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High-grade serous ovarian cancer (HGSOC) is a highly fatal disease with frequent recurrence and 
high mortality rates, despite ongoing treatment advancements. Next-generation sequencing 
(NGS) is an experimental technique used to obtain extensive genetic information, making it a key 
component of precision medicine. We conducted a study based on a sample of 108 patients with 
HGSOC retrospectively selected from Severance Hospital and Gangnam Severance Hospital. We 
aimed to identify the genetic alterations associated with HGSOC recurrence and survival using deep 
targeted sequencing. Somatic mutations in NF1, FAT1, ROS1, NOTCH3, and BLM are more common 
in recurrent ovarian cancer. Differences in copy number variations (CNVs) and gene fusion events 
were also observed. Using multivariable stepwise logistic regression, we found that the presence 
of exonic mutations in the NF1 and ROS1 genes and a tumor mutational burden (TMB) value ≥ 10 
were significantly associated with recurrence in HGSOC patients. High TMB (TMB ≥ 10), Del 13q14.3 
mutation, and exonic mutations in NOTCH3, NF1, ROS1, ATM, FAT1, and SLX4 genes were associated 
with recurrence-free survival (RFS), while the ARID1A gene was observed to be associated with overall 
survival. This study identified key genetic alterations associated with recurrence and survival in HGSOC 
and confirmed that specific genetic mutations were linked to disease prognosis. We expect that these 
findings will contribute to more precise prognosis prediction and the development of personalized 
therapeutic strategies for patients with recurrent ovarian cancer.
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High-grade serous ovarian cancer (HGSOC) is often diagnosed at an advanced stage, with approximately 80% 
of patients presenting with stage III or higher disease because of vague early symptoms and a lack of practical 
screening tests1. HGSOC patients typically undergo cytoreductive surgery followed by chemotherapy; however, 
many patients experience recurrence within an average of two years2. Repeated cycles of recurrence and 
chemotherapy resistance contribute to a five-year survival rate of approximately 40%3. Consequently, patients 
with recurrent ovarian cancer frequently participate in early-phase clinical trials involving novel therapeutic 
agents such as VEGF inhibitors (VEGFi), PARP inhibitors (PARPi) and immune checkpoint inhibitors4.

Genetic factors significantly influence ovarian cancer, with key associated genes, including BRCA1, BRCA2 
and other homologous recombination deficiency (HRD)-related genes. Mutations in TP53, MLH1, MSH2, 
PALB2, RAD51, and CHEK2 have been implicated in the pathogenesis of ovarian cancer5. In recurrent HGSOC, 
patients with germline mutations in BRCA1/2 showed improved post-recurrence survival, regardless of whether 
they underwent secondary cytoreductive surgery6. Another study reported that somatic mutations in TP53, 
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BRCA1, NOTCH2, and DNMT3A as well as copy number variations (CNVs) in MYC, RB1, and PIK3CA were 
detected in recurrent ovarian cancer patients7. Despite these advancements, there is an urgent need to identify 
relevant biomarkers and develop novel therapeutic strategies. In particular, identifying biomarkers specific to 
either primary or recurrent HGSOC is essential for improving the diagnosis and treatment of ovarian cancer, 
highlighting the need for further investigation of the genomic differences between these disease states.

With rapid advancements in genomic profiling and next-generation sequencing (NGS) technologies, 
precision medicine has emerged as a pivotal approach in cancer research. In particular, NGS-based targeted 
sequencing enables efficient and cost-effective analysis of predefined cancer-related genetic alterations, allowing 
parallel evaluation of multiple genomic variants. This approach has been extensively utilized in ovarian cancer 
research, facilitating high-accuracy analysis of somatic mutations, tumor mutational burden (TMB), and CNVs8.

In this study, we applied deep targeted sequencing technology to high-grade serous ovarian cancer specimens 
collected in a multi-institutional study and conducted a comprehensive analysis of somatic mutations, TMB, 
microsatellite instability (MSI), CNVs, and gene fusions. By identifying genomic alterations that influence the 
recurrence of ovarian cancer, this study aimed to facilitate the development of novel therapeutic agents. Given 
the relatively limited research on recurrent ovarian cancer, our findings are expected to significantly enhance the 
understanding of its pathophysiology and contribute to the development of more effective treatment strategies. 
Ultimately, this research serves as a crucial foundation for improving the survival and quality of life of patients 
with HGSOC.

Materials and methods
Sample participants
108 formalin-fixed paraffin-embedded (FFPE) tumor tissue samples were obtained from patients with HGSOC 
at Yonsei Severance Hospital and Gangnam Severance Hospital in Seoul, Republic of Korea.

This study was rigorously approved by the Institutional Review Board (IRB) of Gangnam Severance Hospital 
(No. 3–2021-0380). Patients diagnosed with HGSOC for the first time were considered primary HGSOC group, 
while patients with new incidental lesions on routine radiological examinations after adjuvant chemotherapy 
were considered the recurrent HGSOC group. All procedures were conducted in proportion to the guidelines 
of the Declaration of Helsinki. All patients were informed of their clinical data, and the analysis was conducted 
after written consent was obtained. Clinical, pathological, and molecular data of all patients were collected, 
and follow-ups were conducted between February 13, 2009, and September 12, 2024. The clinical information 
included age, stage, and tumor grade. Cancer was staged according to the International Federation of Gynecology 
and Obstetrics (FIGO) classification system and graded according to the World Health Organization grading 
system.

Library preparation and sequencing
Tissue samples of the primary group were obtained by collecting the primary lesion specimen during the first 
surgery, and the samples of the recurrent group were obtained from intraperitoneal recurrent focus lesions 
through surgery. Tissues were stored in fomalin-fixed, praffin-embedded (FFPE) tissue section immediately. 
According to the manufacturer’s protocol, genomic DNA and RNA were extracted from FFPE tissue sections 
using DNeasy Blood and Tissue Kits (Qiagen, NY, USA) and RNeasy Plus Kits (Qiagen, NY, USA), respectively. 
Only samples with DNA and RNA inputs ≥ 20 ng and DV200 ≥ 20% were included in the analysis. The tumor 
content was visually estimated, and samples with at least 10% tumor content were included in the analysis.

Library preparation was performed using the TruSight Oncology 500 (TSO500) panel (Illumina, San 
Diego, CA, USA). This hybrid capture-based assay included probes for 523 DNA-based cancer-related genes 
and selected RNA targets (55 genes) for fusion detection. The targeted genes are listed in Supplementary Table 
S1. This assay also enabled the assessment of TMB and MSI. This protocol involves DNA fragmentation, end 
repair, A-tailing, the ligation of unique molecular identifiers (UMIs), and indexing for sample multiplexing. 
Two rounds of hybridization-based target enrichment were performed to enhance the specificity. Following 
PCR amplification and purification, the libraries were quantified using Qubit and normalized to ensure uniform 
representation before sequencing.

Sequencing was conducted on a NextSeq 500 platform (Illumina) in high-output mode, with eight libraries 
per run. UMIs were used to determine the unique coverage and reduce sequencing- and formalin-induced 
deamination artifacts.

DNA & RNA preprocessing
The reliability of our research process was ensured by rigorous control of raw data quality using highly reliable 
FastQC (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​b​i​o​i​n​f​o​r​m​a​t​​i​c​​s​.​b​​a​b​r​a​h​​a​​m​.​​a​c​​.​​u​k​/​p​r​​o​j​e​​c​t​s​/​f​a​s​t​q​c​/; v0.11.9) for DNA and RNA. For DNA, 
adapter sequences were trimmed using Trimmomatic v0.399, and trimmed sequences were aligned to GRCh37.
p13 using BWA-MEM v0.7.1710. Then, aligned reads with mapping quality below 30 and duplicated reads 
were removed using the Samtools v1.17 view and markedup functions, respectively11. The base qualities were 
recalibrated using the GATK BaseRecalibrator v4.2.5 (Genome Analysis Toolkit)12. For RNA, adapter sequences 
were trimmed using Trimfastq from Fabio (https://github.com/fulcrumgenomics/fgbio;v2.1.0), and the trimmed 
FASTQ files were aligned to GRCh37.p13 using STAR v2.7.1013.

Somatic mutation calling
MuTect2 v4.2.5 was run to extract somatic mutations and indels for 523 genes, using a panel of normal and 
germline resources from the Genome Aggregation Database to improve somatic calling. A normal panel was 
generated using unmatched blood samples from 16 independent HGSOC patients. Sequencing artifacts were 
filtered using FilterMutectCalls with the default parameters. Mutations were annotated using ANNOVAR 
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v2020.0614. For variant assessment, non-synonymous variants with minor allele frequencies greater than 3% 
and read depths greater than or equal to 20 were used as inclusion criteria. Variants were filtered out when the 
minor allele frequency was > 1% in the East Asian Genome Aggregation Database, 1000 genomes East Asian and 
Korean National Standard Reference Variome, and Korean Variant Archives15,16. The clinical effects of somatic 
mutations were predicted using ClinVar17. TMB was calculated as the number of non-synonymous mutations 
per Mb of the coding region. Based on the universal cutoff of TMB, patients with 10 or more TMB were stratified 
into the high TMB group18.

MSI scoring
The MSI was estimated using MSIsensor2 (https://github.com/niu-lab/msisensor2/; v0.1), which incorporates 
data from microsatellite regions and reports the percentage of unstable loci as a cumulative score using aligned 
BAM files. Samples with an MSI score greater than 20 were classified as microsatellite instability (MSI), whereas 
those without MSI were classified as microsatellite stable (MSS).

Copy number variation analysis
Somatic copy numbers were calculated with a pooled reference using CNVkit v0.9.1019. A pooled reference was 
built using unmatched blood samples from 16 independent patients, a pooled reference was built. CNVs were 
classified into two categories: amplification (copy number ≥ 3) and deletion (copy number ≤ 1). The GISTIC2.0 
(Genomic Identification of Significant Targets in Cancer) was used to characterize frequent CNVs in primary 
and recurrent tumors20. The q-value threshold was set to 0.25 for frequent CNVs. We then compared the frequent 
CNV regions in primary and recurrent tumors.

Gene fusion calling
The aligned reads were analyzed using STAR-Fusion v1.10.0 and FusionCatcher v1.33, to identify fusion 
events21,22. We filtered fusion genes with the following criteria to minimize the number of false positives. 
Fusions were retained if: i) fusion genes were found in both STAR-Fusion and FusionCatcher by searching for 
overlapping chromosomal coordinates; ii) fusion genes had at least five junction reads; iii) at least one of the 
fusion partners overlapped with the whitelist of the capture panel; and iv) the fusion junctions were greater than 
30,000 bases apart if both genes were positioned on the same chromosome.

Statistical analysis
The patients were classified into altered or wild-type (WT) groups for each genomic alteration. Recurrence-
free survival (RFS) and overall survival (OS) were evaluated using the Kaplan–Meier method and intergroup 
differences were estimated using the log-rank test. We then conducted a univariate Cox proportional hazards 
regression analysis. RFS was defined as the time from the initial treatment to disease recurrence or last follow-
up. OS was defined as the interval from the initial treatment to death from any cause or last follow-up. TMB 
in primary and recurrent cases was compared using the Wilcoxon signed-rank test. Fisher’s exact test was 
performed to compare the frequency of genomic alterations between patients with primary and recurrent 
disease. Multivariate stepwise logistic regression was used to determine genomic alterations that affected 
HGSOC recurrence. Genomic alterations were selected based on the following criteria: i) Fisher’s exact test, 
p < 0.05; ii) frequency of genomic alteration > 10%; and iii) frequency of genomic alteration in each group > 0%. 
The significance of the regression coefficients was evaluated using Wald’s test. All tests were two-sided, and a 
p-value < 0.05 was considered statistically significant. All statistical analyses were conducted using R software 
version 4.3.3. Visualization was performed using the maftools v2.18.0, circle v 0.4.16, survival v3.4.0, and 
Survminer v0.4.9 R packages for somatic mutations, gene fusion, and survival analysis, respectively.

Results
Patients, samples, and clinical data
We analyzed 108 HGSOC tissue samples (81 primary and 27 recurrent). The clinical information is presented 
in Table 1. The median age of the patients at diagnosis was 59  years (range, 36–83  years). According to the 
International Federation of Gynecology and Obstetrics guidelines, patients with a histological diagnosis of 
HGSOC were categorized into stages I–IV. Four (3.70%) patients were diagnosed with stage I, four (3.70%) with 
stage II, 51 (47.22%) with stage III, and 46 (42.59%) with stage IV disease. Three patients (2.78%) were classified 
into the recurrent group because they visited our clinic after relapse. Grade distribution included eight patients 
(7.41%) with grade 2 and 100 (92.6%) with grade 3. Most patients had stage III (47.22%, n = 51) or grade 3 
(92.6%, n = 100) disease. The average value for CA 125 the entire group was 1749.1.

The landscape of HGSOC somatic mutations
The mean sequencing depth was 927.8X. 2,392 non-synonymous mutations were identified in 108 patients with 
HGSOC (3–490 per sample; median, 16). In terms of the sequence characteristics of point mutations, the C > T 
substitution (44.86%) was the most common (Fig. 1). The five most frequently mutated genes were TP53 (81%), 
BRCA2 (24%), FAT1 (23%), KDM6A (21%), and LRP1B (21%). BRCA1 and NOTCH3 were located on the sixth 
common mutation (19%) (Fig. 1).

The median TMB values in primary and recurrent tumors were 7.61 mutations/Mb and 10.66 mutations/Mb, 
respectively. TMB values were significantly higher in recurrent tumors than in primary tumors (p = 2.00 × 10−4). 
Moreover, the fraction of patients with high TMB was significantly higher in recurrent tumors than in primary 
tumors (p = 1.00 × 10−4) (Fig. 1).

The top 20 genes with the most different mutation frequencies between primary and recurrent patients are 
shown in Fig. 2. Among them, NF1 (p = 1.24 × 10−3), FAT1 (p = 1.79 × 10−2), ROS1 (p = 1.08 × 10−2), NOTCH3 
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(p = 4.17 × 10−2), and BLM (p = 1.49 × 10−2) showed the most different mutation frequencies, with recurrent 
tumors having higher mutation frequencies than primary tumors (Supplementary Table S3).

Frequently altered CNVs
One hundred twenty-nine CNVs (47 amplifications and 82 deletions) were identified in all patients with 
HGSOC (Supplementary Table S4). We found eight frequently altered CNV regions in primary tumors and four 
in recurrent tumors (Table 2). Among these CNVs, two amplified regions, including 13q31.3 (FGF14) and 14q12 
(BCL2L2, NFKBIA, NKX2-1, and FOXA1), were commonly observed in both primary and recurrent tumors 
(Table 2). Noticeably, among the six CNVs specific to primary tumors, deletion of 15q26.1 (NTRK3, FANCI, 
IDH2, BLM, CHD2, and IGF1R) was the most frequent (48.15%, 39/81), whereas among the two CNVs specific 
to recurrent tumors, deletion of 13q14.3 (LATS2, FGF9, CDK8, FLT3, FLT1, BRCA2, FOXO1, RB1, and DIS3) 
was the most frequent (48.15%, 13/27) (Table 2). All CNV regions are listed in Supplementary Table S4.

Analysis of gene fusions
We investigated gene fusions that could serve as potential markers of recurrent HGSOC. Twenty-three fusion 
events were detected in 29 of the 108 patients (Fig. 3). CCDC170–ESR1 (8.33%, 9/108) fusion was the most 
frequently observed event (eight primary and one recurrent tumor). Among them, eight CCDC170–ESR1 fusion 
events led to the truncation of the coding regions (Supplementary Table S5). PDGFRB–FGFR1 (1.85%, 2/108) 
and PVT1–MYC (1.85%, 2/108) fusion events were detected only in primary tumors, leading to in-frame fusion 
and truncation of the coding regions, respectively.

Survival analysis
To investigate whether genomic alterations promote or inhibit recurrence, RFS analysis was performed using 
Kaplan–Meier curves and univariate Cox proportional hazards regression. All HGSOC patients were divided 
into altered or WT groups for each genomic alteration (somatic mutations, TMB status, CNVs, and gene fusion). 
RFS and OS were compared between patients with and without genetic alterations. RFS was significantly affected 
by the TMB status, 13q14.3 deletion, and mutation status of the following six genes: NOTCH3, NF1, ROS1, 
ATM, FAT1, and SLX4 (Fig. 4 and Table 3). Patients with high TMB (≥ 10) had significantly decreased RFS rates 
(Fig. 4A and Table 3). Somatic mutation statuses of six genes (NOTCH3, NF1, ROS1, ATM, FAT1, and SLX4) and 
13q14.3 deletion were significantly associated with a worse RFS prognosis (Fig. 4B-H and Table 3). Additionally, 
OS was significantly associated with a somatic mutation status of ARID1A (Supplementary Figure S1).

Genomic alterations are significantly associated with the recurrent status of HGSOC
Multivariate stepwise logistic regression was performed to investigate the differences in genomic alteration 
frequencies affecting HGSOC recurrence. The somatic mutation status of four genes (NF1, FAT1, ROS1, and 

Total Primary Recurrent p-value

Number of patients 108 81 27

0.229Median age (range) 59 (36–83) 59 (40–83) 56 (36–75)

FIGO Stage Number (%)

I 4 (3.70%) 4 (4.94%) 0

0.040

II 4 (3.70%) 3 (3.70%) 1 (3.70%)

III 51 (47.22%) 37 (45.68%) 14 (51.85%)

IV 46 (42.59%) 37 (45.68%) 9 (33.33%)

R 3 (2.78%)) 0 3 (11.11%)

Overall Survival (Average) 36.1 30.1 53.3

CA 125 Average 1749.7 1799.1 1618.6

0.826CA 125 Range (4.7–21,391) (4.7–21,391) (10.1–20,773 )

Grade Number (%)

2 8 (7.4%) 8 (9.88%) 0

0.1973 100 (92.6%) 73 (90.12%) 27 (100%)

TMB status Number (%)

High (≥ 10) 31 (28.70%) 16 (19.75%) 15 (55.56%)

0.001Low (< 10) 77 (71.30%) 65 (80.25%) 12 (44.44%)

MSI status Number (%)

MSI 5 (4.63%) 3 (3.70%) 2 (7.41%)
0.597

MSS 103 (95.37%) 78 (96.30%) 25 (92.59%)

Table 1.  Clinical characteristics of 108 HGSOC patients. FIGO, International Federation of Gynecology 
and Obstetrics; TMB, tumor mutational burden; MSI, microsatellite instability; MSS, microsatellite stability. 
p-values from comparisons of age and CA 125 were calculated using a Student’s t-test. p-values from 
comparisons of FIGO stage, grade, TMB status, and MSI status were calculated using a Fisher’s exact test. NA 
means missing data.
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NOTCH3) and TMB status (high and low) were included in the analysis. Among them, two genes (NF1 and 
ROS1) and TMB status were selected using stepwise feature selection. The binary statuses of these factors were 
then tested using logistic regression with age as a covariate. Somatic mutations of NF1 (Odds ratio = 7.41; 
p = 1.62 × 10−3) and ROS1 (Odds ratio = 4.31; p = 3.11 × 10−2), and high TMB (≥ 10; Odds ratio = 3.53; 
p = 1.77 × 10−2) were significantly related to the increased risk of recurrence (Table 4).

Discussion
In this study, we assessed and compared the genomic profiles of primary and recurrent tumors in 108 patients 
with HGSOC, including 81 primary and 27 recurrent cases. Distinct genomic alterations were identified in 
the primary and recurrent tumors, including mutated genes, TMB status, CNVs, and gene fusions. Among 
these, high TMB, 13q14.3 deletion, and exonic mutations in NOTCH3, NF1, ROS1, ATM, FAT1, and SLX4 were 
associated with shorter RFS, whereas NF1, ROS1, and high TMB remained significant predictors of recurrence 
risk in the stepwise multivariable logistic regression model. These findings highlight the molecular differences 
between primary and recurrent diseases and the potential biomarkers for predicting recurrence in HGSOC.

Although ovarian cancer has been extensively studied in terms of the pathological and genetic mechanisms 
of recurrence, it remains challenging to determine its mechanism owing to its specificity and characteristics. In 
2011, The Cancer Genome Atlas (TCGA) conducted ovarian cancer genomic analysis and reported mutations 
in TP53, NF1, BRCA1, BRCA2, RB1, and CDK1223. In addition, in 2015, TCGA reported mutations in the RB1, 
NF1, RAD51B, and PTEN genes in refractory chemoresistant tumors24. Low-level copy number increases in 
CCNE1 and AKT2, BRCA2 N372H polymorphism, KRAS amplification, and CN signature 1 exposure have been 
suggested as predictive markers of sensitivity to platinum-based chemotherapy in HGSOC7,25,26.

Despite numerous studies, identifying reliable biomarkers that can predict the risk of HGSOC recurrence 
and guide targeted therapies remains challenging. Therefore, we attempted to identify the factors that affect 
the recurrence of ovarian cancer through deep targeted sequencing and derived meaningful results through 
multivariable stepwise logistic regression.

In comparison to previous studies, our study revealed a novel mutational landscape in HGSOC. Our cohort 
showed frequent mutations in TP53, BRCA2, FAT1, KDM6A, LRP1B, BRCA1, and NOTCH3. A previous study 

Fig. 1.  Somatic mutational landscape of 108 HGSOC cohort. Top 20 genes were ordered based on mutation 
frequency across patients. Patients’ status and fractions of transition and transversion are displayed below 
the mutation frequency of genes. The bar plot on the right side shows the number of HGSOC patients with 
mutation. “Multi-hit” indicates that two or more mutation was identified in a gene within same patient. TMB, 
Tumor mutational burden; MSI, Microsatellite instability; MSS, Microsatellite stability.
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Peak Cytoband Genomic location* q-value
Number of 
altered samples Genes in location

Primary (n = 81)

 Amplification Peak 1 13q31.3 chr13:86,759,825–103,053,818 4.23E-33 22 FGF14

 Amplification Peak 2 14q12 chr14:1–38,059,453 1.21E-07 8 BCL2L2, NFKBIA, NKX2-1, FOXA1

 Amplification Peak 3 6q25.1 chr6:151,984,122–152,722,406 1.22E-01 1 ESR1

 Amplification Peak 4 15q26.3 chr15:99,192,309–102,531,392 1.22E-01 1 IGF1R

 Deletion Peak 1 15q26.1 chr15:82,629,601–102,531,392 1.27E-25 39 NTRK3, FANCI, IDH2, BLM, CHD2, 
IGF1R

 Deletion Peak 2 13q21.32 chr13:48,867,548–86,389,839 2.12E-24 46 RB1, DIS3

 Deletion Peak 3 17q12 chr17:25,608,514–40,476,490 2.46E-02 63 NF1, SUZ12, RAD51D, CDK12, ERBB2, 
RARA, TOP2A, STAT5B, STAT5A, STAT3

 Deletion Peak 4 13q33.3 chr13:102,353,644–115,109,377 2.38E-01 32 FGF14, ERCC5, IRS2, LAMP1

Recurrent (n = 27)

 Amplification Peak 1 13q31.3 chr13:86,759,825–103,053,818 6.51E-12 7 FGF14

 Amplification Peak 2 14q12 chr14:1–38,059,453 7.45E-02 2 BCL2L2, NFKBIA, NKX2-1, FOXA1

 Amplification Peak 3 17q12 chr17:37,617,823–38,487,468 1.31E-01 1 CDK12, ERBB2, RARA

 Deletion Peak 1 13q14.3 chr13:19,390,498–86,389,827 7.12E-07 13 LATS2, FGF9, CDK8, FLT3, FLT1, 
BRCA2, FOXO1, RB1, DIS3

Table 2.  Recurrently altered CNVs in primary and recurrent patients. * UCSC GRCh37/hg19. q-value means 
adjusted p-value calculated for the altered genomic regions using GISTIC2.0 q-value < 0.25 was considered 
significant.

 

Fig. 2.  Co-bar plot of the top 20 genes showing the most different mutation frequencies between primary and 
recurrent patients.
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reported frequent mutations in TP53, BRCA1/2, MYC, RB1, KRAS, and PTK2 by analyzing 422 cancer-related 
genes in recurrent ovarian cancer, particularly in relation to drug-resistant versus drug-sensitive tumors7. 
While we similarly observed frequent TP53 and BRCA1/2 mutations, the overall mutational landscape in our 
cohort differed, with FAT1, NF1, KDM6A, and NOTCH3 emerging as the most frequently mutated genes in our 
recurrent cases. Another study analyzed 276 patients with platinum-resistant or -sensitive recurrent HGSOC 
using a 24-gene amplicon panel26. Among them, 134 matched primary–recurrent pairs were directly compared. 
They reported NF1 mutations in seven primary-recurrent pairs. For the most frequently mutated genes 
including TP53, BRCA1/2, and BRIP1, all mutations were shared between the primary and recurrent tumors. 
Thus, the most frequently mutated genes, particularly TP53 and BRCA1/2, were similar between their cohort 
and ours. However, we also observed frequent mutations in FAT1, NF1, KDM6A, and LRP1B, and identified 
recurrent tumor-specific CNV regions (13q14.3 deletion and 17q12 amplification). Specifically, in our cohort, 
NF1 mutations showed a higher frequency in recurrent tumors. These differences across studies may be due to 
variations in panel size, differences in study design, and ethnic or cohort-specific genetic backgrounds.

Mutations in NF1, FAT1, ROS1, NOTCH3, and BLM are more prevalent in recurrent ovarian cancer, and 
multi-hit mutations are more common than those in primary ovarian cancer. We found differences in CNV and 
gene fusion events between the recurrent and primary ovarian cancer groups. Through multivariate stepwise 
logistic regression, we confirmed that the risk of recurrence increased in samples with genomic alterations, 
including exonic mutation of the NF1 gene, exonic mutation of the ROS1 gene, and TMB value of 10 or 
higher. The NF1 gene, located on the long arm of chromosome 17, was first identified in the disease named 
neurofibromatosis 1. NF1 also functions as a tumor suppressor and is frequently altered in human cancers27. 
NF1 mutations or deletions are particularly common in patients with HGSOC. These alterations often coexist 
with TP53 mutations, suggesting a cooperative pathway for tumor progression28. The ROS1 gene, located on 
the short arm of chromosome 6, is a receptor tyrosine kinase that plays an important role in cancer growth and 
development of cancer29. Unlike previous reports that primarily described ROS1 fusions, especially in non-small 
cell lung cancer and rarely in ovarian tumors30, we observed exonic mutations in ROS1 in a substantial subset of 
recurrent ovarian cancer cases. This novel finding warrants further investigations to elucidate its biological and 
therapeutic implications. TMB refers to the genetic products that occur when a genome is replicated. It has been 

Fig. 3.  Circos plot of 23 gene fusion events from 29 HGSOC patients. Chromosomes represented as ideograms 
and the position of fusion points are labeled by gene names. Links between genes indicate each fusion events.
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identified as a factor that determines the response to immunotherapy in various cancers31. In ovarian cancer, 
TMB is a marker that can confirm the response to immunotherapy 32. However, the utility of TMB as a marker 
to distinguish sensitivity to platinum-based chemotherapy remains controversial25.

We used the Kaplan–Meier method, log-rank test, and Cox proportional hazard regression to identify the 
genes associated with OS and RFS. The ARID1A gene appeared to be associated with OS (Supplementary Figure 
S1), and for RFS, high TMB (TMB ≥ 10), Del 13q14.3 mutation, and mutations in NOTCH3, NF1, ROS1, ATM, 
FAT1, and SLX4 genes were statistically significant (Fig.  4). The ARID1A (AT-rich interactive domain 1A) 
gene encodes BAF250A, which forms the SWItch/Sucrose Nonfermentation (SWI/SNF) complex. A previous 
study showed that NOTCH3 mutations were associated with shorter progression-free survival and worse OS33. 
Moreover, although this study did not assess gene expression levels directly, previous studies have reported that 

Gene Number of altered sample Number of wild-type Hazard ratio Lower bound of 95% CI Upper bound of 95% CI p-value

Del 13q14.3 13 95 14.25 6.44 31.52 5.44E-11

TMB ≥ 10 31 77 4.21 1.95 9.10 2.53E-04

NOTCH3 20 88 4.22 1.83 9.72 7.12E-04

NF1 17 91 3.45 1.57 7.60 2.06E-03

ROS1 15 93 3.43 1.49 7.93 3.89E-03

ATM 15 93 2.91 1.23 6.91 1.51E-02

FAT1 25 83 2.36 1.09 5.11 2.88E-02

SLX4 19 89 2.41 1.05 5.51 3.77E-02

Table 3.  Univariate Cox proportional hazards regression analysis of recurrence-free survival. TMB, Tumor 
Mutational Burden; CI, Confidence Interval. p-value < 0.05 was considered significant.

 

Fig. 4.  Kaplan–Meier curves of recurrence-free survival between HGSOC patients with genomic alteration 
and wild-type (A ~ H).
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overexpression of NOTCH3 correlates with poor survival, chemoresistance, and recurrence in ovarian cancer, 
raising the possibility that this mutation may contribute to its dysregulation 34. However, Del 13q14.3, which is 
commonly associated with chronic lymphocytic leukemia (CLL), is sporadically observed in ovarian cancer but 
lacks consistent prognostic significance35. Due to the lack of genetic studies on ATM, FAT1 and SLX4, further 
studies are required to clarify their roles in ovarian cancer recurrence.

We also characterized the CNVs specific to primary and recurrent tumors. Deletion of 15q26.1, encompassing 
NTRK3, FANCI, IDH2, BLM, CHD2, and IGF1R, was the most frequently observed CNV specific to primary 
tumors. Among the genes in this region, CHD2 loss and down-regulation in ovarian cancer have been reported 
in pan-cancer study36. Deletion of 13q14.3 region, which includes LATS2, FGF9, CDK8, FLT3, FLT1, BRCA2, 
FOXO1, RB1, and DIS3, was the most frequent recurrent tumor-specific CNV. Although our study focused 
on CNV and did not include transcriptomic profiling, several of the genes showing CNV loss in our cohort, 
such as LATS2, FGF9 and RB1, have been reported to exhibit reduced mRNA expression in ovarian cancer37–39. 
In particular, downregulation of LATS2 is associated with the recurrence and stage of ovarian cancer37. These 
findings support the potential functional relevance of these genomic alterations and suggest that CNV loss may 
contribute to transcriptional downregulation in recurrent ovarian cancer. Future studies integrating CNV and 
transcriptomic profiling are essential to validate these associations and clarify their role in recurrence.

Among the fusion candidates identified in our study, CCDC170–ESR1 was frequently detected in primary 
tumors. This fusion was previously reported to be associated with short overall survival in patients with ovarian 
cancer 40. In addition, PDGFRB–FGFR1 and PVT1–MYC fusions have been identified to be specific to primary 
tumors. Although their prevalence was low (1.85%, 2/108), to our knowledge, neither of these fusion events have 
been previously reported in ovarian cancer, highlighting the need for further investigation.

The strength of our study is that we applied deep targeted sequencing, focusing on genes known to be strongly 
associated with the pathogenesis of ovarian cancer. It is also meaningful to derive significant results regarding 
the association between the genomic and clinicopathological features of primary and recurrent ovarian cancers. 
We identified genomic alterations associated with RFS and OS, as well as exonic mutations in NF1 and ROS1, 
and high TMB (≥ 10), which are significantly linked to the risk of ovarian cancer recurrence.

This study had several limitations. First, although our cohort included a relatively large number of patients 
with primary and recurrent HGSOC, the overall sample size was limited. Consequently, the statistical power to 
detect genomic features associated with recurrence may have been insufficient. Further validation and additional 
studies are required to confirm these findings. In addition, because the present study was retrospective, a 
selection bias may be unavoidable. Secondly, our analysis was limited to cancer-related genes included in the 
TSO500 panel, which may not have fully captured the spectrum of other potential genes involved in HGSOC 
recurrence. Finally, various factors related to individual characteristics may influence HGSOC recurrence. 
Therefore, adjustments for potential confounding variables should be considered in future studies with larger 
patient cohorts.

In conclusion, this study revealed distinct genomic alterations associated with recurrence risk in HGSOC, 
including high TMB and exonic mutations in NF1 and ROS1. These findings provide further insights into the 
biological mechanisms underlying HGSOC recurrence and contribute to the development of reliable biomarkers 
for its prediction. Although this study was not based on whole-exome or whole-genome sequencing, targeted 
panel sequencing offers practical advantages in clinical settings, such as cost-effectiveness, higher coverage 
depth, and streamlined interpretation. Therefore, the biomarkers identified in this study may have clinical 
relevance and utility in future research and clinical practice. Further studies investigating the functions of the 
genes mentioned above are essential to understand the mechanisms of HGSOC recurrence and will support the 
development of therapeutic targets.

Data availability
Targeted sequencing data obtained in this study are publicly available. DNA-seq data were deposited in the 
Sequence Read Archive (SRA) under the accession number PRJNA1259080. RNA-seq data are available in the 
Gene Expression Omnibus (GEO) database under the accession number GSE296159.
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