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Abstract 

Background: Pancreatic ductal adenocarcinoma (PDAC) is a fatal disease with molecular heterogeneity, inducing dif-
ferences in biological behavior, and therapeutic strategy. NGS profiles of pathogenic alterations in the Chinese PDAC 
population are limited. We conducted a retrospective study to investigate the predictive role of DNA damage repair 
(DDR) mutations in precision medicine.

Methods: The NGS profiles were performed on resected tissues from 195 Chinese PDAC patients. Baseline clinical or 
genetic characteristics and survival status were collected. The Kaplan–Meier survival analyses were performed by the 
R version 3.6.1.

Results: The main driver genes were KRAS, TP53, CDKN2A, and SMAD4. Advanced patients with KRAS mutation 
showed a worse OS than KRAS wild-type (p = 0.048). DDR pathogenic deficiency was identified in 30 (15.38%) of over-
all patients, mainly involving BRCA2 (n = 9, 4.62%), ATM (n = 8, 4.10%) and RAD50 genes (n = 3, 1.54%). No significance 
of OS between patients with or without DDR mutations (p = 0.88). But DDR mutation was an independent prognostic 
factor for survival analysis of advanced PDAC patients (p = 0.032). For DDR mutant patients, treatment with platinum-
based chemotherapy (p = 0.0096) or olaparib (p = 0.018) respectively improved the overall survival. No statistical dif-
ference between tumor mutation burden (TMB) and DDR mutations was identified. Treatment of PD-1 blockades did 
not bring significantly improved OS to DDR-mutated patients than the naive DDR group (p = 0.14).

Conclusions: In this retrospective study, we showed the role of germline and somatic DDR mutation in predicting 
the efficacy of olaparib and platinum-based chemotherapy in Chinese patients. However, the value of DDR mutation 
in the prediction of hypermutation status and the sensitivity to the PD-1 blockade needed further investigation.
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Background
Between 2009 and 2016, the five-year survival of pancre-
atic ductal adenocarcinoma (PDAC) fluctuated less than 
9% [1]. The reasons for the high mortality of PDAC pri-
marily include the insidious onset, fast-growing invasion, 
and ineffective treatment [2]. The standard of care was 
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limited to gemcitabine in metastatic settings. Novel cyto-
toxic agents and cell signaling inhibitors hardly improve 
clinical outcomes [3]. Given the increasing incidence 
of PDAC, there is a major unconquered challenge to 
develop more effective therapeutic strategies.

Deficiency might render a PDAC vulnerable to a poten-
tial new therapeutic intervention that increases the DNA 
damage load beyond a tolerable threshold [4]. Therapeu-
tic strategies targeting DDR pathways are widely used 
in anti-tumor treatments [5]. For example, poly (ADP-
ribose) polymerase (PARP) inhibitors used in BRCA 
mutated patients may lead to disruption of two redun-
dant DDR pathways and accumulation of DNA dam-
ages [6], thus presenting the phenomenon of synthetic 
lethality and triggering the apoptosis or necroptosis of 
tumor cells [7]. Platinum is a chemotherapeutic agent 
to cross-link purines on DNA and cause DNA damages. 
Theoretically, these DNA breaks induced by PARP inhib-
itors or platinum cannot be effectively repaired when 
DDR genes are mutated. Another indirect DNA repair-
related therapy is an immune checkpoint inhibitor (ICI) 
[8]. Compromised repair of DNA induces the accumula-
tion of cytoplasmic DNA fragments, which may increase 
neoantigen load and immunogenicity. As a result, high-
mutational status, such as a high level of tumor mutation 
burden and high expression of PD-L1, may result in high 
sensitivity to immunotherapy, especially ICIs [9].

Tumor genetic profiling may help determine opti-
mal treatments. Most of the current large-scale studies 
involved PDAC patients from western countries. The 
prevalence of tumor driver genes and DDR deficiency 
in Chinese PDACs remains unknown, and the relation-
ship between both germline and somatic DDR mutations 
and the survival or the sensitivity to relevant therapy is 
not clear. Previous studies have demonstrated the role 
of germline BRCA1/2 mutations in the prediction of the 
sensitivity to DNA damage targeting treatment [10, 11]. 
Currently, mounting evidence showed that DDR defi-
ciency also occurred in sporadic PDACs, such as somatic 
BRCA1/2, ATM, RAD51 mutations [12, 13]. It was more 
comprehensive to take both germline and somatic muta-
tions into consideration. Herein we conducted a study to 
demonstrate the mutation landscape of Chinese PDAC 
patients and explore the predictive role of germline 
and somatic DDR mutations in guiding the treatment 
strategies.

Methods and material
Study population and patient enrollment
Patients who were pathologically confirmed PDAC and 
were profiled by NGS of formalin-fixed paraffin-embed-
ded tissue between January 2016 to November 2019 
were eligible for our study. The majority of patients were 

admitted to West China Medical Center, except one 
patient from the People’s Hospital of Sichuan Province 
and two patients from the Cancer Hospital of Fudan Uni-
versity. Exclusion criteria included final pathology other 
than PDAC, and patients who had less-than-one-month 
overall survival.

The study was approved by the Institutional Review 
Board of West China Medical Center with a waiver of 
informed consent. This was mainly because of the ret-
rospective nature of the study and the fact that most 
patients had died at the time of study conception.

Clinical characteristics collection
Baseline demographic, clinical, and pathologic informa-
tion of enrolled patients were collected and recorded 
at the time of diagnosis. The definition of family his-
tory is these first degree relatives with a history of any 
solid malignancy. R1 was defined as a distance of tumor 
cells < 1  mm from the closest resection margin and 
R0 ≥ 1  mm. Platinum-based chemotherapy included the 
use of cisplatin or oxaliplatin. Patients were followed 
with a CT scan of the chest, abdomen, and pelvis every 
3 months for the first half-year and 6 months once there-
after. Recurrence was defined as the imaging observation 
of distant metastases or progressing change within the 
surgical bed including the pancreas remnant or anasto-
mosis sites. Limited stage referred to the resectable car-
cinoma that is still limited to the pancreas. Advanced 
disease was defined as a local infiltrated, unresectable, 
or metastatic lesion during the whole course of the dis-
ease. The date of diagnosis to the date of death or cen-
sored at the date of the last follow-up was collected for 
OS calculation.

NGS profiling
Gene panels used in this study were designed to describe 
the critical gene mutations in solid tumors. A total of 
three gene panels were performed retrospectively in this 
study, including 150, 381 and 417 genes, respectively 
(3DMed Company). Methods and protocols of NGS 
profiling were described in detail as the previous article 
[14]. The NGS platform uses ILLUMINA Nextseq500 to 
perform whole-exome sequencing. Each of the bases in 
the genome is sequenced more than 800 times to deliver 
accurate data and insight into unexpected DNA variation.

The three gene panels provided a comprehensive 
genomic profile of 390, 150, and 417 genes in one single 
test, respectively. The detailed genes detected in these 
panels were provided in Additional file 1. The alterations 
of SNV, InDels, fusions/rearrangements, and amplifica-
tion/loss were detected in these panels. From 10 to 50 
main DDR-related genes were included in our NGS panel 
and the main genes of them including ATM, BRCA1/2, 
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BLM, CHEK1, CHEK2, FANCA, FANCE, FANCD2, 
MLH1, MSH2, MSH6, PALB2, PMS2, RAD50, RAD51. 
The functional significances of variants in DDR genes 
were classified into the benign, likely benign, variant of 
uncertain significance (VOUS), likely pathogenic, and 
pathogenic variants according to the ACMG standard 
[15]. Pathogenic mutations were defined as those vari-
ants that would affect the function of a gene, including 
nonsense, frameshift, and splice-site mutations. The evi-
dence for pathogenic mutations was mainly derived from 
public databases or published literature. Mutations with 
variants of unknown significance were excluded in this 
study. Germline variation referred to the heritable vari-
ation detected in blood samples whereas somatic muta-
tion testing was done using tumor tissue.

Besides, the 417-gene panel also presented biomark-
ers related to immunotherapy, including tumor muta-
tion load (TMB), PD-L1 expression, and the status of 
the microsatellite. TMB refers to the number of somatic 
mutations per million bases (Mb) in the targeted 
sequencing coding region, including point mutations and 
insertion deletions. TMB was classified as high, medium, 
and low according to the internal database of tumor spe-
cies. The high level of TMB was defined as the range of 
top 25%, medium level as 26%–75%, and low as 76%–
100%. PD-L1 expression on tumor cells was assessed by 
VENTANA PD-L1 (SP263) assay.

Microsatellite Instability (MSI) refers to the occurrence 
of a new microsatellite allele due to any change in the 
length of a microsatellite caused by the insertion or dele-
tion of a repeating unit in a tumor compared with normal 
tissue. MSI status in this study was detected by NGS or 
IHC staining for mismatch repair proteins.

Statistical analysis
All data management and statistical analysis were com-
pleted using GraphPad Prism software version 5.0 and 
R version 3.6.1. Depending on the DDR mutation status, 
these patients were separated into mutated and wild-type 
groups. Baseline characteristics were compared between 
the two groups using the Pearson chi-square test for 
categorical variables and Student t-test for continuous 
variables. And the respective correlation of DDR gene 
mutation and TMB, PD-L1 expression, or MSI status 
were analyzed with the t-test. The Kaplan–Meier method 
and log-rank test (Mantel-Cox) were used to compare the 
differences in OS between different groups. The R pack-
age “survival” was used to perform the Kaplan–Meier 
curves. The “ggplot2” and “forest plot” packages were 
used for graph production. Cox proportional hazard 
analysis was used to identify which were correlated with 
the prognosis of PDAC among clinical characteristics 

and DDR genes. For this study, P ≤ 0.05 was considered 
statistically significant.

Results
Patient characteristics
A total of 195 PDAC patients from multiple medi-
cal centers in China were enrolled in this retrospective 
study. The vast majority of patients were recruited from 
West China Medical Center between January 2016 and 
December 2019, and the rest came from the Cancer Hos-
pital of Fudan University and the People’s Hospital of 
Sichuan Province. Demographics and clinicopathological 
data of the study population were listed in Table 1. The 
median age of all patients was approximately 60  years 
(range: 27–79  years), and males were moderately over-
represented compared with females (56.4% vs 43.6%). A 
family history of any malignancy in first-degree relatives 
was noted in 31 patients (15.9%). 109 resectable patients 
(55.9%) and 85 unresectable patients (43.6%) received 
curative surgery and palliative surgery or just biopsy, 
respectively. At any point during the disease, 60 patients 
(30.8%) eventually had signs of metastasis. Limited-stage 
patients accounted for 36.7% of overall patients and 123 
patients with advanced disease (62.8%) were included in 
this study.

In total, 30 patients (15.4%) were identified as mutant 
germline or somatic DDR gene in our study by NGS. 
The remaining 165 patients (84.6%) were therefore con-
firmed as DDR wild-type genotype and were matched 
by several clinical characteristics to the DDR mutated 
patients  (Table  1). Generally, no significant difference 
in baseline characteristics of patients between the two 
groups. For example, there were equal numbers of male 
and female patients in DDR mutated groups, and male 
patients were slightly overrepresented in the wild-type 
group (50% DDR mut vs 57.6% DDR wt, p = 0.569). The 
percentage of a family cancer history was similar in each 
group, also for the presence of pancreatic cancer (3.3% 
DDR mut vs 2.4% DDR wt, p = 0.347). Regarding the 
TNM staging, the composition of each stage of patients 
was similar between the two groups (T1-T2: 30.0% DDR 
mut vs 35.8% DDR wt; T3-T4 66.7% DDR mut vs 63.0% 
DDR wt; p = 0.596). More importantly, there was no dif-
ference between patients in limited-stage or advanced 
stage (p = 0.950). In conclusion, these results showed that 
no significant difference in other variables between the 
two groups, except for the DDR gene mutation status.

Mutation profiles of main driver genes
We performed NGS for 195 Chinese PDAC patients 
enrolled in our study, which has revealed a complex 
mutational landscape about genes known to be impor-
tant in pancreatic cancer. 565 deleterious mutations were 



Page 4 of 16Shui et al. J Transl Med          (2021) 19:301 

Table 1 Baseline characteristics of overall patients

Variable Overall cohort, N = 195 DDR status

mut
N = 30 (15.4%)

wt
N = 165 (84.6%)

p value

Age at diagnosis 0.35

 Median, years 59.3 59.6 59.2

Sex, n (%) 0.569

 Male 110 (56.4%) 15 (50%) 95 (57.6%)

 Female 85 (43.6%) 15 (50%) 70 (42.4%)

Family history of cancer, n (%) 31 (15.9%) 7 (23.3%) 24 (14.5%) 0.347

 Pancreatic cancer 5 (2.6%) 1 (3.3%) 4 (2.4%)

 Any cancer 26 (13.3%) 6 (20%) 20 (12.1%)

Location of primary tumor, n (%) 0.253

 Head/uncinate 123 (63.1%) 15 (50%) 108 (65.5%)

 Body/tail 47 (24.1%) 10 (33.3%) 37 (22.4%)

 NA 24 (12.3%) 5 (16.7%) 19 (11.5%)

Surgery, n (%) 0.674

 R0 (Negative margin) 109 (55.9%) 16 (53.3%) 93 (56.4%)

 R1 (Positive margin) 83 (42.6%) 13 (43.3%) 70 (42.4%)

 NA 3 (1.5%) 1 (3.3%) 2 (1.2%)

Pathological T stage, n (%) 0.596

 T1 and T2 68 (34.9%) 9 (30.0%) 59 (35.8%)

 T3 and T4 124 (63.6%) 20 (66.7%) 104 (63.0%)

 NA 3 (1.5%) 1 (3.3%) 2 (1.2%)

Pathological N stage, n (%) 0.47

 N0 85 (43.6%) 15 (50.0%) 70 (42.4%)

 N1/N2 107 (54.9%) 14 (46.7%) 93 (56.4%)

 NA 3 (1.5%) 1 (3.3%) 2 (1.2%)

Metastasis, n (%) 0.632

 M0 132 (67.7%) 19 (63.3%) 112 (67.9%)

 M1 60 (30.8%) 10 (33.3%) 50 (30.3%)

 NA 3 (1.5%) 1 (3.3%) 2 (1.2%)

Stage, n (%) 0.950

 Limited stage 72 (36.7%) 11 (36.7%) 61 (37.0%)

 Advanced stage 123 (62.8%) 19 (63.3%) 104 (63.0%)

Perivascular invasion, n (%) 0.686

 Present 40 (20.5%) 6 (20.0%) 34 (20.6%)

 Absent 152 (77.9%) 23 (76.7%) 129 (78.2%)

 NA 3 (1.5%) 1 (3.3%) 2 (1.2%)

Perineural invasion, n (%) 0.68

 Present 75 (38.5%) 11 (36.7%) 64 (38.8%)

 Absent 117 (60.0%) 18 (60.0%) 99 (60.0%)

 NA 3 (1.5%) 1 (3.3%) 2 (1.2%)

CA 19–9, n (%) 0.055

 Normal 44 (22.6%) 7 (23.3%) 37 (22.4%)

 Elevated 145 (74.4%) 20 (66.7%) 125 (75.8%)

 Unknown 6 (3.1%) 3 (10.0%) 3 (1.8%)

Surgery, n (%) 0.857

 Curative surgery 109 (55.9%) 16 (53.3%) 93 (56.4%)

 Unresectable cancer 85 (43.6%) 14 (46.7%) 71 (43.0%)

 NA 1 (0.5%) 0 (0.0%) 1 (0.6%)
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detected in all patients. The average mutations per cancer 
sample were 2.9 and 13 patients (6.6%) did not have any 
alterations in the genes of our panel. The whole mutation 
landscape of our cohorts is illustrated in Fig. 1. Kirsten-
ras protein (KRAS) was the most prevalent mutating 
gene, which occurred in 83.6% of patients of our cohorts. 
Other frequent genomic alterations were listed as fol-
lows: tumor protein p53 (TP53) (62.05% in our cohorts 
vs 51% in TCGA), cyclin-dependent kinase inhibitor 2A 
(CDKN2A) (27.18% vs 11%), drosophila mothers against 
decapentaplegic homolog 4 (SMAD4) (17.44% vs 15%). 
Next, we investigated the influence of mutations in driver 
genes on the clinical outcomes of advanced patients. 
KRAS mutated patients with significantly lower overall 
survival (OS) than wild-type patients  (Fig.  2A). Inter-
estingly, in this study, no significant correlation was 
found between the number of drive gene mutations and 
OS (Fig. 2B), which differed from the report of other stud-
ies that more drive gene mutations may lead to shorter 
survival in PDAC patients [16, 17]. As the fifth most 
common genetic alteration, a handful of genes related to 
DNA damage repair were identified in 15.38% of patients 
in our study. Among the genetic alterations, BRCA2 ger-
mline mutation was the most prevalent mutation of DDR 
deficiency. BRCA2, ATM, RAD50 and MLH1 genes were 
mutated in 9 (4.62%), 8 (4.10%), 3 (1.54%) and 2 (1.03%) 
of all patients, respectively. Other mutant DDR genes, 
such as BRCA1, MSH, RAD51, PMS2, PALB2, FANCA, 
FANCE, BLM, CHEK2, and FANCD2, were found in one 
patient (0.51%), respectively (Fig. 2C).

Survival analyses based on DDR mutation status
The mutation profiles of all DDR gene mutations detected 
in our study has shown in Fig. 3A. There were several dif-
ferent alteration types among these mutations, includ-
ing missense, nonsense, frameshift, intron mutation, and 
copy number variation (CNV)-loss. The detailed muta-
tional information (mutation level, amino acid change, 
and corresponding functions) was listed in  Table  2. A 
total of 36 mutations of DDR genes were identified in 30 

patients, including 19 somatic mutations and 17 germline 
mutations (Fig. 3B). Six (3.07%) patients had more than 
one mutation. We recorded 12 germline and somatic del-
eterious BRCA1/2 mutations in 9 patients, 1 of which 
(0.5%) occurred in BRCA1, and 11 (4.7%) occurred in 
BRCA2. Among them, 2 patients had 2 sites of BRCA2 
mutation simultaneously.

Survival analyses were conducted to confirm the pre-
dictive and prognostic value of mutations in DDR-related 
genes. In our cohort, there were 123 patients (63.1%) in the 
advanced cohorts and 102 of advanced patients had sur-
vival data. Among them, 104 patients were DDR wildtype, 
while 19 patients were identified as DDR deficiency. The 
median OS of advanced patients was 11.69  months. The 
patients with DDR deficiency showed no benefit in OS 
compared to wild-type patients (p = 0.71) (Fig. 3C).

Besides, we also made a forest plot for a cox multivari-
ate analysis of 102 advanced PDAC patients in our study 
(Fig. 4). As the results showed, age less than 60-year-old, 
alcohol history, jaundice or diabetes at presentation, T 
stage, adoption of curative surgery, perivascular invasion, 
and DDR mutation could act as the independent prog-
nostic factors. Except for the influence of other covari-
ates, DDR mutation could predict the prognosis of PDAC 
patients (HR 0.04–0.86, P = 0.032).

The effects of olaparib, platinum‑based chemotherapy 
and PD‑1/PD‑L1 blockade on overall survival to patients 
with the DDR deficiency
Of all the 195 patients, 22 have ever received any one of 
these DDR targeting drugs (olaparib, platinum-based 
chemotherapy, and PD-1 blockades), and ten of them har-
bored DDR deficiency. Most patients who received these 
drugs harbored BRCA1/2 or ATM mutations  (Fig.  5A). 
In the 18 advanced DDR-mutated patients, 4 patients 
received the second-line olaparib treatment after the fail-
ure of chemotherapy with gemcitabine and nab-paclitaxel 
or platinum. An improvement of OS was observed in the 
group with olaparib treatment compared to those without 
(p = 0.034; Fig. 5B).

Table 1 (continued)

mut mutant, wt wild-type, CA carbohydrate antigen, DDR DNA damage repair, N node, N number, T tumor

P value was calculated by  x2 except t test for age

Variable Overall cohort, N = 195 DDR status

mut
N = 30 (15.4%)

wt
N = 165 (84.6%)

p value

Adjuvant radiotherap or chemotherapy, n (%) 0.094

 Yes 84 (43.1%) 15 (50%) 69 (41.8%)

 No 44 (22.5%) 7 (23.3%) 37 (22.4%)

 Unknown 67 (34.4%) 8 (26.7%) 59 (35.8%)



Page 6 of 16Shui et al. J Transl Med          (2021) 19:301 

Fig. 1 Mutation landscape of the 195 Chinese PDAC patients in our study
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There were overall 15 patients treated with platinum-
based chemotherapy in our study, 9 of them were DDR 
wild-type while 6 were in the DDR mutated group. In 
advanced patients with DDR mutations, a total of 5 
patients have received platinum chemotherapy during 
the whole therapeutic course. 3 of them received second-
line platinum-based chemotherapy, including 1 patient 
with mFOLFIRINOX (modified 5-Fluorouracil, leucov-
orin, irinotecan, and oxaliplatin) regimen, after the tumor 
progression of gemcitabine plus nab-paclitaxel. The other 
two patients both received gemcitabine and platinum 
chemotherapy as the first-line treatment. However, one 
patient had progressive disease after 3 cycles of platinum 
chemotherapy and another patient had the disease recur-
rence in two years. In the advanced patients, platinum-
based chemotherapy was also found to result in favorable 
OS (p = 0.0096,  Fig.  5C). Next, we investigated the cor-
relation between DDR deficiency and response to PD-1 
inhibitors. Although PD-L1 overexpressed in tumors of 
6 advanced patients, the efficacy of PD-1 blockades was 
a little disappointing: 1 patient with intact DDR genes 

had stable disease (SD), meanwhile, of the remaining 
5 patients with DDR deficiency, 1 was evaluated as par-
tial response (PR), 3 as SD, and 1 as progression disease 
(PD) (based on RECIST 1.1). However, in the advanced 
patients with DDR deficiency, the OS was not signifi-
cantly prolonged after the treatment of PD-1 blockades 
(p = 0.14; Fig. 5D).

13 advanced patients with DDR deficiency had the 
treatment and survival records. Detailed data of these 
individual patients were summarized in Fig. 6A. Matched 
therapy was defined as precise treatment according to the 
molecular profiling of the individual patient. For example, 
the matched therapy of DDR mutations included olapa-
rib and platinum-based chemotherapy, and PD-1 block-
ade was matched therapy for positive PD-L1 expression. 
As shown in  Fig.  6B, the participation of molecularly 
matched therapy in the treatment course significantly 
improved the overall survival of patients compared to 
those treated with unmatched therapy.

Fig. 2 The association between driver genes and prognosis and the mutational landscape of DDR gene in our study. AThe overall survival (OS) was 
shorter in advanced patients with KRAS mutation compared to those without. B The K-M survival analysis of advanced patients with 0 to 4 mutated 
driven gene. C The most frequently altered mutation genes and the percentage of mutations in DDR gene systems
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Correlations between hypermutation phenotype and DDR 
mutation
In our study, TMB could be evaluated in 87 patients 
who profiled by the 417-gene panel. The median level of 
TMB was 4.9 mutations/Mb (range, 0.81–15.32 muta-
tions/Mb). By analyzing the sequencing data of enrolled 
patients, we identified no significant difference of TMB 
between patients with DDR mutations and those in wild-
type status (P = 0.384;  Fig.  7A). However, in the DDR 
mutated group, a higher proportion of patients had a 
medium or high level of TMB (56.25% DDR mut vs 
38.23% DDR wt), and fewer patients were located at the 
low level of TMB (31.25% DDR mut vs 47.06% DDR wt).

To meet the need to respond appropriately to dif-
ferent kinds of DNA damage, mammalian cells have 
evolved intricate DNA repair pathways to repair a large 
variety of structurally genotoxic damages: mismatch 
repair (MMR), base-excision repair (BER), nucleo-
tide excision repair (NER), homologous recombina-
tion (HR), non-homologous DNA end joining (NHEJ) 
pathway, translesion synthesis (TLS), Fanconi ane-
mia (FA) and checkpoint factors (CPF). In this study, 
the mutational genes were associated with five path-
ways  (Fig.  3B).  To further disclose the main contrib-
uting components affecting the connection between 
DDR mutations and TMB, we investigated whether 

Fig. 3 The mutation profile of DDR mutation in our cohorts and the correlation of DDR mutation status and overall survival of patients. A Mutation 
profile of DDR gene mutations in 30 patients. B The distribution and numbers of germline and somatic gene mutations in each individual 
sub-pathways of DDR systems. C The overall survival of advanced patients with DDR deficiency and those with intact DDR genes
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the mutations among these pathways of the DDR sys-
tem may affect the TMB levels. As shown in Fig. 7B–E, 
patients with genetic alterations in CPF (p = 0.424), 
HRR (p = 0.590), and FA pathways (p = 0.099) failed to 
show significant differences with corresponding wide-
type patients. However, NHEJ pathway alterations 
demonstrated a comparably higher level of TMB than 
the NHEJ wild-type groups (p < 0.001).

In our study, 89 of 195 patients had the available 
information of microsatellite status. One patient was 
evaluated as MSI-high by known NGS sequencing sites 
and another MSI-low was confirmed by immunohisto-
chemistry (IHC) detection. And the remaining patients 

were all microsatellite stable (MSS). In contrast to our 
hypothesis, the two MSI patients were both DDR wild-
type. IHC information of PD-L1 protein was available 
in 102 patients, and 23 of them (22.5%) were positive. In 
the DDR mutated group, the proportion of patients with 
PD-L1 overexpression was a little higher than that in the 
wild-type group (29.17% DDR mut vs 20.51% DDR wt) 
(Fig. 7F).

Discussion
To our knowledge, this retrospective study is the first 
study focusing on the germline or somatic DDR muta-
tions of PDAC patients in the Chinese population.

Table 2 Mutation details of DNA damage repair gene in 30 patients of our cohort

Patient ID Sex Age Mut Level Amino acid change Function Detection Panel

Patient 26 M 55 ATM germline p.R1882* Nonsense 417-gene

Patient 87 M 61 ATM germline p.C1899* Nonsense 417-gene

Patient 100 F 71 ATM germline p.K468Efs*18 Frameshift 150-gene

Patient 135 F 71 ATM germline p.Q441Afs*45 Frameshift 417-gene

Patient 195 M 55 ATM somatic p.K2811Sfs*46 Frameshift 417-gene

Patient 140 F 63 ATM somatic R1898* Nonsense 417-gene

Patient 119 F 69 ATM somatic p.G509*, p.L1651* Nonsense 150-gene

Patient 42 M 63 ATM somatic c.2921 + 1G > A Intron mutation 381-gene

Patient 25 F 54 BLM germline p.L258Efs*7 Frameshift 417-gene

Patient 186 F 45 BRCA1 somatic p.R1443* Nonsense 417-gene

Patient 11 F 67 BRCA2 somatic p.T3033Nfs*11, p.K437Ifs*22 Frameshift 417-gene

Patient 130 F 34 BRCA2 somatic p.R3128* Nonsense 150-gene

Patient 143 M 63 BRCA2 somatic D2723N Missense 381-gene

Patient 162 M 55 BRCA2 somatic p.R2494* Nonsense 150-gene

Patient 130 F 34 BRCA2 germline p.N2137Kfs*29 Frameshift 150-gene

Patient 193 M 55 BRCA2 germline c.3847_3848del Indel 417-gene

Patient 124 F 49 BRCA2 germline Y1894* Nonsense 381-gene

Patient 180 F 73 BRCA2 germline p.Q1073Rfs*4 Frameshift 417-gene

Patient194 M 34 BRCA2 germline p.V1283Kfs*2 Frameshift 417-gene

Patient 63 F 68 FANCA somatic – CNV-amplification 417-gene

Patient 86 F 79 FANCE somatic – CNV-loss 417-gene

Patient 75 M 60 FANCD2 germline p.Q718* Nonsense 417-gene

Patient 191 M 47 MLH1 somatic p.N287Kfs*10 Frameshift 150-gene

Patient 145 M 57 MLH1 somatic – CNV-loss 150-gene

Patient115 M 62 MSH2 somatic p.N566Ifs*24 Frameshift 150-gene

Patient 115 M 62 MSH6 somatic p.F1088Sfs*2 Frameshift 150-gene

Patient 192 F 50 PALB2 somatic p.F440Lfs*12 Frameshift 417-gene

Patient 192 F 50 PALB2 germline p.R753* Nonsense 417-gene

Patient 50 F 56 PMS2 somatic – CNV-loss 381-gene

Patient 160 M 51 RAD50 germline p.Q826* Nonsense 417-gene

Patient 28 M 67 RAD50 germline c.3618 + 1G > A Intron mutation 417-gene

Patient 152 M 76 RAD50 germline p.R1077* Nonsense 417-gene

Patient 50 F 56 RAD51 somatic – CNV-loss 381-gene
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First of all, the top 4 commonly mutated genes between 
different racial populations were almost the same: KRAS, 
TP53, CDKN2A, and SMAD4, which was in accord with 
the recent study conducted in Chinese patients [18] and 

some previous studies about western PDAC patients 
[19, 20]. However, different racial cohorts may have dif-
ferent tendencies of the fifth most frequent mutation. 
ARID1A was supported by some research to be the 

Fig. 4 The forest plot for cox multivariate analysis of 102 advanced PDAC patients in our study
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fifth most altered gene with a more than 10% incidence 
rate [21]. A whole-genome sequencing conducted in 
100 Australian PDAC patients showed that ARID1A 
mutation was prevalent, which was consistent with our 
cohorts [5]. And other candidates including FLG [22] 
and myeloid/lymphoid or mixed-lineage leukemia pro-
tein 3 (MLL3) [23]. ARID1A, however, was not listed as 
the top 5 mutated genes in the current understanding of 
PDAC molecular type [24]. Despite the molecular sta-
tus of main driver genes being considered to potentially 
influence OS in some studies [22, 25], in our research, 
there was no survival difference between patients with or 
without any mutations of the top 4 mutated genes except 
KRAS. KRAS mutation also was confirmed to shorten 

the survival term of PDAC patients by other studies [16]. 
And the phenomenon that patients with altered driven 
genes may have worse OS, which was reported in other 
studies [17, 26], was not observed in our research.

The overall incidence of DDR mutation in our cohort 
was 15.38%, which is a little higher than what has been 
reported in other NGS studies: Wang et al. conducted a 
study of 540 Chinese PDAC patients and found that ger-
mline mutations were identified in 60 patients (11.1%) 
[18]. Matthew B et  al. enrolled 289 resected PDAC 
patients of the USA and found that 7.3% carried the ger-
mline variants in 24 detected DDR genes [27]. A large-
scale study of targeted genomic profile analyses showed 
that BRCA and FANC mutations were detected in 14% 

Fig. 5 The respective relationship between OS and olaparib, platinum-based chemotherapy or PD-L1 blocking therapy in defective DDR patients. 
A The constitution of mutant DDR genes in patients with any one treatment of olaparib, platinum-based chemotherapy and PD-1/PD-L1 blockade. 
B In the subgroup of locally advanced or metastatic PDACs, there were significant difference between defective DDR patients with or without 
olapatib treatment. C Application of platinum-based chemotherapy positively correlated with the prolonged OS in locally advanced or metastatic 
PDAC patients. D The difference of OS between locally advanced or metastatic patients who treated with PD-L1 blockade and those without
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of 3594 international PDAC patients [20]. This figure 
was similar to the 17% prevalence of the DDR muta-
tions in the high-risk population (Ashkenazi Jews) [28]. 
Although further validations in a larger-scale population 
were required, it is hypothetical that the Chinese popula-
tion was also at high risk for overall DDR mutations. The 

results emphasized that the DDR gene mutations were 
relatively common in Chinese PDACs, which required us 
to pay more attention.

Secondly, the clinical outcomes of DDR mutations were 
controversial. In the western cohorts, the OS of patients 
carried with BRCA1/2 or PALB2 mutation was prolonged 

Fig. 6 Actionable alterations combined with overall survival for molecularly matched and unmatched therapies. A The molecular mutations and 
therapeutic regimens in advanced patients with DDR deficiency and detailed clinical and survival data. B Matched therapy significantly improved 
the OS of advanced patients with DDR mutations than those with unmatched therapy. Matched therapy was defined as precise treatment 
according to the molecular profiling of the individual patient (olaparib and platinum-based chemotherapy for DDR mutations, PD-1 blockade for 
positive PD-L1 expression). FOLFIRI: flurouracil and irinotecan. FOLFIRINOX: fluorouracil, irinotecan, and oxaliplatin. HIFU: high intensity focused 
ultrasound
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compared to that of non-carriers (21.8 months DDR mut 
vs 8.1  months DDR wt) [29]. However, some studies 
showed that there was no prognostic difference between 
the two groups, and others even suggested that germline 
BRCA mutation may induce a worse prognosis [30]. No 

significant difference in OS was observed between the 
patients with or without DDR mutations in our study. 
The inconsistency of results may ascribe to the different 
characteristics of the enrolled population and the differ-
ent therapeutic regimens they received.

Fig. 7 Distribution of TMB based on DNA damage-related gene-set alteration. A The relationship between TMB and the DDR gene status. B–E 
Comparison of the TMB levels between patients with the mutation of respective subways of DDR systems, HRR (B), CPF (C), NHEJ (D), and FA (E), and 
those without corresponding mutations. The y axis is indicating TMB per megabase in log2 scale. F Patients with DDR deficiency harbored higher 
percentage of PD-L1 overexpression compared to those with DDR wild-type. Abbreviations: DDR, DNA damage repair; FA, Fanconi anemia; HR, 
homologous recombination; NHEJ, non-homologous end joining; CPF, checkpoint factors; TMB, tumor mutation burden
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Next, to further investigate the impact of DDR 
mutations as actionable genes to guide precision 
medicine. In advanced patients with DDR deficiency, 
we found that molecularly matched therapy signifi-
cantly improved the OS of patients than those with 
unmatched therapy. The Know Your Tumor (KYT) 
trial also reported that the median PFS of patients with 
the matched therapy was significantly longer than the 
patients in the unmatched therapy group [31].

Additionally, no significant difference in TMB 
between patients with DDR mutations and those in 
wild-type status in our study. Of the four specific sub-
pathways, mutation of the NHEJ pathway was the 
only one to induce higher TMB. In the DDR mutated 
group, a higher proportion of patients had a medium 
or high level of TMB and fewer patients were located 
at a low level of TMB. However, some studies found 
a positive correlation between TMB and DDR muta-
tions. In Korean SCLC patients, a higher TMB level 
was identified in the DDR mutated group than the 
DDR wild-type group [32]. Another study revealed that 
deleterious alterations in 34 DDR related genes may 
exhibit high TMB levels and be independently related 
to better response to ICIs in metastatic urothelial can-
cer [33]. Furthermore, only 2 patients in our cohorts 
were identified with MSI-high but with the intact 
DDR genes. Contrary to other studies, DDR mutations 
were observed to positively correlate to MSI in a study 
[34]. These differences are mainly derived from a lot 
of absence of information on MSI status in our study. 
According to the latest ASCO clinical practice guide-
line, pembrolizumab is suggested for patients with 
MMR deficiency or MSI-high metastatic pancreatic 
cancer [35]. A study reported that PDAC patients with 
DDR mutations had a higher percentage of positive 
PD-L1 expression than wild-type [36]. In conclusion, 
the correlation between DDR mutations, MSI status, 
and PD-L1 expression needs to be further verified by 
large-scale research.

There were some limitations to this study. The first 
issue included controversial definitions of DDR genes 
and the relationship between these genes and their cor-
responding pathways. Due to insufficient knowledge 
about the intricate regulation mechanism of the DDR 
pathways, current research concerning PDAC used 
unrecognized standards to classify the DDR genes. For 
example, some studies defined 14 or 16 genes as the 
members of the DDR system [30, 37]. Patients in this 
study profiled using three different gene panels, which 
had specific probes covering a different range of gene 
sets. The different spectrum of detected genes may 
lead to the diverse classification of DDR mutations and 
affect the results of studies. Additionally, a low number 

of patients who received DDR related treatment limited 
the development of statistical analyses. Although there 
was a difference in median OS between two groups of 
small-sample comparison, it was still difficult to reach 
a significant P value according to statistic analyses. As 
a result, the lack of information and a small sample size 
may lead to some deviations in conclusions. Another 
limitation is the retrospective nature of our study. 
The impact of other treatment regimens the patients 
received, such as radioactive particle implantation, 
arterial infusion chemotherapy, or traditional Chinese 
medicine was beyond the scope of this study, which 
may lead to a large degree of therapeutic heterogeneity 
within the total cohorts. Even with these above-men-
tioned limitations, genomic data generated separately 
from some platforms validated our findings [21, 27, 
38, 39]. Large-scale randomized controlled trials are 
expected to prospectively verify the predictive role of 
DDR mutations.

Conclusions
In conclusion, our study described the mutation profiling 
of the currently largest Chinese PDAC population. The 
main driver genes of Chinese PDAC patients were KRAS, 
TP53, CDKN2A, and SMAD4. Patients with KRAS muta-
tion showed worse OS than those without. DDR defi-
ciency was identified in 15.38% of overall patients, mainly 
involving BRCA2, ATM, and RAD50 genes. Further-
more, our results portrayed a probably positive associa-
tion between DDR mutations and the better therapeutic 
efficacy of olaparib and platinum-based chemotherapy 
in advanced PDAC patients. DDR mutations were lim-
ited in inducing a high mutation status of patients and 
higher sensitivity to PD-1 blockades. Our study provided 
a relatively comprehensive profile of DDR mutations in 
Chinese PDAC patients and suggested the potential con-
nection between DDR mutation and therapeutic effects, 
which may catalyze further biomarker studies targeting 
impaired DNA pathways or immunotherapies.
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