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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.
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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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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Med Genet

 doi: 10.1136/jmg-2022-108816–9.:10 2023;J Med Genet, et al. Zhang C



 

 

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) 

 

 

 

 

 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Med Genet

 doi: 10.1136/jmg-2022-108816–9.:10 2023;J Med Genet, et al. Zhang C


