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ABSTRACT
Background  Approximately 10% of gastric cancers 
(GCs) are associated with strong familial clustering and 
can be attributed to genetic predisposition. Homologous 
recombination deficiency (HRD) leads to genomic 
instability and accumulation of genetic variations, playing 
an important role in the development and progression 
of cancer. We aimed to delineate the germline mutation 
characteristics of patients with HRD-mut GC in Chinese.
Methods  We retrospectively reviewed the genomic 
sequencing data of 1135 patients with Chinese GC. 
Patients harbouring at least one loss of function (LoF) 
germline mutations in BRCA1, BRCA2, ATM, PALB2, 
BRIP1, CHEK1, CHEK2, FANCA and FANCL were selected 
for analysis.
Results  89 patients were identified with LoF germline 
mutations of HRD gene. Germline mutations occurred 
most commonly in ATM (30.33%), followed by BRIP1 
(17.98%), BRCA2 (14.61%), BRCA1 (12.36%), FANCA 
(10.11%), PALB2 (10.11%), FANCL (6.74%), CHEK1 
(3.37%) and CHEK2 (3.37%). 14 out of 89 patients with 
HRD-mut harboured double mutations in HRD and MMR 
genes, with the median age of 51.5 years. The decreasing 
median age would be attributed to five patients with 
HRD+MMR double-muts harbouring mutations in both 
HRD and MMR genes. The median age of onset of 
patients with HRD+MMR double-muts is 47, which is 
significantly earlier than that of Chinese patients with GC 
(p=0.0235).
Conclusion  Our data suggest that carrying both HRD 
and MMR gene LoF germline mutations may cause early-
onset GC. Germline mutations in the HRD gene should 
be of concern in the study of hereditary GC.

INTRODUCTION
Gastric cancer (GC) remains an important 
cancer worldwide and is responsible for over 
one million new cases in 2020 and an estimated 
769 000 deaths, ranking fifth for incidence 
and fourth for mortality globally.1 Compared 
with the USA and UK, China had lower GC 
incidence but higher mortality and disability-
adjusted life year rates.2 Clustering of GC can be 
seen in families in approximately 10% of cases. 
However, a gene defect can be determined in 
only 1%–3% of cases.3 4 The most recognised 
predisposition syndrome, hereditary diffuse GC, 
which is caused by heterozygous mutation in 
the CDH1 gene, only presents in less than 1% 

among individuals with GC.5 High risk of GC 
also reported in Lynch syndrome (LS), juvenile 
polyposis syndrome, Peutz-Jeghers syndrome and 
familial adenomatous polyposis, which respec-
tively have a 2%–13% lifetime risk, a 1% lifetime 
risk, a 29% lifetime risk and a 1%–2% lifetime 
risk of developing GC.6 Research about genetic 
susceptibility for the vast majority of patients 
with GC diagnosed is limited.

Homologous recombination deficiency (HRD) 
leads to genetic instability and accumulation of 
genetic variations, thus playing an important 
role in the development and progression of 
many cancer types, especially breast, ovarian 
and pancreatic cancers.7 Research in recent years 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Homologous recombination deficiency (HRD) 
is a well-known predictive biomarker for the 
response to Poly(ADP-ribose) polymerase 
(PARP) inhibitors. HRD-related genotypes and 
high prevalence of HRD mutations have been 
found in gastric cancer (GC).

	⇒ Pathogenic germline mutations of HRD genes 
like BRCA1, BRCA2 and ATM are known to 
confer susceptibility to ovarian and breast 
cancers.

	⇒ The role of HRD genes in conferring 
susceptibility to GC is not clear.

WHAT THIS STUDY ADDS
	⇒ Our work reported an unexpected phenomenon 
that carrying both HRD and MMR gene loss of 
function germline mutations may cause early-
onset GC.

	⇒ There is no significant difference in tumour 
mutational burden between patients with HRD-
mut and patients with HRD-wt among Chinese 
patients with GC.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study suggested the concern of HRD 
germline mutations in the study of hereditary 
GC.

	⇒ These information is to provide an update on 
the current knowledge about GC and to give 
a new hint of understanding double germline 
mutations.
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has shown that HRD signature, like COSMIC signature 3, is 
also enriched in GCs with inactivating germline or somatic 
mutations of genes regulating homologous DNA recombi-
nation such as BRCA1, BRCA2 and PALB2.8 9 Another anal-
ysis of TCGA mutation data revealed that high HRD scores 
were mostly contributed by germline mutation of BRCA1/2, 
ATM, ATR, PALB2, CHEK2 and BRIP1 in GC.10 In a cohort 
comprising 484 Chinese patients with GC, 15 of the 484 
(3.10%) patients carried Homologous recombination germ-
line mutations occurring in six genes: ATM (6/15, 40.00%), 
RAD51C (2/15, 13.33%), BRCA1 (2/15, 13.33%), BRCA2 
(2/15, 13.33%), CHEK2 (2/15, 13.33%) and PALB2 (1/15, 
6.67%).11 The association of gastric carcinoma is reported 
to be stronger with BRCA2 than BRCA1, with an increased 
relative risk of GC in patients with BRCA2 mutation (2.59, 
95% CI 1.46 to 4.61).12 The frequency of gastric carcinoma 
is five times higher than the general population particularly in 
Ashkenazi Jews with BRCA2 mutations (5.7%).13 Poly(ADP-
ribose) polymerase (PARP) inhibitors cause the synthetic 
lethal effects in HR-deficient cancer cells14 and are currently 
approved for the treatment of ovarian cancer, breast cancer 
and metastatic castration-resistant prostate cancer with 
BRCA1/2 mutations,15–18 but PARPi drugs investigated in GC 
are either in the preclinical or clinical phase.19

LS carriers have a nearly 10-fold increased risk of GC 
compared with non-carriers.20 Especially in countries with 
a high prevalence of sporadic gastric carcinoma, LS carriers 
with a lifetime risk of 30% in Korea21 and 44.4% in China22 
were diagnosed with GC. In European countries, however, 
cumulative incidences at 75 years for GC with LS were much 
less than colorectal cancer (CRC) and endometrial cancer. 
In the other words, >90% of LS carriers will never develop 
GC.23 Germline DNA mismatch repair (MMR) gene aber-
rations in CRC are associated with high tumour mutational 
burden (TMB-H) as well as microsatellite instability.24 25 
The relationship between germline mutation in MMR genes 
and tumour mutational burden (TMB) in GC remains to be 
elucidated.

Germline mutations in MMR genes have been reported 
to be implicated in gastric heritability in Chinese patients, 
whereas the prevalence and spectrum of HRD germline muta-
tions in Chinese patients with GC remain largely unknown. 
Here we aimed to retrospectively delineate the germline 
mutation characteristics of patients with HRD-mut GC.

MATERIALS AND METHODS
Study design and patient characteristics
We retrospectively reviewed the sequencing data from 1135 
patients with unrelated GC who underwent mutation profiling 
from January 2017 to May 2021. This patients were recruited 
from three centres: Guangdong Provincial People’s Hospital, 
Zhejiang Provincial People’s Hospital and Peking University 
Cancer Hospital, which is located in the southernmost coastal 
area of China, east coastal area and north area, respectively. 
We recruited 359 patients from Guangdong Provincial People’s 
Hospital, 413 patients from Zhejiang Provincial People’s 
Hospital and 363 patients from Peking University Cancer 
Hospital. Recruited patients provided matched white blood cell 
and tumour tissue samples for genetic test; both somatic and 
germline mutations were analysed here. In this analysis, we 
focused on patients harbouring germline mutation in nine HRD 
genes (BRCA1, BRCA2, ATM, PALB2, BRIP1, CHEK1, CHEK2, 
FANCA and FANCL).26 27

The overall study design is illustrated in figure  1A. Of the 
1135 patients, 881 patients were analysed with next-generation 
sequencing (Onco PanScan multigene panels covering more than 
1 Mb; Genetron Health (Beijing) Company, Beijing, China) for 
subsequent genetic analysis. Four hundred sixteen patients who 
had no germline mutations detected in any genes were excluded. 
Of the remaining 465 patients, 89 patients harbouring germ-
line mutations of the nine core HRD genes were included for 
further analysis (figure 1A). Among the 89 patients, 29 patients 
were identified from Guangdong Provincial People’s Hospital; 
31 patients were identified from Zhejiang Provincial People’s 
Hospital; and 29 patients were identified from Peking University 
Cancer Hospital.

Somatic mutation analysis was performed on 746 of 881 
patients, including TMB (figure 1B).

Germline analysis
Reads were aligned to the reference human genome sequence 
GRCh37 using Novoalign. Sequencing reads were mapped 
to a human reference genome (hg19) using the Burrows-
Wheeler aligner.28–30 Duplicate removal, local realignment 
and base quality recalibration were performed using PICARD 
(http://broadinstitute.github.io/picard/) and the Genome 
Analysis Toolkit (GATK).31 Sequence mutations were then 
analysed for indels and single-nucleotide mutations (SNVs) 
using the GATK. Germline mutations were first filtered as 

Figure 1  Flowchart of the study design and clinical characteristics. (A) Flowchart of the patients’ screening. (B) Clinical characteristics of patients with 
GC in the genetic analysis cohort and the HRD-mut cohort. GC, gastric cancer; HRD, homologous recombination deficiency; NA, not available; TMB, tumour 
mutational burden; TMB-H, high tumour mutational burden; TMB-L, high tumour mutational burden.
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follows: (1) major allele frequency of <0.01% in the data-
base Exome Aggregation Consortum (ExAC _EAS) and (2) 
recurrence count of ≤3 in the cohort. We then performed an 
analysis of germline mutations which lead to loss of function 
(LoF) mutations: (1) gain of stop codon, (2) loss of initi-
ation codon, (3) frameshift, (4) deletion of single exon or 
multiexon (exclude if stop codon occurs in the last exon or the 
last 50 base pairs of the penultimate exon), (5) splice donor/
acceptor effect (canonical±1 or 2 splice sites) predicted by 
FSPLICE (online supplemental table 1) and (6) missense 
change and inframe indel predicted by silico tools as delete-
rious (polyphen-2 and PROVEN) (online supplemental table 
1).32–34 We selected nine core HRD genes (BRCA1, BRCA2, 
ATM, PALB2, BRIP1, CHEK1, CHEK2, FANCA and FANCL). 
The HRD-mut cohort included patients with at least one 
germline LoF mutation in the 10 core HRD genes. Patients 
with MMR-mut harboured at least one germline LoF muta-
tion in four MMR genes (MHL1, MSH2, PMS2 and MSH6).

Analysis of the TMB
TMB was extrapolated using the total number of non-
synonymous mutations divided by the total genomic target 
region of PanScan️ multigene panels of over 1 M bp. A cut-
off of the top 20% of the TMB (9.8 mutations/Mb) in this 
study was selected for defining a tumour as TMB-H. Patients 
with TMB of <9.8 mutations/Mb were defined as low TMB.

Analysis of somatic copy-number alteration and loss of 
heterozygosity (LOH)
We performed the copy-number alteration and LOH analysis 
using the FACETS based on panel data. Facets CNV callers use 
the somatic BAM files of that patient for nine core HRD genes.35 
For each sample, copy-number alterations were defined as ​tcn.​
em of ≥4 for gains and ​tcn.​em of ≥1 with ​lcn.​em=0 for LOH.

Statistical analysis
The difference in age at diagnosis between different groups as 
well as the TMB scores between different groups was evaluated 
using Student’s t-test when the variances were equal or Welch’s 
test when the variances were not equal. Fisher’s exact test was 
used to assess the differences in other demographic charac-
teristics. Statistical significance was determined as *p<0.05, 
**p<0.01 and ***p<0.001.

RESULTS
Characteristics of patients with HRD-mut
We retrospectively reviewed the genomic sequencing data of 
1135 patients with GC, profiled from January 2017 to May 
2021.The cohort had a median age of 61 years, with 67.2% 
male and 32.8% female. Among them, 881 patients with a 
median age of 61 years, including 67.88% male and 33.14% 
female, underwent genetic analysis including germline and 

Figure 2  Profiling of germline mutations in 89 HRD-mut patients with gastric cancer. All germline mutations were classified into ‘HRD-core’, ‘MMR-core’, 
‘DR-other’ and other signalling pathways. Asterisks indicate pathogenic/likely pathogenic germline mutations in ClinVar. DDR, DNA damage repair; HRD, 
homologous recombination deficiency; MMR, mismatch repair.
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somatic mutation profiling. The median age and gender 
ratio of this cohort has no significantly difference from the 
original Chinese GC cohort. Of the 881 patients, 89 patients 
were identified with germline mutations in core HRD gene 
(figure 1A). The median age of this HRD-mut cohort was 63 
years, with 73% male and 27% female. Collectively, a total 
of 161 germline mutations were detected in the 89 patients, 
of which 98 germline mutations occurred in the 9 core 

HRD gene. ATM (30.33%) was the most frequently mutated 
HRD gene, followed by BRIP1 (17.98%), BRCA2 (14.61%), 
BRCA1 (12.36%), FANCA (10.11%), PALB2 (10.11%), 
FANCL (6.74%), CHEK1 (3.37%) and CHEK2 (3.37%). 
ClinVar classified 16 of all 98 HRD gene germline muta-
tions as pathogenic/likely pathogenic (P/LP) in other cancer 
types like hereditary cancer-predisposing syndrome and 
breast-ovarian cancer (online supplemental table 2). With 

Figure 3  Patients with GC harbouring double germline mutations in both core HRD and MMR genes may have an earlier age of onset. (A) Bar plots 
display the median age of all patients with GC, patients with HRD-mut and 14 patients with HRD/MMR double-muts. (B) The median age of patients with 
HRD+MMR double-muts is significantly earlier than that of patients with GC and one patient with MMR gene. (C) Age distributions of patients with HRD-
mut, all 14 patients with HRD/MMR double-muts and 5 patients with HRD+MMR double-muts. (D) Proportions of all core HRD genes and MMR gene 
mutations in 14 patients with HRD/MMR double-muts. The light blue shade in ATM and BRIP1 genes indicated two pathogenic/likely pathogenic mutations 
classified in ClinVar. GC, gastric cancer; HRD, homologous recombination deficiency; MMR, mismatch repair.

Table 1  Description of 14 patients with homologous recombination deficiency/mismatch repair double-muts

Patient ID Sex Mutation A Mutation B Other mutation

P6 Male FANCL c.335C>T,(p.Ser112Leu) PMS2 c.58C>T, (p.Arg20Trp) FANCC c.239T>C, (p.Ile80Thr)

P8 Male *ATM c.1402_1403delAA, (p.K468Efs) MSH2 c.2649T>G, (p.Ile883Met)

P16 Male ATM c.2944C>T,(p.Arg982Cys) PMS2 c.46A>G, (p.Lys16Glu)

P18 Female ATM c.1896del, (p.E632Dfs) MLH1 c.1154G>A, (p.R385H) PDE11A c.1303–2A>T; NSD1 c.487G>T, (p.Asp163Tyr)

P49 Male BRCA2 c.7540A>G, (p.Lys2514Glu) MLH1 c.1937A>G, (p.Tyr646Cys)

P4 Female CHEK1 c.184C>G,(p.Leu62Val) ATM c.1351C>T, (p.Arg451Cys) FANCI c.2183A>G, (p.Asp728Gly)

P7 Female ATM c.6671T>C, (p.Met2224Thr) FANCA c.1840C>T, (p.Pro614Ser)

P15 Male FANCA c.209A>G, (p.Lys70Arg) BRCA2 c.5218_5223del, (p.Leu1740_Ser1741del) GEN1 c.1201C>T, (p.Arg401Ter)

P26 Male BRIP1 c.3240dup, (p.Ala1081CysfsTer5) BRIP1 c.2301G>C, (p.Glu767Asp)

P42 Male BRCA1 c.3159A>C, (p.Glu1053Asp) BRIP1 c.1954G>A, (p.Gly652Arg) USHBP1 c.22C>A, (p.Pro8Thr)

P58 Male BRCA2 c.3372G>C, (p.Gln1124His) FANCA c.209A>G, (p.Lys70Arg)

P61 Female ATM c.7382G>A, (p.Arg2461His) BRCA1 c.3327_3329del, (p.Lys1110del) PALLD c.1017del, (p.Gly340ValfsTer35); RUNX3 c.58G>A, (p.Asp20Asn)

P67 Male *BRIP1 c.1315C>T, (p.Arg439Ter) ATM c.169T>C, (p.Trp57Arg) EXT2 c.995G>A, (p.Ser332Asn); PDE11A c.764C>T, (p.Ser255Phe)

P86 Male CHEK1 c.1135C>T, (p.Arg379Ter) PALB2 c.3296C>G, (p.Thr1099Arg)

Cell shadow code: light grey: patients with HRD+MMR double-muts; blank background: patients with double HRD-muts.
*These gene mutations are classified as pathogenic/likely pathogenic in ClinVar.
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in-depth analysis of the sequencing data of these 89 patients 
with HRD-mut, we found that 51 patients harboured germ-
line mutations in multiple inherited cancer genes. In addi-
tion to the core HRD genes, DNA MMR genes like MLH1, 
PMS2, MSH2 and other DNA damage repair genes like 
SLX4, MSH3, GEN1, ERCC2, POLE and RAD51B were also 
detected in these patients with HRD-mut (figure 2).

Patients with GC harbouring double LoF germline mutations 
in the HRD and MMR pathway may have an earlier age of 
onset
We screened the germline mutation of the ten core HRD gene 
and DNA MMR genes (MLH1, MSH2, PMS2 and MSH6). 
Out of the 89 patients with HRD-mut, 14 harboured double 
gene mutations in the 14 genes (HRD/MMR double-muts), 
with a median age of 51.5 years. Though the median age of 
the 14 patients with HRD/MMR double-muts was almost 10 
years younger than that of the whole GC cohort, the p value 
of the two cohorts has no obvious difference (Student’s t-test, 
p=0.1139) (figure 3A). Nine out of 14 patients with HRD/
MMR double-muts harboured double HRD mutations, with 
a median age of 62 years, which is even 1 year older than 
the whole GC cohort. Five patients with double mutation 
harboured mutations in both one HRD and one MMR genes 
(HRD+MMR double-muts), with a median age of 47, and 
the age of onset was significantly earlier than that of patient 

cohort with GC (Student’s t-test, p=0.0235). In order to 
rule out the possibility that early onset of GC is caused by 
MMR germline mutations, we then identified 34 patients 
who harboured only one of MMR gene mutation, with a 
median age of 65.5, which is significantly different from that 
of patients with HRD+MMR double-muts (Student’s t-test, 
p=0.041) (figure 3B,C). This result indicated that patients 
with double mutation with both HRD and MMR genes in GC 
may have an earlier age of onset. We found 35 LoF germline 
mutations in these 14 HRD/MMR double-muts (table  1). 
ATM (NM_000051.3):c.1402_1403delAA, (p.K468Efs) and 
BRIP1 NM_032043.2:c.1315C>T, (p.R439X) were clas-
sified as P/LP in hereditary cancer-predisposing syndrome 
and familial cancer of the breast, respectively, by ClinVar 
database. ATM was the most frequently mutated gene in the 
patients with HRD/MMR double-muts, which is consistent 
with the highest proportion of mutations in the patients with 
HRD-mut. Moreover, no alterations in CHEK2 and MSH6 
genes were detected in the 14 patients with HRD/MMR 
double-muts patients (figure 3D).

Somatic genomic profile
We also investigated the somatic genomic profiles of the 
89 patients with HRD-mut (figure 4). Of 89 patients with 
HRD germline mutations, 0.561% (n=5) of patients identi-
fied no somatic gene alteration. TP53 (58%), LRP1B (18%), 

Figure 4  Profiling of somatic mutations in 89 patients with HRD-mut with gastric cancer. Somatic mutations were classified into ‘HRD-core’ and other 
signalling pathways. The columns and rows represent patients and genes, respectively, and are sorted in decreasing order by the frequency of gene 
mutations. The righft panel indicates the frequency of gene mutations. All patients were divided into two groups: HRD biallelic and HRD non-biallelic. AMP, 
amplification; HRD, homologous recombination deficiency; LOH, loss of heterozygosity.
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CDH1 (15%), SPTA1 (13%) and ARID1A (11%) were the 
most frequently mutated genes in the 89 patients with 
HRD-mut. It is worth noting that 27.0% (n=24) of patients 
acquired somatic core HRD gene mutation; 9% (n=8) of 
patients acquired somatic SNV in the same HRD gene; 
and 7.9% (n=7) of patients acquired the same HRD LOH 
as HRD biallelic mutations patients (online supplemental 
table 3). We identified one patient (P17) with simultaneous 
HRD missense mutation and LOH event, one patient (P29) 
with simultaneous HRD missense mutation and amplifica-
tion event, and one patient (P37) with simultaneous HRD 
missense mutation, LOH and amplification events. We did 
not find any mutations that were mutually exclusive with 
HRD mutations. However, only 46.7% pf patients with 
HRD biallelic mutations have TP53 mutations that are much 
less than 60.81% of patients with HRD non-biallelic muta-
tions, though the difference was not significant. Among the 
746 patients who underwent TMB analysis, patients with 
TMB-H were seen in 38% of the MMR-mut group, which 
was significantly higher than that of 19% in the MMR-wt 
group (Fisher’s exact test, p=0.0166). In addition, the level 
of TMB score was significantly higher in the MMR-mut 

group than in the MMR-wt group (Welch’s test, p=0.0356) 
(figure  5A,B). Unlike MMR mutations that led to elevated 
TMB, there was no significant difference in TMB between 
the HRD-wt and HRD-mut groups. Patients with TMB-H 
were seen in 21% of the HRD-mut group, not significantly 
higher than 19% of the HRD-wt group (Fisher’s exact test, 
p=0.7603). Moreover, there was no difference in the level 
of TMB score between the HRD-mut group and the HRD-wt 
group (Student’s t-test, p=0.9165) (figure 5C,D).

DISCUSSION
To the best of our knowledge, this is the first study to system-
ically explore HRD LoF germline mutations in a large Chinese 
cohort of GCs. Pathogenic germline mutations of HRD genes 
like BRCA1, BRCA2 and ATM are known to confer susceptibility 
to ovarian and breast cancers.23 36 Because the role of HRD genes 
in conferring susceptibility to GC is not clear,36 we focus on LoF 
germline mutations instead of pathogenic or likely pathogenic 
germline mutations.

Among all 881 patients who underwent comprehensive 
genetic analysis, 10.01% (n=89) of the patients harboured 

Figure 5  Associations among mutations in HRD genes, MMR genes and TMB status. (A) The percentages of patients with TMB-H in the MMR-mut group 
is significantly higher than that of the MMR-wt group. (B) Bar plots display the TMB score between the MMR-mut group and MMR-wt group. (C) The 
percentage of patients with TMB-H in the HRD-mut compared with the MMR-mut group. (D) Bar plots display the TMB score between the HRD-mut group 
and MMR-mut group. Fisher’s exact test was used to examine the percentages of patients with TMB-H among each group. P values of TMB scores between 
MMR-mut and MMR-wt groups were calculated with the Welch’s test as the variances were not equal. P values of TMB scores between HRD-mut and HRD-
wt groups were calculated with Student’s t-test as the variances were equal. *P<0.05, . HRD, homologous recombination deficiency; MMR, mismatch repair; 
TMB, tumour mutational burden; TMB-H, high tumour mutational burden; TMB-L, high tumour mutational burden.
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HRD LoF germline mutations. In the 89 patients with HRD-
mut, 16 germline mutations can be ClinVar classified as P/
LP in other cancer types like hereditary cancer-predisposing 
syndrome and breast–ovarian cancer (online supplemental 
table 2). However, according to the American College of 
Medical Genetics and Genomics (ACMG) guidelines, there is 
no sufficient evidence to support these 16 pathogenic germ-
line mutations were P/LP in GC, while the rest of LoF germ-
line mutations can all be classified as mutations of uncertain 
significance (VUS). Of the 89 patients with HRD-muts, 51 
harboured LoF germline mutations in multiple genes. The 
additional mutations occurred most frequently in MMR and 
HRD-related genes. Out of the 89 patients with HRD-mut, 
14 harboured another LoF mutation in core HRD genes or 
MMR genes.

Carriers of double mutations in the BRCA genes 
expressed their cancer at an earlier age (44.6±13.5) than 
did patients with single mutation (48.1±13.0).37 Previous 
also reported one case of co-occurrence germline mutations 
in BRCA1 and MSH6 in a patient with early-onset endo-
metrial cancer.38 In our study, we identified nine patients 
harbouring double HRD-core gene LoF germline mutations 
(HRD+HRD). Moreover, five patients harboured both 
one core HRD and one MMR gene LoF germline muta-
tions (HRD+MMR). Unexpectedly, only patients with 
HRD+MMR double-muts exhibited early onset of age, but 
not for patients with HRD+HRD double-muts or HRD-
mut patients. In order to rule out the possibility that early 
onset of GC is caused by MMR germline mutations, we pay 
attention to the cancer risk of pathogenic_MMR carriers 
for GC. Cumulative incidences at 75 years (risks) for GC 
with pathogenic_MMR germline mutations were less than 
10%, which is much lower than CRC and often diagnosed 
predominantly in older age. Pathogenic_MMR carriers 
do not exhibit the characteristics of early onset for GC.23 
Consistent with previous reports, in our cohort the MMR-
mut patients, which harboured with only one of MMR 
gene germline mutation, did not exhibit early onset of age 
(median age, 65.5). Our result first reports early onset of 
GC in HRD+MMR double-muts patients. It implies HRD 
and MMR mutations synergistically increase tumour risk in 
GC, which still need more methods like functional studies, 
family cosegregation analysis and so on to provide more 
evidence to classify the germline mutations.

Some of the 14 double mutation carriers harboured other 
germline mutations in FANCC, PDE11A, FANCI, GEN1, 
USHBP1, PALLD, EXT2, NSD1 and RUNX3 gene. EXT2 gene 
mutations were associated with hereditary multiple exostoses 
(HMEs). HME is an autosomal dominant disorder charac-
terised by multiple exostoses most commonly arising from 
the juxtaepiphyseal region of the long bones.39 In a germ-
line genetic study of total 40 Chinese patients with GC also 
identified one patient harbouring EXT2 likely pathogenic 
mutation inherited from his mother, who was cancer-free.40 
However, whether EXT2 confers susceptibility to GC needs 
to be deciphered in future work. RUNX3 belongs to the runt 
domain family of transcription factors, and a recent research 
highlighted the significance and mechanism of RUNX3-
mediated circDYRK1A in suppressing glutamine metabo-
lism in GC via the miR-889–3 p/FBXO4 axis.41 However, 
another report indicated that no germline CDH1, TP53 or 
RUNX3 mutations were detected in any of the patients with 
early-onset GC.42 To the best of our knowledge, no liter-
ature has clearly reported that FANCC, PDE11A, FANCI, 

GEN1, USHBP1, PALLD, NSD1 were associated with germ-
line GC susceptibility.

Due to the extremely low incidence of HRD and MMR double 
mutations, follow-up difficulties and hereditary genetic testing in 
GC are not widely accepted in China, there is a lack of published 
large cohort data of germline mutations. Nevertheless, we still 
collected one family history of double mutations. We obtained 
detailed family history of one patient with HRD+MMR double-
muts (ATM+MLH1). The patient’s younger sister (Ⅱ−2) was 
detected with the same double mutation of ATM NM_000051.3: 
c.1896del, (p.E632Dfs) and MLH1 NM_000249.3:c.1154G>A, 
(p.R385H) (online supplemental figure 1). We conducted a 
prospective follow-up of this double mutation family member, 
but no evidence of GC was found at the time this article was 
written.

Although double germline mutations are rare, it had been 
reported before in breast cancer, ovarian cancer, CRC and 
other hereditary cancers.37 38 43 44 In a cohort of 1023 unre-
lated patients with suspicion of hereditary cancer, 13 (1.37%) 
patients harbouring two pathogenic germline mutations in 
dominant cancer-predisposing genes were identified.45

According to the ACMG guideline, in the context of domi-
nant disorders, the detection of a mutation in trans with a 
pathogenic mutation can be considered supporting evidence 
for a benign impact. The VUS is easily ignored in patients 
with potential double mutations. In addition, clinical inter-
pretation of germline mutations is a pressing challenge.36 We 
therefore recommend considering the potential value of VUS 
in genetic screening.

Author affiliations
1Key Laboratory of Carcinogenesis and Translational Research (Ministry of Education), 
Department of Gastrointestinal Surgery IV, Peking University Cancer Hospital, Beijing, 
China
2Guangdong Center for Clinical Laboratory, Guangdong Provincial People’s 
Hospital(Guangdong Academy of Medical Sciences), Southern Medical University, 
Guangzhou, Guangdong, China
3Department of Translational Medicine, Hangzhou Jichenjunchuang Medical 
Laboratory, Co., Ltd, Hangzhou, China
4Department of Bioinformatics, Hangzhou Jichenjunchuang Medical Laboratory, Co., 
Ltd, Hangzhou, China
5Key Laboratory of Gastroenterology of Zhejiang Province, Zhejiang Provincial 
People’s Hospital, Hangzhou, Zhejiang, China
6The Second School of Clinical Medicine, Southern Medical University, Guangzhou, 
Guangdong, China

Correction notice  The article has been corrected since it was published online 
first. Two authors have been added to the list of corresponding authors.

Acknowledgements  The authors thank the participating families for their 
cooperation and support of this research and Wei Li for the project management.

Contributors  TH: responsible for the overall content as the guarantor. YQ, MS 
and TM: design of the study, acquisition and interpretation of data, drafting of 
the manuscript and revision of the manuscript for intellectual content. YP and JM: 
analysis of the genetic data. DZ, HT and TH: submission and acquisition of ethical 
materials. All authors approved the final manuscript.

Funding  The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not-for-profit sectors.

Competing interests  YQ, MS, BZ, TM, JM and YP are employees of Hangzhou 
Jichenjunchuang Medical Laboratory, Co., Ltd. All other authors declare no conflicts 
of interest.

Patient consent for publication  Not applicable.

Ethics approval  This study involves human participants and was approved by the 
institutional review boards (or ethics committees) of Zhejiang Provincial People’s 
Hospital (QT2022087) and Guangdong Provincial People’s Hospital (KY-Q-2022-
130-02). All procedures were performed in accordance with the ethical standards 
of the respective committees on human experimentation (institutional and national) 
and with the Helsinki Declaration. All patients and their family members provided 
written informed consent to participate.

 on A
pril 20, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108816 on 10 January 2023. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jmg-2022-108816
https://dx.doi.org/10.1136/jmg-2022-108816
https://dx.doi.org/10.1136/jmg-2022-108816
http://jmg.bmj.com/


767Zhang C, et al. J Med Genet 2023;60:760–768. doi:10.1136/jmg-2022-108816

Cancer genetics

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article or uploaded as supplementary information.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
TieYing Hou http://orcid.org/0000-0002-8765-9339

REFERENCES
	 1	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global 

cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin 2021;71:209–49.

	 2	 Qiu H, Cao S, Xu R. Cancer incidence, mortality, and burden in China: a time‐trend 
analysis and comparison with the United States and United Kingdom based on the 
global epidemiological data released in 2020. Cancer Commun 2021;41:1037–48.

	 3	 Setia N, Clark JW, Duda DG, Hong TS, Kwak EL, Mullen JT, Lauwers GY. Familial gastric 
cancers. Oncologist 2015;20:1365–77.

	 4	 La Vecchia C, Negri E, Gentile A, Franceschi S. Family history and the risk of stomach 
and colorectal cancer. Cancer1992;70:50–5.

	 5	 Oliveira C, Seruca R, Hoogerbrugge N, Ligtenberg M, Carneiro F. Clinical utility gene 
card for: hereditary diffuse gastric cancer (HDGC). Eur J Hum Genet 2013;21:891–91.

	 6	 Ajani JA, D’Amico TA, Bentrem DJ, Chao J, Cooke D, Corvera C, Das P, Enzinger PC, 
Enzler T, Fanta P, Farjah F, Gerdes H, Gibson MK, Hochwald S, Hofstetter WL, Ilson 
DH, Keswani RN, Kim S, Kleinberg LR, Klempner SJ, Lacy J, Ly QP, Matkowskyj KA, 
McNamara M, Mulcahy MF, Outlaw D, Park H, Perry KA, Pimiento J, Poultsides GA, 
Reznik S, Roses RE, Strong VE, Su S, Wang HL, Wiesner G, Willett CG, Yakoub D, Yoon 
H, McMillian N, Pluchino LA. Gastric cancer, version 2.2022, NCCN clinical practice 
guidelines in oncology. J Natl Compr Canc Netw 2022;20:167–92.

	 7	 Toh M, Ngeow J. Homologous recombination deficiency: cancer predispositions and 
treatment implications. Oncologist 2021;26:e1526–37.

	 8	 Sahasrabudhe R, Lott P, Bohorquez M, Toal T, Estrada AP, Suarez JJ, Brea-Fernández 
A, Cameselle-Teijeiro J, Pinto C, Ramos I, Mantilla A, Prieto R, Corvalan A, Norero E, 
Alvarez C, Tapia T, Carvallo P, Gonzalez LM, Cock-Rada A, Solano A, Neffa F, Della 
Valle A, Yau C, Soares G, Borowsky A, Hu N, He L-J, Han X-Y, Taylor PR, Goldstein AM, 
Torres J, Echeverry M, Ruiz-Ponte C, Teixeira MR, Carvajal-Carmona LG, Echeverry M, 
Bohorquez M, Prieto R, Suarez J, Mateus G, Bravo MM, Bolaños F, Vélez A, Corvalan 
A, Carvallo P, Torres J, Carvajal-Carmona L, Latin American Gastric Cancer Genetics 
Collaborative Group. Germline mutations in PALB2, BRCA1, and RAD51C, which 
regulate DNA recombination repair, in patients with gastric cancer. Gastroenterology 
2017;152:983–6.

	 9	 Yeoh KG, Tan P. Mapping the genomic diaspora of gastric cancer. Nat Rev Cancer 
2022;22:71–84.

	10	 Qing T, Wang X, Jun T, Ding L, Pusztai L, Huang K-L. Genomic determinants of 
homologous recombination deficiency across human cancers. Cancers 2021;13:4572.

	11	 Fan Y, Ying H, Wu X, Chen H, Hu Y, Zhang H, Wu L, Yang Y, Mao B, Zheng L. The 
mutational pattern of homologous recombination (HR)-associated genes and its 
relevance to the immunotherapeutic response in gastric cancer. Cancer Biol Med 
2020;17:1002–13.

	12	 Breast Cancer Linkage Consortium. Cancer risks in BRCA2 mutation carriers. J Natl 
Cancer Inst 1999;91:1310–6.

	13	 Figer A, Irmin L, Geva R, Flex D, Sulkes J, Sulkes A, Friedman E. The rate of the 
6174delT founder Jewish mutation in BRCA2 in patients with non-colonic 
gastrointestinal tract tumours in Israel. Br J Cancer 2001;84:478–81.

	14	 Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier GG. Parp inhibition: PARP1 and 
beyond. Nat Rev Cancer 2010;10:293–301.

	15	 Robson M, Im S-A, Senkus E, Xu B, Domchek SM, Masuda N, Delaloge S, Li W, Tung 
N, Armstrong A, Wu W, Goessl C, Runswick S, Conte P. Olaparib for metastatic breast 
Cancer in patients with a Germline BRCA mutation. N Engl J Med Overseas Ed 
2017;377:523–33.

	16	 Litton JK, Rugo HS, Ettl J, Hurvitz SA, Gonçalves A, Lee K-H, Fehrenbacher L, 
Yerushalmi R, Mina LA, Martin M, Roché H, Im Y-H, Quek RGW, Markova D, Tudor IC, 

Hannah AL, Eiermann W, Blum JL. Talazoparib in patients with advanced breast cancer 
and a Germline BRCA mutation. N Engl J Med 2018;379:753–63.

	17	 Ledermann J, Harter P, Gourley C, Friedlander M, Vergote I, Rustin G, Scott C, Meier 
W, Shapira-Frommer R, Safra T, Matei D, Macpherson E, Watkins C, Carmichael J, 
Matulonis U. Olaparib maintenance therapy in platinum-sensitive relapsed ovarian 
cancer. N Engl J Med Overseas Ed 2012;366:1382–92.

	18	 Abida W, Patnaik A, Campbell D, Shapiro J, Bryce AH, McDermott R, Sautois B, 
Vogelzang NJ, Bambury RM, Voog E, Zhang J, Piulats JM, Ryan CJ, Merseburger AS, 
Daugaard G, Heidenreich A, Fizazi K, Higano CS, Krieger LE, Sternberg CN, Watkins 
SP, Despain D, Simmons AD, Loehr A, Dowson M, Golsorkhi T, Chowdhury S, on 
behalf of the TRITON2 investigators. Rucaparib in men with metastatic castration-
resistant prostate cancer harboring a BRCA1 or BRCA2 gene alteration. JCO 
2020;38:3763–72.

	19	 Wang Y, Zheng K, Huang Y, Xiong H, Su J, Chen R, Zou Y. PARP inhibitors in gastric 
cancer: beacon of hope. J Exp Clin Cancer Res 2021;40.

	20	 Win AK, Young JP, Lindor NM, Tucker KM, Ahnen DJ, Young GP, Buchanan DD, 
Clendenning M, Giles GG, Winship I, Macrae FA, Goldblatt J, Southey MC, Arnold 
J, Thibodeau SN, Gunawardena SR, Bapat B, Baron JA, Casey G, Gallinger S, Le 
Marchand L, Newcomb PA, Haile RW, Hopper JL, Jenkins MA. Colorectal and other 
cancer risks for carriers and noncarriers from families with a DNA mismatch repair 
gene mutation: a prospective cohort study. J Clin Oncol 2012;30:958–64.

	21	 Park YJ, Shin KH, Park JG. Risk of gastric cancer in hereditary nonpolyposis colorectal 
cancer in Korea. Clin Cancer Res 2000;6:2994–8.

	22	 Cai S-J, Xu Y, Cai G-X, Lian P, Guan Z-Q, Mo S-J, Sun M-H, Cai Q, Shi D-R. Clinical 
characteristics and diagnosis of patients with hereditary nonpolyposis colorectal 
cancer. World J Gastroenterol 2003;9:284–7.

	23	 Møller P, Seppälä TT, Bernstein I, Holinski-Feder E, Sala P, Gareth Evans D, Lindblom 
A, Macrae F, Blanco I, Sijmons RH, Jeffries J, Vasen HFA, Burn J, Nakken S, Hovig E, 
Rødland EA, Tharmaratnam K, de Vos Tot Nederveen Cappel WH, Hill J, Wijnen JT, 
Jenkins MA, Green K, Lalloo F, Sunde L, Mints M, Bertario L, Pineda M, Navarro M, 
Morak M, Renkonen-Sinisalo L, Valentin MD, Frayling IM, Plazzer J-P, Pylvanainen K, 
Genuardi M, Mecklin J-P, Moeslein G, Sampson JR, Capella G, Mallorca Group. Cancer 
risk and survival in path_MMR carriers by gene and gender up to 75 years of age: a 
report from the prospective Lynch syndrome database. Gut 2018;67:1306–16.

	24	 Lynch HT, Snyder CL, Shaw TG, Heinen CD, Hitchins MP. Milestones of Lynch syndrome: 
1895-2015. Nat Rev Cancer 2015;15:181–94.

	25	 Liao H, Cai S, Bai Y, Zhang B, Sheng Y, Tong S, Cai J, Zhao F, Zhao X, Chen S, Zhang C, 
Gao J, Y-z B. Prevalence and spectrum of germline cancer susceptibility gene variants 
and somatic second hits in colorectal cancer. Am J Cancer Res 2021;11:5571–80.

	26	 Qin N, Wang Z, Liu Q, Song N, Wilson CL, Ehrhardt MJ, Shelton K, Easton J, Mulder 
H, Kennetz D, Edmonson MN, Rusch MC, Downing JR, Hudson MM, Nichols KE, 
Zhang J, Robison LL, Yasui Y. Pathogenic germline mutations in DNA repair genes 
in combination with cancer treatment exposures and risk of subsequent neoplasms 
among long-term survivors of childhood cancer. J Clin Oncol 2020;38:2728–40.

	27	 Knijnenburg TA, Wang L, Zimmermann MT, Chambwe N, Gao GF, Cherniack AD, Fan 
H, Shen H, Way GP, Greene CS, Liu Y, Akbani R, Feng B, Donehower LA, Miller C, Shen 
Y, Karimi M, Chen H, Kim P, Jia P, Shinbrot E, Zhang S, Liu J, Hu H, Bailey MH, Yau C, 
Wolf D, Zhao Z, Weinstein JN, Li L, Ding L, Mills GB, Laird PW, Wheeler DA, Shmulevich 
I, Monnat RJ, Xiao Y, Wang C, Cancer Genome Atlas Research Network. Genomic and 
molecular landscape of DNA damage repair deficiency across the cancer genome 
atlas. Cell Rep 2018;23:239–54.

	28	 Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler 
transform. Bioinformatics 2010;26:589–95.

	29	 Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, 
Ohgaki H, Wiestler OD, Kleihues P, Ellison DW. The 2016 World Health organization 
classification of tumors of the central nervous system: a summary. Acta Neuropathol 
2016;131:803–20.

	30	 Thakkar JP, Dolecek TA, Horbinski C, Ostrom QT, Lightner DD, Barnholtz-Sloan JS, 
Villano JL. Epidemiologic and molecular prognostic review of glioblastoma. Cancer 
Epidemiol Biomarkers Prev 2014;23:1985–96.

	31	 DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, Philippakis AA, del 
Angel G, Rivas MA, Hanna M, McKenna A, Fennell TJ, Kernytsky AM, Sivachenko AY, 
Cibulskis K, Gabriel SB, Altshuler D, Daly MJ. A framework for variation discovery and 
genotyping using next-generation DNA sequencing data. Nat Genet 2011;43:491–8.

	32	 Li MM, Datto M, Duncavage EJ, Kulkarni S, Lindeman NI, Roy S, Tsimberidou AM, 
Vnencak-Jones CL, Wolff DJ, Younes A, Nikiforova MN. Standards and guidelines for 
the interpretation and reporting of sequence variants in cancer: a joint consensus 
recommendation of the association for molecular pathology, American Society of 
clinical oncology, and College of American pathologists. J Mol Diagn 2017;19:4–23.

	33	 Choi Y, Chan AP. PROVEAN web server: a tool to predict the functional effect of amino 
acid substitutions and indels. Bioinformatics 2015;31:2745–7.

	34	 Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, Kondrashov 
AS, Sunyaev SR. A method and server for predicting damaging missense mutations. 
Nat Methods 2010;7:248–9.

	35	 Shen R, Seshan VE. Facets: allele-specific copy number and clonal heterogeneity 
analysis tool for high-throughput DNA sequencing. Nucleic Acids Res 2016;44:e131.

	36	 Huang K-L, Mashl RJ, Wu Y, Ritter DI, Wang J, Oh C, Paczkowska M, Reynolds S, 
Wyczalkowski MA, Oak N, Scott AD, Krassowski M, Cherniack AD, Houlahan KE, 

 on A
pril 20, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108816 on 10 January 2023. D
ow

nloaded from
 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-8765-9339
http://dx.doi.org/10.3322/caac.21660
http://dx.doi.org/10.1002/cac2.12197
http://dx.doi.org/10.1634/theoncologist.2015-0205
http://dx.doi.org/10.1002/1097-0142(19920701)70:1<50::AID-CNCR2820700109>3.0.CO;2-I
http://dx.doi.org/10.1038/ejhg.2012.247
http://dx.doi.org/10.6004/jnccn.2022.0008
http://dx.doi.org/10.1002/onco.13829
http://dx.doi.org/10.1053/j.gastro.2016.12.010
http://dx.doi.org/10.1038/s41568-021-00412-7
http://dx.doi.org/10.3390/cancers13184572
http://dx.doi.org/10.20892/j.issn.2095-3941.2020.0089
http://dx.doi.org/10.1093/jnci/91.15.1310
http://dx.doi.org/10.1093/jnci/91.15.1310
http://dx.doi.org/10.1054/bjoc.2000.1605
http://dx.doi.org/10.1038/nrc2812
http://dx.doi.org/10.1056/NEJMoa1706450
http://dx.doi.org/10.1056/NEJMoa1802905
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1200/JCO.20.01035
http://dx.doi.org/10.1186/s13046-021-02005-6
http://dx.doi.org/10.1200/JCO.2011.39.5590
http://www.ncbi.nlm.nih.gov/pubmed/10955776
http://dx.doi.org/10.3748/wjg.v9.i2.284
http://dx.doi.org/10.1136/gutjnl-2017-314057
http://dx.doi.org/10.1038/nrc3878
http://www.ncbi.nlm.nih.gov/pubmed/34873480
http://dx.doi.org/10.1200/JCO.19.02760
http://dx.doi.org/10.1016/j.celrep.2018.03.076
http://dx.doi.org/10.1093/bioinformatics/btp698
http://dx.doi.org/10.1007/s00401-016-1545-1
http://dx.doi.org/10.1158/1055-9965.EPI-14-0275
http://dx.doi.org/10.1158/1055-9965.EPI-14-0275
http://dx.doi.org/10.1038/ng.806
http://dx.doi.org/10.1016/j.jmoldx.2016.10.002
http://dx.doi.org/10.1093/bioinformatics/btv195
http://dx.doi.org/10.1038/nmeth0410-248
http://dx.doi.org/10.1093/nar/gkw520
http://jmg.bmj.com/


768 Zhang C, et al. J Med Genet 2023;60:760–768. doi:10.1136/jmg-2022-108816

Cancer genetics

Jayasinghe R, Wang L-B, Zhou DC, Liu D, Cao S, Kim YW, Koire A, McMichael JF, 
Hucthagowder V, Kim T-B, Hahn A, Wang C, McLellan MD, Al-Mulla F, Johnson KJ, 
Lichtarge O, Boutros PC, Raphael B, Lazar AJ, Zhang W, Wendl MC, Govindan R, Jain S, 
Wheeler D, Kulkarni S, Dipersio JF, Reimand J, Meric-Bernstam F, Chen K, Shmulevich 
I, Plon SE, Chen F, Ding L, Cancer Genome Atlas Research Network. Pathogenic 
germline variants in 10,389 adult cancers. Cell 2018;173:e14:355–70.

	37	 Lavie O, Narod S, Lejbkowicz F, Dishon S, Goldberg Y, Gemer O, Rennert G. Double 
heterozygosity in the BRCA1 and BRCA2 genes in the Jewish population. Ann Oncol 
2011;22:964–6.

	38	 Kast K, Neuhann TM, Görgens H, Becker K, Keller K, Klink B, Aust D, Distler W, Schröck 
E, Schackert HK. Germline truncating-mutations in BRCA1 and MSH6 in a patient with 
early onset endometrial cancer. BMC Cancer 2012;12:531.

	39	 Wuyts W, Van Hul W. Molecular basis of multiple exostoses: mutations in the EXT1 
and EXT2 genes. Hum Mutat 2000;15:220–7.

	40	 Zhang Y-J, Yang Y, Wei Q, Xu T, Zhang X-T, Gao J, Tan S-Y, Liu B-R, Zhang J-D, Chen 
X-B, Wang Z-J, Qiu M, Wang X, Shen L, Wang X-C. A multicenter study assessing 
the prevalence of germline genetic alterations in Chinese gastric-cancer patients. 
Gastroenterol Rep 2021;9:339–49.

	41	 Liu H, Xue Q, Cai H, Jiang X, Cao G, Chen T, Chen Y, Wang D. RUNX3-mediated 
circDYRK1A inhibits glutamine metabolism in gastric cancer by up-regulating 
microRNA-889-3p-dependent FBXO4. J Transl Med 2022;20:120.

	42	 Carvalho R, Milne ANA, van Rees BP, Caspers E, Cirnes L, Figueiredo C, Offerhaus 
GJA, Weterman MAJ. Early-Onset gastric carcinomas display molecular characteristics 
distinct from gastric carcinomas occurring at a later age. J Pathol 2004;204:75–83.

	43	 Whitworth J, Skytte A-B, Sunde L, Lim DH, Arends MJ, Happerfield L, Frayling IM, van 
Minkelen R, Woodward ER, Tischkowitz MD, Maher ER. Multilocus inherited neoplasia 
alleles syndrome: a case series and review. JAMA Oncol 2016;2:373–9.

	44	 Le Page C, Rahimi K, Rodrigues M, Heinzelmann-Schwarz V, Recio N, Tommasi S, 
Bataillon G, Portelance L, Golmard L, Meunier L, Tonin PN, Gotlieb W, Yasmeen A, 
Ray-Coquard I, Labidi-Galy SI, Provencher D, Mes-Masson A-M. Clinicopathological 
features of women with epithelial ovarian cancer and double heterozygosity for 
BRCA1 and BRCA2: a systematic review and case report analysis. Gynecol Oncol 
2020;156:377–86.

	45	 Stradella A, Del Valle J, Rofes P, Feliubadaló L, Grau Garces Èlia, Velasco Àngela, 
González S, Vargas G, Izquierdo Ángel, Campos O, Tornero E, Navarro M, Balmaña-
Gelpi J, Capellá G, Pineda M, Brunet J, Lázaro C. Does multilocus inherited neoplasia 
alleles syndrome have severe clinical expression? J Med Genet 2019;56:521–5.

 on A
pril 20, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108816 on 10 January 2023. D
ow

nloaded from
 

http://dx.doi.org/10.1016/j.cell.2018.03.039
http://dx.doi.org/10.1093/annonc/mdq460
http://dx.doi.org/10.1186/1471-2407-12-531
http://dx.doi.org/10.1002/(SICI)1098-1004(200003)15:3<220::AID-HUMU2>3.0.CO;2-K
http://dx.doi.org/10.1093/gastro/goab020
http://dx.doi.org/10.1186/s12967-022-03286-x
http://dx.doi.org/10.1002/path.1602
http://dx.doi.org/10.1001/jamaoncol.2015.4771
http://dx.doi.org/10.1016/j.ygyno.2019.11.019
http://dx.doi.org/10.1136/jmedgenet-2018-105700
http://jmg.bmj.com/


 

Supplemental Figure 1. Pedigrees of one HRD+MMR double-muts patient. 

Squares males; circles females. Black filled symbols indicate affected patients. Current age or age 

at diagnosis, when available, are also detailed. Proband is marked by an arrow, mutation status 

was studied in available relatives, and those carrying the mutation are shown with the mutation 

symbol (α, β), and if not patients a (-) is beside the mutation symbol. Abbreviations: GC, gastric 

cancer; Fam, family. 
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Supplemental table 1. Prediction results of missense variant, InDel and splice variant in HRD-mut 
patients 

Gene_Name Variant_Classification cDNA_Change 

Prediction 

Polyphen-2 PROVEN FSPLICE 

PALB2 missense_variant c.3296C>T probably_damaging(0.999)   

FANCL missense_variant c.622G>A probably_damaging(1)   

FANCA missense_variant c.209A>G possibly_damaging(0.782)   

BRCA1 missense_variant c.2726A>T probably_damaging(0.953)   

ATM missense_variant c.6503C>T possibly_damaging(0.763)   

MSH3 missense_variant c.1777C>T probably_damaging(1)   

APC missense_variant c.1984C>A probably_damaging(0.994)   

ATM missense_variant c.107A>G possibly_damaging(0.511)   

CHEK1 missense_variant c.184C>G possibly_damaging(0.764)   

ATM missense_variant c.1351C>T probably_damaging(0.91)   

FANCI missense_variant c.2183A>G possibly_damaging(0.819)   

ERCC2 missense_variant c.1996C>T probably_damaging(1)   

PMS2 missense_variant c.58C>T probably_damaging(0.924)   

FANCL missense_variant c.335C>T possibly_damaging(0.583)   

FANCC missense_variant c.239T>C possibly_damaging(0.654)   

ATM missense_variant c.6671T>C possibly_damaging(0.762)   

FANCA missense_variant c.1840C>T possibly_damaging(0.641)   

MSH2 missense_variant c.2649T>G possibly_damaging(0.729)   

BAP1 missense_variant c.122G>C possibly_damaging(0.669)   

BRCA2 missense_variant c.9538C>T probably_damaging(1)   

BRIP1 missense_variant c.748A>G probably_damaging(0.999)   

PTCH1 missense_variant c.3784C>T probably_damaging(0.996)   

BRCA1 missense_variant c.1819A>G probably_damaging(0.926)   

PALB2 missense_variant c.3035C>T probably_damaging(0.994)   

PTCH1 missense_variant c.3247G>A possibly_damaging(0.903)   

ATM missense_variant c.2944C>T probably_damaging(0.977)   

PMS2 missense_variant c.46A>G possibly_damaging(0.736)   

FANCD2 missense_variant c.2867A>G probably_damaging(0.927)   

MLH1 missense_variant c.1154G>A probably_damaging(1)   

NSD1 missense_variant c.487G>T possibly_damaging(0.448)   

PDGFRA missense_variant c.689C>T possibly_damaging(0.837)   

FANCA missense_variant c.323C>T probably_damaging(0.976)   

SOS1 missense_variant c.3257C>T possibly_damaging(0.67)   

PDGFRA missense_variant c.1631T>C possibly_damaging(0.452)   

SLX4 missense_variant c.4883C>T possibly_damaging(0.521)   

BRIP1 missense_variant c.2301G>C probably_damaging(0.966)   

CHEK2 missense_variant c.1438G>A probably_damaging(0.921)   

PTCH1 missense_variant c.1558C>T probably_damaging(0.986)   

MTUS1 missense_variant c.1825A>C probably_damaging(0.999)   

ATM missense_variant c.8246A>T possibly_damaging(0.849)   
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PDE11A missense_variant c.2411G>A probably_damaging(0.918)   

RAD51B missense_variant c.728A>G probably_damaging(1)   

BRCA1 missense_variant c.398G>A possibly_damaging(0.818)   

ATM missense_variant c.1481G>A possibly_damaging(0.462)   

FANCA missense_variant c.2167C>A probably_damaging(0.998)   

FANCM missense_variant c.431A>G possibly_damaging(0.599)   

TP63 missense_variant c.1244T>G probably_damaging(0.977)   

CDH1 missense_variant c.2335C>T probably_damaging(1)   

BRCA1 missense_variant c.3159A>C probably_damaging(0.994)   

BRIP1 missense_variant c.1954G>A probably_damaging(1)   

USHBP1 missense_variant c.22C>A probably_damaging(0.994)   

PALB2 missense_variant c.3146T>C probably_damaging(0.971)   

UROD missense_variant c.919C>G probably_damaging(0.967)   

FANCL missense_variant c.671C>A possibly_damaging(0.902)   

BRIP1 missense_variant c.1442G>A probably_damaging(1)   

FANCI missense_variant c.1111A>G probably_damaging(0.958)   

NTRK1 missense_variant c.541G>A probably_damaging(0.958)   

FANCM missense_variant c.5387C>G probably_damaging(0.956)   

MLH1 missense_variant c.1937A>G probably_damaging(1)   

BRCA2 missense_variant c.7540A>G probably_damaging(0.967)   

ATM missense_variant c.7090G>C probably_damaging(0.979)   

SLX4 missense_variant c.1271C>T probably_damaging(0.998)   

SLX4 missense_variant c.2449G>C possibly_damaging(0.903)   

ATM missense_variant c.7463G>A possibly_damaging(0.847)   

BRCA2 missense_variant c.8350C>T probably_damaging(1)   

BRIP1 missense_variant c.2170A>C probably_damaging(0.998)   

POLH missense_variant c.1166G>C possibly_damaging(0.719)   

BRCA1 missense_variant c.5324T>C possibly_damaging(0.903)   

VEGFA missense_variant c.1108C>T probably_damaging(0.992)   

BRCA2 missense_variant c.3372G>C probably_damaging(0.997)   

PALLD missense_variant c.2576G>A probably_damaging(0.999)   

ATM missense_variant c.7382G>A possibly_damaging(0.571)   

RUNX3 missense_variant c.58G>A possibly_damaging(0.821)   

BRIP1 missense_variant c.2291A>G probably_damaging(0.975)   

BRCA2 missense_variant c.4391C>G probably_damaging(0.999)   

FANCA missense_variant c.3163C>T probably_damaging(0.999)   

SDHAF2 missense_variant c.320G>A probably_damaging(0.98)   

GJB2 missense_variant c.571T>C probably_damaging(1)   

PALB2 missense_variant c.2129C>T probably_damaging(0.973)   

FANCA missense_variant c.2365G>A possibly_damaging(0.849)   

ATM missense_variant c.169T>C probably_damaging(0.988)   

EXT2 missense_variant c.995G>A possibly_damaging(0.805)   

PDE11A missense_variant c.764C>T probably_damaging(0.925)   

FANCA missense_variant c.3550C>T possibly_damaging(0.53)   
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SMARCA4 missense_variant c.602A>T probably_damaging(0.932)   

BUB1B missense_variant c.2441G>A probably_damaging(0.999)   

ELANE missense_variant c.100C>T probably_damaging(0.998)   

FANCA missense_variant c.3418A>T possibly_damaging(0.703)   

MTUS1 missense_variant c.2732A>C probably_damaging(0.962)   

MTUS1 missense_variant c.3313G>C possibly_damaging(0.867)   

ATM missense_variant c.4325A>G probably_damaging(1)   

EXT2 missense_variant c.1372G>A probably_damaging(0.999)   

BRCA2 missense_variant c.9845C>G probably_damaging(0.954)   

HMBS missense_variant c.674G>A possibly_damaging(0.857)   

FH missense_variant c.929A>G probably_damaging(0.998)   

BRCA2 missense_variant c.7109A>C possibly_damaging(0.775)   

ATM missense_variant c.274A>G probably_damaging(0.979)   

BRIP1 missense_variant c.2629G>C probably_damaging(1)   

FANCI missense_variant c.284T>A probably_damaging(0.988)   

BRCA2 missense_variant c.4405G>C possibly_damaging(0.77)   

PALB2 missense_variant c.3296C>G probably_damaging(1)   

ATM missense_variant c.4241C>G possibly_damaging(0.63)   

ATM missense_variant c.993G>C probably_damaging(0.996)   

POLE missense_variant c.1123C>T probably_damaging(1)   

BRCA1 inframe_deletion c.3327_3329del  Deleterious(-6.79)  

BRCA2 inframe_deletion c.5218_5223del  Deleterious(-11.92)  

PALB2 inframe_deletion c.1206_1208del  Deleterious(-9.47)  

AIP inframe_insertion 

c.703_704insGGGAACTGATCGTGTCATCCC

TGGCGCTGGCGGAACGCTATGCCCCCGCC

AGCCGCGACGAAAGAATTTATGAACTGAT

CCTCGATGAGA 

 Deleterious(-39.97)  

PTCH1 inframe_deletion c.3289_3291del  Deleterious(-12.05)  

CHEK2 inframe_deletion c.885_887del  Deleterious(-6.48)  

BRCA1 splice_donor_variant c.4484+1G>T   GT site(14.92) 

FANCG splice_acceptor_variant c.1434-2A>C   AG site(12.35) 

CHEK2 splice_donor_variant c.908+2T>A   GT site(10.58) 

PDE11A splice_acceptor_variant c.1303-2A>T   AG site(6.9) 

ATM splice_donor_variant c.3077+1G>A   GT site (9.6) 

FANCL splice_donor_variant c.216+1G>T   GT site(15.06) 
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Supplemental Table 2. List of pathogenic/likely pathogenic germline mutations in ClinVar 
Gene Germline Mutation Condition ClinVar Classification 

ATM NM_000051.3:c.1402_1403delAA, (p.Lys468Glufs*18) Hereditary cancer-predisposing syndrome P/LP 

BRCA2 NM_000059.3:c.1298dup, (p.Asn433Lysfs*19) Breast-ovarian cancer, familial 2 P 

BRCA2 NM_000059.3:c.3860del, (p.Asn1287Ilefs*6) Hereditary cancer-predisposing syndrome/Breast-ovarian cancer, familial 2 P 

PALB2 NM_024675.3:c.172_175del, (p.Gln60Argfs*7) Hereditary breast and ovarian cancer syndrome P/LP 

ATM NM_000051.3:c.1339C>T, (p.Arg447*) Hereditary cancer-predisposing syndrome P/LP 

ATM NC_000011.10(NM_000051.3):c.3077+1G>A Hereditary cancer-predisposing syndrome LP 

BRCA2 NM_000059.3:c.6486_6489delACAA, (p.Lys2162Asnfs*5) Hereditary breast and ovarian cancer syndrome P 

PALB2 NM_024675.3:c.1056_1057del, (p.Lys353Ilefs*7) Hereditary cancer-predisposing syndrome P 

ATM NM_000051.3:c.3602_3603del, (p.Phe1201Trpfs*3) Hereditary cancer-predisposing syndrome/Ataxia-telangiectasia syndrome P 

BRCA1 NM_007294.3:c.2796del,  (p.Gly933Valfs*67) Breast-ovarian cancer, familial 1 P 

BRCA2 NM_000059.3:c.7409dup, (p.Thr2471Hisfs*4) Hereditary breast and ovarian cancer syndrome P 

ATM NM_000051.3:c.7166C>G, (p.Ser2389*) Ataxia-telangiectasia syndrome P/LP 

FANCA NM_000135.2:c.3163C>T, (p.Arg1055Trp) Fanconi anemia P/LP 

BRIP1 NM_032043.2:c.1315C>T, (p.Arg439*) Hereditary cancer-predisposing syndrome P 

BRCA1 NC_000017.11(NM_007294.3):c.4484+1G>T Hereditary breast and ovarian cancer syndrome P 

BRCA1 NM_007294.3:c.5335del,  (p.Gln1779Asnfs*14) Hereditary cancer-predisposing syndrome P 

Abbreviations: P, Pathogenic; LP, likely pathogenic 
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Supplemental Table 3. List of biallelic germline and somatic mutations of core HRD gene 

Patient ID Sex Germline Mutation Hom/Het Somatic Alteration 

P18 Female ATM NM_000051.3: c.1896del, (p.Glu632Aspfs*17) het ATM NM_000051.3:c.6347+1G>T 

P21 Male ATM NM_000051.3: c.4995dup, (p.Glu1666Argfs*26) het ATM NM_000051.3:c.1189A>T, (p.Lys397*) 

P24 Male BRCA2 NM_000059.3:c.1298dup, (p.Asn433Lysfs*19) het BRCA2 NM_000059.3:c.793+2T>G 

P25 Female BRCA2 NM_000059.3:c.3860del, (p.Asn1287Ilefs*6) het BRCA2 NM_000059.3:c.3733del, (p.Glu1245Argfs*14) 

P27 Male PALB2 NM_024675.3:c.172_175del, (p.Gln60Argfs*7) het PALB2 NM_024675.3:c.2462A>G, (p.Asn821Ser) 

P44 Male BRCA2 NM_000059.3:c.6486_6489delACAA, (p.Lys2162Asnfs*5) het BRCA2 NM_000059.3:c.9521dupA, (p.Asn3174Lysfs*2) 

P59 Male BRCA2 NM_000059.3:c.7409dup, (p.Thr2471Hisfs*4) het BRCA2 NM_000059.3:c.1580del, (p.Pro527Glnfs*31) 

P75 Female BRIP1 NM_032043.2:c.1442G>A, (p.Gly481Asp) het BRIP1 NM_032043.2:c.2258A>C, (p.Asp753Ala) 
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Supplemental Figure 1. Pedigrees of one HRD+MMR double-muts patient. 

Squares males; circles females. Black filled symbols indicate affected patients. Current age or age 

at diagnosis, when available, are also detailed. Proband is marked by an arrow, mutation status 

was studied in available relatives, and those carrying the mutation are shown with the mutation 

symbol (α, β), and if not patients a (-) is beside the mutation symbol. Abbreviations: GC, gastric 

cancer; Fam, family. 
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Supplemental table 1. Prediction results of missense variant, InDel and splice variant in HRD-mut 
patients 

Gene_Name Variant_Classification cDNA_Change 

Prediction 

Polyphen-2 PROVEN FSPLICE 

PALB2 missense_variant c.3296C>T probably_damaging(0.999)   

FANCL missense_variant c.622G>A probably_damaging(1)   

FANCA missense_variant c.209A>G possibly_damaging(0.782)   

BRCA1 missense_variant c.2726A>T probably_damaging(0.953)   

ATM missense_variant c.6503C>T possibly_damaging(0.763)   

MSH3 missense_variant c.1777C>T probably_damaging(1)   

APC missense_variant c.1984C>A probably_damaging(0.994)   

ATM missense_variant c.107A>G possibly_damaging(0.511)   

CHEK1 missense_variant c.184C>G possibly_damaging(0.764)   

ATM missense_variant c.1351C>T probably_damaging(0.91)   

FANCI missense_variant c.2183A>G possibly_damaging(0.819)   

ERCC2 missense_variant c.1996C>T probably_damaging(1)   

PMS2 missense_variant c.58C>T probably_damaging(0.924)   

FANCL missense_variant c.335C>T possibly_damaging(0.583)   

FANCC missense_variant c.239T>C possibly_damaging(0.654)   

ATM missense_variant c.6671T>C possibly_damaging(0.762)   

FANCA missense_variant c.1840C>T possibly_damaging(0.641)   

MSH2 missense_variant c.2649T>G possibly_damaging(0.729)   

BAP1 missense_variant c.122G>C possibly_damaging(0.669)   

BRCA2 missense_variant c.9538C>T probably_damaging(1)   

BRIP1 missense_variant c.748A>G probably_damaging(0.999)   

PTCH1 missense_variant c.3784C>T probably_damaging(0.996)   

BRCA1 missense_variant c.1819A>G probably_damaging(0.926)   

PALB2 missense_variant c.3035C>T probably_damaging(0.994)   

PTCH1 missense_variant c.3247G>A possibly_damaging(0.903)   

ATM missense_variant c.2944C>T probably_damaging(0.977)   

PMS2 missense_variant c.46A>G possibly_damaging(0.736)   

FANCD2 missense_variant c.2867A>G probably_damaging(0.927)   

MLH1 missense_variant c.1154G>A probably_damaging(1)   

NSD1 missense_variant c.487G>T possibly_damaging(0.448)   

PDGFRA missense_variant c.689C>T possibly_damaging(0.837)   

FANCA missense_variant c.323C>T probably_damaging(0.976)   

SOS1 missense_variant c.3257C>T possibly_damaging(0.67)   

PDGFRA missense_variant c.1631T>C possibly_damaging(0.452)   

SLX4 missense_variant c.4883C>T possibly_damaging(0.521)   

BRIP1 missense_variant c.2301G>C probably_damaging(0.966)   

CHEK2 missense_variant c.1438G>A probably_damaging(0.921)   

PTCH1 missense_variant c.1558C>T probably_damaging(0.986)   

MTUS1 missense_variant c.1825A>C probably_damaging(0.999)   

ATM missense_variant c.8246A>T possibly_damaging(0.849)   
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PDE11A missense_variant c.2411G>A probably_damaging(0.918)   

RAD51B missense_variant c.728A>G probably_damaging(1)   

BRCA1 missense_variant c.398G>A possibly_damaging(0.818)   

ATM missense_variant c.1481G>A possibly_damaging(0.462)   

FANCA missense_variant c.2167C>A probably_damaging(0.998)   

FANCM missense_variant c.431A>G possibly_damaging(0.599)   

TP63 missense_variant c.1244T>G probably_damaging(0.977)   

CDH1 missense_variant c.2335C>T probably_damaging(1)   

BRCA1 missense_variant c.3159A>C probably_damaging(0.994)   

BRIP1 missense_variant c.1954G>A probably_damaging(1)   

USHBP1 missense_variant c.22C>A probably_damaging(0.994)   

PALB2 missense_variant c.3146T>C probably_damaging(0.971)   

UROD missense_variant c.919C>G probably_damaging(0.967)   

FANCL missense_variant c.671C>A possibly_damaging(0.902)   

BRIP1 missense_variant c.1442G>A probably_damaging(1)   

FANCI missense_variant c.1111A>G probably_damaging(0.958)   

NTRK1 missense_variant c.541G>A probably_damaging(0.958)   

FANCM missense_variant c.5387C>G probably_damaging(0.956)   

MLH1 missense_variant c.1937A>G probably_damaging(1)   

BRCA2 missense_variant c.7540A>G probably_damaging(0.967)   

ATM missense_variant c.7090G>C probably_damaging(0.979)   

SLX4 missense_variant c.1271C>T probably_damaging(0.998)   

SLX4 missense_variant c.2449G>C possibly_damaging(0.903)   

ATM missense_variant c.7463G>A possibly_damaging(0.847)   

BRCA2 missense_variant c.8350C>T probably_damaging(1)   

BRIP1 missense_variant c.2170A>C probably_damaging(0.998)   

POLH missense_variant c.1166G>C possibly_damaging(0.719)   

BRCA1 missense_variant c.5324T>C possibly_damaging(0.903)   

VEGFA missense_variant c.1108C>T probably_damaging(0.992)   

BRCA2 missense_variant c.3372G>C probably_damaging(0.997)   

PALLD missense_variant c.2576G>A probably_damaging(0.999)   

ATM missense_variant c.7382G>A possibly_damaging(0.571)   

RUNX3 missense_variant c.58G>A possibly_damaging(0.821)   

BRIP1 missense_variant c.2291A>G probably_damaging(0.975)   

BRCA2 missense_variant c.4391C>G probably_damaging(0.999)   

FANCA missense_variant c.3163C>T probably_damaging(0.999)   

SDHAF2 missense_variant c.320G>A probably_damaging(0.98)   

GJB2 missense_variant c.571T>C probably_damaging(1)   

PALB2 missense_variant c.2129C>T probably_damaging(0.973)   

FANCA missense_variant c.2365G>A possibly_damaging(0.849)   

ATM missense_variant c.169T>C probably_damaging(0.988)   

EXT2 missense_variant c.995G>A possibly_damaging(0.805)   

PDE11A missense_variant c.764C>T probably_damaging(0.925)   

FANCA missense_variant c.3550C>T possibly_damaging(0.53)   
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SMARCA4 missense_variant c.602A>T probably_damaging(0.932)   

BUB1B missense_variant c.2441G>A probably_damaging(0.999)   

ELANE missense_variant c.100C>T probably_damaging(0.998)   

FANCA missense_variant c.3418A>T possibly_damaging(0.703)   

MTUS1 missense_variant c.2732A>C probably_damaging(0.962)   

MTUS1 missense_variant c.3313G>C possibly_damaging(0.867)   

ATM missense_variant c.4325A>G probably_damaging(1)   

EXT2 missense_variant c.1372G>A probably_damaging(0.999)   

BRCA2 missense_variant c.9845C>G probably_damaging(0.954)   

HMBS missense_variant c.674G>A possibly_damaging(0.857)   

FH missense_variant c.929A>G probably_damaging(0.998)   

BRCA2 missense_variant c.7109A>C possibly_damaging(0.775)   

ATM missense_variant c.274A>G probably_damaging(0.979)   

BRIP1 missense_variant c.2629G>C probably_damaging(1)   

FANCI missense_variant c.284T>A probably_damaging(0.988)   

BRCA2 missense_variant c.4405G>C possibly_damaging(0.77)   

PALB2 missense_variant c.3296C>G probably_damaging(1)   

ATM missense_variant c.4241C>G possibly_damaging(0.63)   

ATM missense_variant c.993G>C probably_damaging(0.996)   

POLE missense_variant c.1123C>T probably_damaging(1)   

BRCA1 inframe_deletion c.3327_3329del  Deleterious(-6.79)  

BRCA2 inframe_deletion c.5218_5223del  Deleterious(-11.92)  

PALB2 inframe_deletion c.1206_1208del  Deleterious(-9.47)  

AIP inframe_insertion 

c.703_704insGGGAACTGATCGTGTCATCCC

TGGCGCTGGCGGAACGCTATGCCCCCGCC

AGCCGCGACGAAAGAATTTATGAACTGAT

CCTCGATGAGA 

 Deleterious(-39.97)  

PTCH1 inframe_deletion c.3289_3291del  Deleterious(-12.05)  

CHEK2 inframe_deletion c.885_887del  Deleterious(-6.48)  

BRCA1 splice_donor_variant c.4484+1G>T   GT site(14.92) 

FANCG splice_acceptor_variant c.1434-2A>C   AG site(12.35) 

CHEK2 splice_donor_variant c.908+2T>A   GT site(10.58) 

PDE11A splice_acceptor_variant c.1303-2A>T   AG site(6.9) 

ATM splice_donor_variant c.3077+1G>A   GT site (9.6) 

FANCL splice_donor_variant c.216+1G>T   GT site(15.06) 
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Supplemental Table 2. List of pathogenic/likely pathogenic germline mutations in ClinVar 
Gene Germline Mutation Condition ClinVar Classification 

ATM NM_000051.3:c.1402_1403delAA, (p.Lys468Glufs*18) Hereditary cancer-predisposing syndrome P/LP 

BRCA2 NM_000059.3:c.1298dup, (p.Asn433Lysfs*19) Breast-ovarian cancer, familial 2 P 

BRCA2 NM_000059.3:c.3860del, (p.Asn1287Ilefs*6) Hereditary cancer-predisposing syndrome/Breast-ovarian cancer, familial 2 P 

PALB2 NM_024675.3:c.172_175del, (p.Gln60Argfs*7) Hereditary breast and ovarian cancer syndrome P/LP 

ATM NM_000051.3:c.1339C>T, (p.Arg447*) Hereditary cancer-predisposing syndrome P/LP 

ATM NC_000011.10(NM_000051.3):c.3077+1G>A Hereditary cancer-predisposing syndrome LP 

BRCA2 NM_000059.3:c.6486_6489delACAA, (p.Lys2162Asnfs*5) Hereditary breast and ovarian cancer syndrome P 

PALB2 NM_024675.3:c.1056_1057del, (p.Lys353Ilefs*7) Hereditary cancer-predisposing syndrome P 

ATM NM_000051.3:c.3602_3603del, (p.Phe1201Trpfs*3) Hereditary cancer-predisposing syndrome/Ataxia-telangiectasia syndrome P 

BRCA1 NM_007294.3:c.2796del,  (p.Gly933Valfs*67) Breast-ovarian cancer, familial 1 P 

BRCA2 NM_000059.3:c.7409dup, (p.Thr2471Hisfs*4) Hereditary breast and ovarian cancer syndrome P 

ATM NM_000051.3:c.7166C>G, (p.Ser2389*) Ataxia-telangiectasia syndrome P/LP 

FANCA NM_000135.2:c.3163C>T, (p.Arg1055Trp) Fanconi anemia P/LP 

BRIP1 NM_032043.2:c.1315C>T, (p.Arg439*) Hereditary cancer-predisposing syndrome P 

BRCA1 NC_000017.11(NM_007294.3):c.4484+1G>T Hereditary breast and ovarian cancer syndrome P 

BRCA1 NM_007294.3:c.5335del,  (p.Gln1779Asnfs*14) Hereditary cancer-predisposing syndrome P 

Abbreviations: P, Pathogenic; LP, likely pathogenic 
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Supplemental Table 3. List of biallelic germline and somatic mutations of core HRD gene 

Patient ID Sex Germline Mutation Hom/Het Somatic Alteration 

P18 Female ATM NM_000051.3: c.1896del, (p.Glu632Aspfs*17) het ATM NM_000051.3:c.6347+1G>T 

P21 Male ATM NM_000051.3: c.4995dup, (p.Glu1666Argfs*26) het ATM NM_000051.3:c.1189A>T, (p.Lys397*) 

P24 Male BRCA2 NM_000059.3:c.1298dup, (p.Asn433Lysfs*19) het BRCA2 NM_000059.3:c.793+2T>G 

P25 Female BRCA2 NM_000059.3:c.3860del, (p.Asn1287Ilefs*6) het BRCA2 NM_000059.3:c.3733del, (p.Glu1245Argfs*14) 

P27 Male PALB2 NM_024675.3:c.172_175del, (p.Gln60Argfs*7) het PALB2 NM_024675.3:c.2462A>G, (p.Asn821Ser) 

P44 Male BRCA2 NM_000059.3:c.6486_6489delACAA, (p.Lys2162Asnfs*5) het BRCA2 NM_000059.3:c.9521dupA, (p.Asn3174Lysfs*2) 

P59 Male BRCA2 NM_000059.3:c.7409dup, (p.Thr2471Hisfs*4) het BRCA2 NM_000059.3:c.1580del, (p.Pro527Glnfs*31) 

P75 Female BRIP1 NM_032043.2:c.1442G>A, (p.Gly481Asp) het BRIP1 NM_032043.2:c.2258A>C, (p.Asp753Ala) 
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