian cancer cases
from outside our institution. This study also focused on borderline ovarian tumors (BOTs), which are

considered precursor lesions to ovarian cancer. BOTs, comprising various histological types such as
serous, endometrioid, and mucinous, exhibit distinct genetic profiles differing from those of
ovarian carcinomas. However, our whole transcriptome analysis revealed that BOTs, regardless of
histological type, cluster closely with endometrioid carcinoma (EC). This is the first report of

whole transcriptome analysis of BOTs, yielding significant findings crucial for understanding their
biological significance.



Although borderline ovarian tumors (BOTSs), which tend to occur in young women, are non-
invasive, they may occasionally become malignant. Approximately, 2,000 women are
diagnosed with BOTs in Japan annually, and BOTs account for 10-15% of epithelial ovarian
tumors. BOTSs are classified into several histological types: serous borderline ovarian tumors
(SBOTs), mucinous borderline ovarian tumors (MBOTS), endometrioid borderline ovarian
tumors (EBOTSs), clear-cell borderline ovarian tumors, and seromucinous borderline ovarian
tumors (SMBOTS). The histological criteria for the diagnosis of BOTs include nuclear atypia,
stratification of the epithelium, formation of microscopic papillary projections, and absence
of stromal invasion. While evidence regarding the prevention of BOTs using oral
contraceptives is not as definitive as the case for ovarian cancer, BOTs are more frequent in
women with a history of infertility. In contrast, a case-controlled study on BOTs conducted in
Italy reported a lower risk of BOTs in oral conceptive users and higher risk in women
reporting late age at first birth; moreover, the risk factors associated with ovarian cancer
were similar to those associated with BOTs. Currently, the prognosis of BOTs is relatively
good, and only 15-20% of patients with BOTs present with stage I11 or 1V disease.

The efficacy of conventional chemotherapy on BOTs is limited. Some researchers are aiming
to identify mutations associated with the early stages of BOTs and develop effective post-
surgical therapies. Recent studies have suggested several hypotheses for the tumorigenesis
of BOTs, including the incessant ovulation, gonadotropin hormone, and inflammation
hypotheses. Previous studies on BOTs and their first two most common subtypes, SBOTs and
MBOTs, have shown that mutations in KRAS, BRAF, and ERBBZ2, and overexpression of p53
and Claudin-1 characterized SBOTs, and that KRAS mutation, ERBB2 mutation or
amplification, strong trefoil factor-3 (TFF3) expression, and HER-2/neu amplification
accounted for the occurrence of a certain proportion of MBOTSs.7-10 Therefore, detecting the
status of KRAS, ERBB2, P53, or BRAF mutations may be useful for predicting or
investigating the possibility and tendency for the recurrence of BOTs or invasive ovarian
carcinoma in well-controlled clinical settings.

Several preclinical studies have reported the activation of pathways such as mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated Kkinase (ERK),
phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR, Hedgehog, and angiogenesis in both
SBOTs and MBOTSs, suggesting potential targets for innovative therapies. Clinical trials
focusing on these pathways are ongoing; however, conclusive results are awaited as the
research in this field is still in the nascent stage.

The pathogenesis and molecular mechanisms underlying BOTs have not yet been completely



elucidated. Surgical intervention remains the cornerstone of treatment for this disease, and
the diagnosis is mainly based on histopathological analysis. Although modern molecular
biology techniques, including whole-exome sequencing (WES) and gene expression profiling,
have provided insights into the pathogenesis of BOTs, an integrative genomic analysis

comparing BOTs and ovarian cancers is lacking.

We performed a comprehensive genome and transcriptome analysis, integrating WES and
RNA sequencing (RNA-seq) data for seven BOTs and 37 primary ovarian carcinoma samples.
To the best of our knowledge, thus far, omics-wide integrated analyses have not been
performed for cohorts containing samples from patients with BOTs. Therefore, we focused on
the molecular characteristics of BOTs and ovarian carcinoma. Large-scale identification of
the molecular features of BOTs may provide important insights regarding the key molecular
characteristics associated with ovarian carcinoma and differences between histotypes and

may contribute to improvement in the treatment strategies for BOTs.

Patient Selection

This study, approved by the Keio University Hospital ethics committee (approval number:
20190111), adhered to ethical standards of the institutional/national research committee and
the 1964 Declaration of Helsinki. Written informed consent was obtained from all
participants. We included 44 ovarian tumor samples: 14 high-grade serous carcinoma
(HGSC), 13 endometrioid carcinoma (EC), 10 clear-cell carcinoma (CCC), and 7 borderline
ovarian tumors (BOTSs). All diagnoses were confirmed by two expert pathologists. BOTs were

classified according to the tumor-node-metastasis classification system.

WES

Whole-exome libraries were prepared using the xGen Exome Research Panel v2 and
sequenced on the NovaSeq 6000 system. Sequencing reads were mapped to the human
reference genome (UCSC human genome 19), resulting in a mean depth of 150x—250x.
Variants were identified and analyzed using SAMtools, VarScan, and a bioinformatics
pipeline on GenomeJack. Tumor mutation burden (TMB) was calculated, with TMB-high

tumors defined as those having at least 200 non-synonymous variants.

RNA Sequencing
Total RNA was extracted and assessed for integrity and concentration. Sequencing libraries

were prepared from rRNA-depleted RNA using the NEBNext Ultra Il Directional RNA



Library Prep Kit and sequenced to achieve at least 30 million paired-end reads per sample.
Raw reads were processed, aligned to the reference genome, and differential expression
analysis was conducted using DESeg2. Genes with an adjusted P-value < 0.05 and a fold-
change > 2 were considered significantly differentially expressed. Hierarchical clustering was

performed to visualize gene expression patterns.
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WES of ovarian tumor samples revealed diverse genomic alterations. In high-grade serous
carcinoma (HGSC), TP53 mutations were present in all cases, with BRCA1 and BRCA2
mutations in 36% and 14% of cases, respectively. Some HGSC samples had germline
BRCA1/2 mutations, fitting the criteria for hereditary breast and ovarian cancer (HBOC)
syndrome. Clear-cell carcinomas exhibited frequent mutations in ARID1A (70%) and PIK3CA
(50%), with KRAS mutations in 30% of cases. Endometrioid carcinomas had a diverse
mutational profile, including significant occurrences of ARID1A (54%), PTEN (46%), and
PIK3CA (46%) mutations. Two endometrioid carcinoma cases had somatic MSH6 mutations
associated with high tumor mutation burden (TMB-H) and microsatellite instability (MSI-
H). Borderline ovarian tumors (BOTs) commonly harbored KRAS (43%) and BRAF (57%)
mutations, with additional mutations in ARID1A, PIK3CA, CTNNB1, PTEN, and MSH2 at
lower frequencies. One BOT case had a germline MSH2 mutation, indicating Lynch syndrome,
but did not exhibit TMB-H or MSI-H. This study underscores the varied mutational profiles

across different ovarian tumor subtypes.



We conducted RNA-seq analysis on 44 ovarian tumor samples, identifying 22,234 Ensembl
genes for differential expression. Hierarchical clustering of 31,729 highly variable transcripts
revealed three main clusters: Cluster 1 consisted mainly of HGSC, Cluster 2 included both
EC and BOTs, and Cluster 3 contained CCC. HGSC samples clustered together in Cluster 1,
CCC samples in Cluster 3, and EC samples in Cluster 2, with the exception of one high-grade
EC sample in Cluster 1, indicating a phenotype similar to HGSC. BOT samples were

primarily found in Cluster 2, alongside EC samples.
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Differential expression analysis revealed the highest number of differentially expressed
genes (DEGSs) between HGSC and CCC, and the lowest between EC and BOTs. Specifically,
there were 546 DEGs between HGSC and CCC, 95 between HGSC and EC, 108 between
HGSC and BOTs, 151 between EC and CCC, 2 between EC and BOTSs, and 87 between CCC
and BOTs. Gene Ontology enrichment analysis was not possible for EC and BOTs due to the
low number of DEGs. Volcano plots were used to visualize the differential gene expression

between BOTs and the other ovarian cancer histotypes (HGSC, CCC, and EC).
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