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Background Pancreatic ductal adenocarcinoma (PDAC) is a malignant tumor with an extremely poor prognosis.
Effective targets for anticancer therapy confirmed in PDAC are limited. However, the characteristics of genomics
have not been fully elucidated in large-scale patients with PDAC from China.

Methods We collected both blood and tissue samples from 1080 Chinese patients with pancreatic cancer and retro-
spectively investigated the genomic landscape using next-generation sequencing (NGS).

Findings We found recurrent somatic mutations in KRAS (83.2%), TP53 (70.6%), CDKN2A (28.8%), SMAD4
(23.0%), ARID1A (12.8%) and CDKN2B (8.9%) in Chinese PDAC patients. Compared with primary pancreatic can-
cers, more genomic alterations accumulated especially cell cycle regulatory gene variants (45.4% vs 31.6%, P <

0.001) were observed in metastatic tumors. The most common mutation site of KRAS is p.G12D (43.6%) in pancre-
atic cancer. Patients with KRAS mutations were significantly associated with older age and mutations in the other
three driver genes, while KRAS wild-type patients contained more fusion mutations and alternative mechanisms of
RTK/Ras/MAPK pathway including a number of clinically targetable mutations. KRASmutations in Chinese cohort
were significantly lower than those in Western cohorts (all P < 0.05). A total of 252 (23.3%) patients with the core
DNA damage response (DDR) gene mutations were detected. ATM (n =59, 5.5%) was the most frequent mutant
DDR gene in patients with pancreatic cancer from China. Patients with germline DDR gene mutations were youn-
ger (P = 0.018), while patients with somatic DDR gene mutations were more likely to accumulate in metastatic
lesions (P < 0.001) and had higher TMB levels (P < 0.001). In addition, patients with mutant DDR genes and
patients carrying TP53mutation were observed mutually exclusive (P < 0.001).

Interpretation We demonstrated the real-world genomic characteristics of large-scale patients with pancreatic can-
cer from China which may have promising implications for further clinical significance and drug development.
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Research in context

Evidence before this study

Effective targets for anticancer therapy confirmed in
pancreatic cancer are limited. Most current investiga-
tions about genetic characteristics of pancreatic cancer
are based on Caucasian populations. However, the char-
acteristics of genomics have not been fully elucidated
in large-scale patients with pancreatic cancer from
China.

Added value of this study

We retrospectively analyzed the characteristics of geno-
mics from 1080 Chinese patients with pancreatic cancer
detected by NGS and found recurrent somatic muta-
tions in KRAS (83.2%), TP53 (70.6%), CDKN2A (28.8%),
SMAD4 (23.0%), ARID1A (12.8%) and CDKN2B (8.9%),
among others. Different lesion locations, KRAS status
and population cohorts of pancreatic cancers were
shown different genomic characteristics. A total of 252
(23.3%) patients with the core DDR gene mutations
were detected. ATM (n =59, 5.5%) was the most fre-
quent DDR mutant gene in patients with pancreatic
cancer from China. Patients with somatic and germline
DDR gene mutations had different clinicopathological
and molecular characteristics.

Implications of all the available evidence

This study comprehensively reported the real-world
genomic characteristics of large-scale patients with pan-
creatic cancer by clinical sequencing from China which
is conducive to identify potentially targetable and pre-
dictive biomarkers, screen exceptional genetic subtypes
in respond to specific treatment, and explore the clinical
practice and novel agent development for patients with
pancreatic cancer.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the
most lethal malignant tumors with a 5-year overall sur-
vival (OS) rate of less than 10%.1 Pancreatic cancer is
the sixth leading cause of cancer death in China,2 and
its incidence rate has rapidly increased worldwide over
the last decade.3 Although nab-paclitaxel plus gemcita-
bine4 and the FOLFIRINOX5 chemotherapy regimens
have been shown a significant survival benefit for pan-
creatic cancer patients, developing treatments with
greater efficacy remains challenging. Genetic heteroge-
neity is common in patients with pancreatic cancer.6

Therefore, it is a fundamental problem to optimize anti-
cancer treatment selection according to genetic
variations.7

In the era of precision medicine, comprehensive
genomic profiling of malignant tumor specimens has
identified potential targets for therapeutic intervention.
As a result, the combination of genetic testing and tar-
geted therapy has enabled significant achievements in
the treatment of lung cancer8 and breast cancer.9 How-
ever, few effective targets for anticancer therapy have
been confirmed in PDAC. Genomic alterations of
KRAS, TP53, CDKN2A and SMAD4 have been widely
reported as pancreatic cancer driver genes that are asso-
ciated with PDAC patients’ outcomes; however, few of
these genes has been clinically directly targeted through
the current therapeutic regimens.10 DNA damage
response (DDR) deficiency is a hallmark of PDAC,
which contains at least 200 related genes with different
functional pathways.11�13 Prior studies demonstrated
that germline DDR alteration carriers with PDAC had a
significantly longer overall survival (OS) than
noncarriers.14,15 The genes of BRCA family are thought
to predict preferentially sensitive to platinum-based che-
motherapy or PARP inhibition.16�18 A comprehensive
understanding of the genetic characteristics and molec-
ularly guided therapy have proved to a substantial
impact on survival in patients with pancreatic can-
cer.19�21 Recently, studies have reported the genomic
characteristics of Chinese pancreatic cancer patients,
however, lack of blood paired germline or based on
small cases, which is difficult to reflect the real-world
genomic characteristics of pancreatic cancer from
China.22,23

To determine the significant role played by geno-
mics, we investigated 1080 patients with pancreatic can-
cer from China using panel-based next-generation
sequencing (NGS) to explore the real-world genomic
alterations and evaluate the potential clinical signifi-
cance.
Methods

Patients and specimens
All participants provided written informed consent.
The study protocol was reviewed and approved by
the Ethics Committee of Shanghai Jiao Tong Univer-
sity School of Medicine Affiliated Renji Hospital
(protocol No.2016089). Patients with pathologically
diagnosed, anti-tumor therapy-naive, primary PDAC
who were enrolled between January 2017 to August
2020. Both blood and formalin-fixed, paraffin-
embedded (FFPE) tissue samples (n = 1080) were
collected from each patient. The genes contained in
our NGS panels were listed (381-gene panel and 733-
gene panel) in Supplementary Table 1-2. All FFPE
samples forwarded for DNA extraction contained at
least 20% tumor nuclei. Genomic profiling was per-
formed in a Clinical Laboratory Improvement
Amendments�certified and College of American
Pathologists�accredited laboratory (3D Medicines,
Inc., Shanghai, China).
www.thelancet.com Vol 77 Month March, 2022
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Tissue processing, DNA extractions, targeted
sequencing and data processing
DNA extraction and sequencing were performed as previ-
ously described with some modifications.24 Genomic
DNA was isolated from tissue samples using the
ReliaPrepTM FFPE gDNA Miniprep System (Promega)
and quantified using the QubitTM dsDNA HS Assay Kit
(Thermo Fisher Scientific). DNA extracts (30-200ng)
were sheared into 250-bp fragments using an S220
focused-ultrasonicator (Covaris). Libraries were prepared
using the KAPA Hyper Prep Kit (KAPA Biosystems).

For targeted capture of genomic regions, indexed
libraries were subjected to probe-based hybridization
with a customized NGS panel targeting 381 or 733
cancer-related genes, where the probe baits were indi-
vidually synthesized, 5’biotinylated, 120-bp DNA oligo-
nucleotides (IDT), and repetitive elements were filtered
out from intronic baits according to the annotation pro-
vided by University of California Santa Cruz (UCSC)
Genome RepeatMasker.

The captured libraries were loaded onto a NovaSeq
6000 platform (Illumina) for 100-bp paired-end
sequencing with a mean sequencing depth of 500£.
Raw data of tissue samples were mapped to the refer-
ence human genome hg19 using the Burrows-Wheeler
Aligner (v0.7.12). Variant calling was performed only in
the targeted regions. Somatic single nucleotide variants
(SNVs) were detected using MuTect (v1.1.7) (https://
github.com/broadinstitute/mutect), and somatic inser-
tions and deletions (indels) were detected using Pindel
(v0.2.5a8) (http://gmt.genome.wustl.edu/packages/pin
del) with default parameters. Copy number variations
(CNVs) were called by an in-house developed script with
a cutoff of 6 copies. Gene rearrangements were identi-
fied by analyzing the clipped reads that could be
extracted by the tag information of bam files mapped by
bwa software. Single-nucleotide polymorphisms (SNPs)
and indels were annotated by ANNOVAR against the
following databases: dbSNP (v138) (https://www.ncbi.
nlm.nih.gov/snp/), 1000 Genomes (https://www.ncbi.
nlm.nih.gov/variation/tools/1000genomes/), and
ESP6500 (population frequency > 0.015) (https://evs.
gs.washington.edu/EVS/). Only missense, stopgain,
frameshift, nonframeshift, and splicing were retained.
The human sequence data generated in this study were
not publicly available due to China human genetic
resources law and patient privacy requirements, but
were available upon reasonable request from the corre-
sponding authors.
Categorization of genomic alterations
Genomic alterations were categorized based on pub-
lished literature.21,25 Aberrant signaling pathways and
genes with alterations were listed in Supplementary
Table 3. In keeping with recent references, the core
DDR genes (n = 21) including ATM, ATR, ATRX,
www.thelancet.com Vol 77 Month March, 2022
BARD1, BLM, BRCA1, BRCA2, CHEK2, ERCC1,
FANCA, FANCD2, MLH1, MSH2, MSH6, MUTYH,
PALB2, POLE, PMS2, RAD50, RAD51, and SMARCA4
involved in this study, which were contained in our
NGS panels.11�13
The public pancreatic cancer dataset
The Cancer Genome Atlas (TCGA) 186 pancreatic can-
cer somatic mutations were downloaded from https://
cbioportal-datahub.s3.amazonaws.com/paad_tcga.tar.
gz. 150 patients with primary pancreatic cancer were
included in the study. International Cancer Genome
Consortium (ICGC) 99 pancreatic cancer somatic
mutations were downloaded from https://cbioportal-
datahub.s3.amazonaws.com/paad_icgc.tar.gz. Univer-
sity of Texas Southwestern Medical Center (UTSW) 109
pancreatic cancer somatic mutations were downloaded
from https://cbioportal-datahub.s3.amazonaws.com/
paad_utsw_2015.tar.gz. Queensland Centre for Medical
Genomics (QCMG) 456 pancreatic cancer somatic
mutations were downloaded from https://cbioportal-
datahub.s3.amazonaws.com/paad_qcmg_uq_2016.tar.
gz. 283 patients with tumor histologic subtype PDAC
and sample type primary were included in the study.
CNV in all the dataset was excluded in the comparative
studies between our cohort and the public cohort.
Tumor mutational burden (TMB) analysis
TMB was defined as somatic mutation counts in coding
regions per megabase (muts/Mb) of genome examined.
Although this study was based on panels with different
cancer gene numbers, the method used to calculate
TMB was the same. SNVs included both synonymous
and nonsynonymous mutations, as well as stopgain,
stoploss, and splicing variants. Indel variants included
both frameshift or nonframeshift insertions and dele-
tions. Noncoding alterations were not counted.
Microsatellite instability (MSI) analysis
The MSI phenotype detection method is a read count
distribution-based approach. An in-house developed R
script was employed to evaluate the distribution of read
counts among various repeat lengths for each microsat-
ellite locus of each sample.26 An MSI score was defined
as the percentage of unstable loci. Any sample with an
MSI score of � 0.4 was classified as MSI-high, and sam-
ples were otherwise classified as microsatellite stability
(MSS).
Statistical analyses
For normally distributed continuous variables, Stu-
dent's t-test was utilized to determine the differences
between two groups; otherwise, the Mann-Whitney U
test was utilized. Fisher’s exact test or the chi-square
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test was employed to identify the association of two cate-
gorical variables. All reported P values were two-tailed,
and P < 0.05 was considered to be significant unless oth-
erwise specified. All the analyses were performed by
using GraphPad Prism 8.0 (GraphPad Software, USA)
and R software (version 3.6.0, https://cran.r-project.org).
Role of funders
The funders had no role in the study design, data collec-
tion and analysis, decision to publish, or preparation of
the manuscript.
Results

Characteristics of the study population
In this study, tumor tissues and matched blood samples
were obtained from a total of 1080 patients with patho-
logically diagnosed PDAC (Table 1). Briefly, 58.0%
(626/1080) of the patients were male, and the median
age was 60 (range, 20�87). The median TMB level was
4.03 (range, 0�1124) in 1051 patients. Only 6 of 1051
(0.6%) patients were confirmed to have MSI-high sta-
tus. A total of 754 (69.8%) samples originated from the
primary pancreas. The remaining 326 (30.2%) samples
represented distant metastases obtained from the liver
Features Total (%)

No. of Patients 1080

Age

Median (Range) 60 (20-87)

<=60 546 (50.6%)

>60 534 (49.4%)

Gender

Male 626 (58.0%)

Female 454 (42.0%)

TMB Level

Median (Range) 4.03 (0-1124)

No information 29 (2.7%)

MSI Status

MSI-H 6 (0.6%)

MSS 1045 (96.8%)

No information 29 (2.7%)

Sample Location

Pancreas 754 (69.8%)

Distant metastasis 326 (30.2%)

Liver 228 (21.1%)

Peritoneum 28 (2.6%)

Lymph node 16 (1.5%)

Lung 4 (0.4%)

Others 50 (4.6%)

Table 1: Clinicopathologic characteristics in PDACs.
Abbreviations: PDAC, pancreatic ductal adenocarcinoma
(n = 227), peritoneum (n = 28), lymph nodes (n = 16),
lung (n = 4) and other sites (n = 50).
Molecular landscape of somatic genomic alterations in
PDAC
Among the 1080 pancreatic cancer patients, 8329 geno-
mic alterations were identified in 652 genes. The most
common mutational type was missense (62.3%) fol-
lowed by frameshift (9.3%) and truncation (9.0%). A
total of 598 (55.4%) patients were evaluated by 381-gene
NGS panel, and 3432 genomic alterations were detected
in 279 genes. Similarly, 482 (44.6%) patients were
tested by 733-gene NGS panel, and 4897 genomic altera-
tions were detected in 638 genes. KRAS was clearly the
most frequently occurring somatic mutation in PDAC
patients and the prevalence of this mutation was 83.2%
(n = 899, Figure 1). Other genomic changes involved in
decreasing order, TP53 (70.6%), CDKN2A (28.8%),
SMAD4 (23.0%), ARID1A (12.8%) and CDKN2B
(8.9%), among others. The key signaling pathways
altered in PDAC were also demonstrated, 90.7%
(n = 980) of PDAC patients had genomic alterations in
the RTK/Ras/MAPK signaling pathway followed by cell
cycle control (35.7%) and TGF-b signaling pathway
(32.4%).

The genomic changes associated with available clini-
copathological data for 1080 samples were summarized
in Table 2. Older patients (> 60 years old) with PDAC
were significantly more likely to exhibit KRAS muta-
tions (P = 0.003 [two-sided Fisher’s exact test]). Female
patients with PDACmore often exhibited genomic alter-
ations in CDKN2B and AR. A comparison of primary
and metastatic PDAC showed that TP53, CDKN2A,
SMAD4, MYC and CDKN2B gene alterations were likely
to be observed in metastases (all P < 0.05 [two-sided
Fisher’s exact test]). There were no significant differen-
ces in KRAS mutations (83.6% vs 82.5%, P = 0.741
[two-sided Fisher’s exact test]) between primary and
metastatic tumors. A subgroup analysis by metastatic
location demonstrated that liver metastases more fre-
quently harbored alterations in KRAS, TP53, CDKN2A
and CDKN2B (all P < 0.05 [two-sided Fisher’s exact
test]). GNAS gene mutations were likely to be observed
in other metastatic sites. To further confirm the differ-
ence of molecular characteristics between primary and
metastatic tumors, we found CDKN2A and CDKN2B
harbored higher mutation frequencies in metastases
than in primary after false discovery rate (FDR) correc-
tion (FDR < 0.05 [two-sided Fisher’s exact test],
Figure 2a). In the metastatic subgroup, liver metastasis
with CDKN2A mutations were more frequent than
those of the other metastatic lesions (FDR < 0.05 [two-
sided Fisher’s exact test], Figure 2b). Then, compared
with primary tumors, we illustrated mutational types of
representative differential genes and found CDKN2A,
SMAD4 and CDKN2B contained much more CNV loss,
www.thelancet.com Vol 77 Month March, 2022
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Figure 1. Summary of the common prevalent genomic alterations and signaling pathways in 1080 Chinese PDAC patients. Genomic alterations include missense, nonframeshift, fusion, stop-
gain, splice, and copy number variations (CNV) gain or loss. The majority of pathways altered in PDAC contain RTK/Ras/MAPK activation, cell cycle control, TGF-b signaling, histone modifica-
tion, SWI/SNF complex, PI3K/mTOR signaling, WNT/b-catenin pathway, RNA splicing, Notch pathway, angiogenesis, and Hedgehog signaling. The mutational frequencies of total samples
and primary lesion samples were listed. Germline mutations are not performed.
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Clinicopathologic features n (%) vs. n (%) p

Age <= 60 vs age > 60

KRAS 436 (80) vs 463 (87) 0.003

Female vs male

CDKN2B 53 (12) vs 43 (7) 0.009

AR 40 (9) vs 17 (3) <0.001

Primary vs metastasis

TP53 511 (68) vs 252 (77) 0.002

CDKN2A 188 (25) vs 123 (38) <0.001

SMAD4 160 (21) vs 88(27) 0.046

MYC 24 (3) vs 25 (8) 0.002

CDKN2B 42 (6) vs 54 (17) <0.001

SMARCA4 17 (2) vs 19 (6) 0.005

FGFR1 14 (2) vs 16 (5) 0.009

KMT2C 36 (5) vs 27 (8) 0.034

Liver vs other metastatic sites

KRAS 196 (86) vs 73 (74) 0.009

TP53 186 (82) vs 66 (67) 0.004

CDKN2A 103 (45) vs 20 (20) <0.001

CDKN2B 50 (22) vs 4 (4) <0.001

GNAS 4 (2) vs 7 (7) 0.021

Table 2: Clinicopathologic characteristics related to genomic
alterations.
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while TP53, KMT2C and SMARCA4 accumulated much
more missense in metastases (Figure 2c). Metastatic
PDAC patients were also observed significantly har-
bored cell signaling control pathway (45.4% vs 31.6%, P
< 0.001 [two-sided Fisher’s exact test], Figure 1) and car-
ried significantly higher TMB level (P < 0.001 [Mann-
Whitney U test], Figure 2d) than those in patients with
primary tumors. We also analyzed the prevalence of
CNV alterations in our cohort and found MYC (n=44,
4.1%) was most common gene with CNV gain, follow-
ing by FGFR1 (n=23, 2.1%), AKT2 (n=20, 1.9%) and
KRAS (n=20, 1.9%), among others. However, the genes
with the most frequent CNV loss were CDKN2B (n=95,
8.8%), CDKN2A (n=91, 8.4%) and SMAD4 (n=42,
3.9%), respectively (Supplementary Figure).

In the analysis of KRAS mutation sites, the most fre-
quently observed alterations occurred on codon 12 of
exon 2. These mutations included p.G12D (43.6%), p.
G12V (30.1%), p.G12R (11.6%), p.Q61H (5.0%), p.G12C
(2.6%) and CNV gain (2.2%). Other rare (<1%) point
mutation sites could be also detected (Figure 3a). In Chi-
nese population of PDAC patients, KRAS alterations
were absent in 181 of 1080 (16.8%) cases. KRAS wild-
type patients were significantly younger than those of
KRAS mutant status (56.7 vs 60.6 years old, P < 0.001
[Student's t-test]). We found that patients with KRAS
mutations were significantly associated with mutations
in the other three driver genes, namely, TP53 (77.3% ver-
sus 37.6%), CDKN2A (31.8% versus 13.8%) and SMAD4
(25.5% versus 10.5%) (all FDR< 0.05 [two-sided Fisher’s
exact test], Figure 3b). However, KRAS wild-type
patients were significantly associated with BRAF (0.4%
versus 17.1%), CTNNB1 (1.2% versus 9.4%), ERBB2
(0.9% versus 7.2%) and TSC2 (1.0% versus 5.0%) muta-
tions (all FDR< 0.05 [two-sided Fisher’s exact test]).
While BRAF mutations were the most prevalent muta-
tions in the KRAS wild-type cohort, merely 4 of 899
(0.4%) KRAS-mutant samples had mutations in BRAF.
Similarly, as alternative mechanisms of RTK/Ras/
MAPK pathway, ERBB2, MET, KIT, RET, NTRK1,
ERBB3, FGFR4, EGFR, FGFR2, RAF1, ROS1, GNAS,
and ALK alterations were more likely to be observed in
the KRAS wild-type cohort (Figure 3c). We also detected
124 genomic fusion alterations from 110 (10.2%)
patients. Various fusion genes involving NOTCH2,
BRAF, RET, ERBB2, KMT2C, RAF1, ALK, FGFR1 and
EGFR were identified in 26 (14.4%) KRAS wild-type
pancreatic cancer patients, significantly higher than
those in the patients with KRAS mutations (9.3%,
P = 0.042 [Two-sided Chi-square]).

To further explore the differences in the mutational fea-
tures between Chinese patients and Western patients, we
compared our cohort (only primary without CNV altera-
tions, n = 754) with public available database from the
International Cancer Genome Consortium (ICGC,
n = 99), the Cancer Genome Atlas (TCGA, n = 150), the
University of Texas Southwestern Medical Center (UTSW,
n = 109) and the Queensland Centre for Medical Geno-
mics (QCMG, n = 283). We observed KRAS status as the
most frequently occurring genomic mutation in our pri-
mary PDAC patients (83.6%) had significantly lower muta-
tion frequency than that in all western cohorts (ICGC,
94.9%; TCGA, 90.7%; UTSW, 91.7%; QCMG, 90.5%; all
P < 0.05 [two-sided Fisher’s exact test], Figure 3d). While
ARID1A, KDM6A, BRCA2 and ARID1B in our Chinese
cohort were observed higher mutation rate than those in
all western cohorts, although not all comparison reached
statistical significance.
Characteristics of somatic and germline DDR gene
mutations in Chinese PDAC patients
Our previous work comprehensively revealed the char-
acteristics of DDR deficiency in patients with pancreatic
cancer.27 Here, we evaluated somatic and germline
mutations in 21 core DDR genes covered by our NGS
panels. We found 252 (23.3%) PDAC patients were
accompanied by the core DDR gene mutations. All core
DDR mutant genes were displayed in Figure 4a. The
most frequently mutated DDR gene in Chinese PDAC
patients was ATM (n =59, 5.5%). The additional DDR
deficiency were commonly seen in BRCA2 (4.5%),
SMARCA4 (3.4%), ATRX (1.8%), FANCA (1.4%),
PALB2 (1.3%), and ATR (1.2%), among others. Interest-
ingly, 7 patients with ATM, 4 patients with BRCA2 and
2 patients with PALB2, respectively had both somatic
and germline mutations.
www.thelancet.com Vol 77 Month March, 2022



Figure 2.Molecular characteristics depended on tumor location in Chinese PDAC patients. a. Molecular differences between primary and metastatic PDAC tumors. False-discovery-rate (FDR)
correction was used to adjust for multiple comparisons. Each dot represents one gene and red dots represent FDR < 0.05, two-sided Fisher’s exact test. b. Molecular differences between liver
metastasis and other site metastatic PDAC tumors. c. Comparison of representative differential genes’ mutational types between primary and metastatic tumors. d. Violin plots of TMB in the
corresponding clinical subgroups of primary and metastatic PDAC tumors (n =1051). The outline of the violins shows the mirrored kernel density, with the black dotted line indicating the
median and quartile. Statistical comparisons were performed using Mann-Whitney U test. ***P < 0.001. Germline mutations are not included.

A
rticles

w
w
w
.th

elan
cet.com

V
ol77

M
on

th
M
arch

,2022
7



Figure 3. KRAS status and genetic comparison with Western populations in Chinese PDAC patients. a. The frequency of KRAS mutational type in PDAC patients. b. Comparison of alternative
driver genes depended on PDAC patients with KRAS status. FDR correction was used to adjust for multiple comparisons. Each dot represents one gene and red dots represent FDR < 0.05,
two-sided Fisher’s exact test. c. Comparison of RTK/Ras/MAPK pathway related genes depended on PDAC patients with KRAS status. Each dot represents one gene and blue dots represent
targetable genes. d. Heatmap showing the frequency comparison of somatic mutant genes without copy number variation (CNV) among Chinese primary patients (n = 754) and the Western
cohorts from International Cancer Genome Consortium (ICGC, n = 99), The Cancer Genome Atlas (TCGA, n = 150), University of Texas Southwestern Medical Center (UTSW, n =109), and
Queensland Centre for Medical Genomics (QCMG, n = 283). Germline mutations are not performed. The genes are listed in the order of mutation frequency in our cohort. The gradient color
from red to blue represents the mutation frequency from high to low. NA. denotes not detected.
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Figure 4. The core DDR genes with somatic and germline mutations in Chinese PDAC patients. a. The number of patients with the
core DDR gene mutations in our cohort. Red bar represents germline DDR mutation only, blue bar represents somatic DDR mutation
only, and yellow bar represents both. The mutational frequency of each gene is above bar. b. Violin plots compared the relationship
between DDR status, somatic DDR status and germline DDR status and the age of the corresponding patients. The outline of the vio-
lins shows the mirrored kernel density, with the black dotted line indicating the median and quartile. Statistical comparisons were
performed using Student's t-test. NS, not significant; *P < 0.05. c. Comparison of DDR status, somatic DDR status and germline DDR
status with primary and metastatic PDAC tumors. Mutational frequencies of primary and metastasis were listed. Statistical compari-
sons were performed using two-sided Fisher’s exact test. NS, not significant; ***P < 0.001. d. Violin plots compared the relationship
between DDR status, somatic DDR status and germline DDR status and TMB level of the corresponding patients (n =1051). The out-
line of the violins shows the mirrored kernel density, with the black dotted line indicating the median and quartile. Statistical com-
parisons were performed using Mann-Whitney U test. NS, not significant; ***P < 0.001. e. Comparison of DDR status with 4 driver
genes in Chinese PDAC patients. Mutational frequencies of primary and metastasis were listed. Statistical comparisons were per-
formed using two-sided Fisher’s exact test. NS, not significant; ***P < 0.001.

Articles
In our cohort, patients with germline DDR gene
mutations were significantly younger than those with
germline DDR wild-type (57.3 vs 60.2 years old, P
=0.018 [Student's t-test]), but no such phenomenon was
observed in patients with total DDR gene mutations
www.thelancet.com Vol 77 Month March, 2022
and somatic DDR gene mutations (Figure 4b). Next, we
investigated the correlations between DDR gene muta-
tions and tumor location. We found patients with total
DDR gene mutations (38.9% vs 27.5%, P < 0.001 [two-
sided Fisher’s exact test]) and somatic DDR gene
9
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mutations (41.6% vs 27.8%, P < 0.001 [two-sided Fish-
er’s exact test]) were significantly higher than their wild-
type patients in metastatic lesions, while there was no
significant difference between patients with germline
DDR gene mutations (P = 0.22 [two-sided Fisher’s exact
test]) and lesion location (Figure 4c). We further exam-
ined the underlying relationship between DDR gene
mutations and TMB level. Patients with total DDR gene
mutations (P < 0.001 [Mann-Whitney U test]), espe-
cially with somatic DDR mutations (P < 0.001 [Mann-
Whitney U test]) had a significantly higher TMB level
than did patients with wild-type DDR genes, respec-
tively (Figure 4d). Furthermore, we analyzed the associ-
ation between the core DDR gene mutations and 4
PDAC driver genes. We observed patients with DDR
genes were only significantly associated with TP53 (P <

0.001 [two-sided Fisher’s exact test]) and were mutually
exclusive (Figure 4e).
Discussion
This study was demonstrated the real-world genomic
characteristics in pancreatic cancer based on large-scale
patients from China. Every clinical participant provided
both tumor specimens and matched blood samples as
controls, which were collected and tested for NGS pro-
files containing exons of 381 or 733 cancer-related genes.
In addition, adequate neoplastic cellularity, high-quality
DNA and reasonable sequencing depth were strictly
implemented for each sample and reliable results could
be obtained.

Oncogenic KRAS alteration is the major molecular
event in PDAC patients, leading to permanent activa-
tion of the KRAS protein, which functions as a genetic
switch to activate various cellular signaling pathways
and transcription factors, thereby inducing prolifera-
tion, invasion, migration and survival.28 In our study,
we demonstrated that KRASmutations were more likely
to occur in older patients which was consistent with pre-
vious reports.25,29 No difference in KRAS mutation
between primary and metastatic lesions was seen; how-
ever, this mutation was detected more frequently in liver
metastases than in other metastatic sites. Meanwhile,
KRAS mutation was significantly closely linked to three
tumor suppressor genes, TP53, CDKN2A and SMAD4.
Mutational accumulation of these four main driver
genes not only represent the specific molecular charac-
teristics of PDAC, but also associate with poor progno-
sis.10 Furthermore, various KRAS mutational subtypes
were demonstrated in our Chinese cohort. p.G12D, as
the most prevalent KRAS-activating mutational subtype,
accounted for 43.6%, which was consistent with the
mutation frequency reported in previous study.28 How-
ever, it was demonstrated that p.G12D mutant patients
with PDAC had a significantly shorter overall survival
compared to p.G12V, p.G12R or wild-type patients.29

KRAS has been considered an undruggable molecule
and exhibits escape mechanisms when KRAS is inacti-
vated. Sotorasib (AMG510), a specific and irreversible
small-molecule inhibitor targeting KRAS p.G12C muta-
tion, showed encouraging anticancer activity, not only
in non-small-cell lung cancer (NSCLC)30 but also in
other solid tumors, including pancreatic tumors harbor-
ing the KRAS p.G12C alteration.31 Another promising
study showed that PDAC patients with the KRAS p.
G12R mutation had distinct drug sensitivity.32 In our
cohort, 2.6% and 11.9% PDAC cases presented KRAS p.
G12C and p.G12R mutations, respectively, and seemed
to benefit more from these novel specific therapeutic
strategies. However, the majority of KRAS alterations in
PDACs are KRAS p.G12D, p.G12V, and rare mutational
sites have not been determined to have a definite thera-
peutic response. Blocking KRAS downstream pathway
seems to be a feasible treatment strategy. MEK inhibi-
tors have been identified as a potential option for target-
ing KRAS to inhibit the RAF�MEK�ERK signaling
pathway located downstream of KRAS. A recent study
showed that the combination of MEK or ERK inhibitor
and autophagy inhibitor led to tumor regression in
PDAC patients.33,34 We believe that the proper popula-
tion of KRAS mutant patients who benefit from various
novel therapeutic strategies may be selected, and new
anti-KRAS agents may also be designed and developed
in the future.

In our Chinese PDAC patients, the proportion of
KRAS wild-type patients accounted for 16.8%, which is
considerably higher than that of Western population-
based reports. KRAS wild-type patients were previously
recognized as having a good prognosis, exhibiting a 9-
month survival without treatment.28 Interestingly,
KRAS wild-type patients were significantly accompa-
nied by alterations in BRAF, CTNNB1, ERBB2, MET,
KIT, NTRK1 and FGFR4, which may be primarily
related to the activation of the RTK/Ras/MAPK path-
way. It was reported that oncogenic BRAF deletions
served as potential driver alterations in KRAS wild-type
PDACs that responded to the MEK inhibitor.35 Further
observation has shown that there is a tendency for other
potentially targetable molecular alterations, such as
ERBB2, MET, KIT, RET, NTRK1, ERBB3, FGFR4,
EGFR, FGFR2, RAF1, ROS1, GNAS, and ALK, in KRAS
wild-type PDAC patients to be involved in the other
actionable alterations. Nimotuzumab, an EGFR inhibi-
tor, in combination with gemcitabine for the first-line
regimen showed a significant survival improvement,
increasing survival by 6 months in the KRAS wild-type
subgroup with advanced PDAC.36 According to the
characteristics of high wild-type KRAS in Chinese pan-
creatic cancer patients, it appears that a considerable
number of patients may benefit from the regimen con-
taining anti-EGFR therapy. Meanwhile, PDAC patients
with wild-type KRAS are closely related to other poten-
tially actionable genomic alterations associated with the
RTK/RAS/MAPK pathway and specific targetable
www.thelancet.com Vol 77 Month March, 2022
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inhibitors. A number of potential targetable therapeutic
strategies need to be carefully designed and evaluated in
clinical practice.

In this study, we integrated and analyzed somatic
and germline mutations in 21 core DDR genes which
were suitable for patients with pancreatic cancer from
China and were more convenient and economical for
clinical large-scale detection. We observed that 23.3%
patients had DDR gene mutations and ATM was the
most common DDR mutant gene in Chinese PDAC
patients. Patients with germline DDR gene mutation
were younger, while patients with somatic DDR muta-
tion were more likely to accumulate in metastatic
lesions and had higher TMB levels which was consistent
with previous reports.25,37,38 Our core DDR genes could
screen part of PDAC population with genetic instability.
Detecting more DDR genes can indeed screen a higher
proportion of patients with DDR gene mutations,39 but
its clinical value needs to be further evaluated. Integrat-
ing genomic scars and signature assessment by whole
genome sequencing (WGS) and DDR deficiency seems
to be more helpful to screen the proper population who
benefit from PARP inhibitor or other DNA damaging
agents.39�41 In addition, patients with TP53 mutation
accounted for 70.6% of the total population, while TP53
mutation and DDR gene mutations are mutually exclu-
sive. TP53 is one of the important effector genes of the
DDR pathway which should be paid more attention to
further study.11,12 WEE1 inhibitor, a specific DDR inhibi-
tor was reported to trigger synthetic lethality in the
absence of TP53 and enhance chemotherapy cytotoxicity
which combined with other targeted agents or immuno-
therapy may have a promising future in patients with
pancreatic cancer.42,43 Furthermore, patients with DDR
gene mutations, especially somatic mutations, are asso-
ciated with higher TMB level which may predict the effi-
cacy of immunotherapy. This is reported in various
tumors,44�47 however, further clinical exploration for
DDR mutant subtype is needed in pancreatic cancer.

There are also several limitations in this study. First,
this study is a retrospective study that may suffer from
selection bias (e.g., different gene-panels, TMB testing,
MSI testing); however, the collection and detection of all
samples were in real-time and quality control satisfied.
Moreover, although our panel-based NGS analysis involved
most of the vital genes in PDAC, some potentially valuable
genes may have been overlooked. Combined and compre-
hensive whole-genome, transcriptome, and proteome
multi-omic analyses need to be undertaken. Furthermore,
therapeutic profiling and prognosis information matching
genomics are limited, and well-designed clinical trials
should be conducted in the future.

In summary, this study revealed the characteristics
of genomic profiling by clinical sequencing in real-
world large-scale patients with PDAC from China. We
hope that our findings are conducive to identify poten-
tially targetable and predictive biomarkers, screen
www.thelancet.com Vol 77 Month March, 2022
exceptional genetic subtypes in respond to specific treat-
ment, and explore the clinical practice and novel agent
development for PDAC patients.
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