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Abstract: Though the genomic feature of pancreatic cancer has been comprehensively studied in western patients,
the genetic feature of Chinese patients is poorly clarified. In this study, a total of 225 pancreatic cancer patients
were enrolled, mainly pancreatic ductal adenocarcinoma (PDAC, 97.33%). 140 patients (62.22%) provided suf-
ficient tumor tissues for genomic analysis, and the rest (37.78%) were provided serum instead. Utilizing target
next-generation sequencing (NGS), we analyzed genomic alterations of 618 selected genes. Corresponding data
in the TCGA database were also analyzed here. In total, 26 (11.61%) patients had pathogenic or likely pathogenic
germline variants, mainly (84.62%) involved genes in the DNA damage repair (DDR) pathway. The mean and median
counts of somatic alterations per sample were 6.28 and 5, respectively. The most frequently mutated genes in our
cohort were KRAS, TP53, CDKN2A, SMAD4, FBXW7 and ARID1A, revealing a significantly different prevalence of
genes including KRAS, CDKN2A, ARID1A, NOTCH1, ARID1B than the corresponding data in the TCGA database.
39.11% of patients were identified with actionable alteration and the ratio was not significantly different between
tissue and serum samples. 22.67% of patients harbored DDR gene alterations, which were associated with a higher
tumor mutation burden. We also found that all the DDR alterations were not correlated with the overall survival and
immune and stroma score, but the changes in NK cells and follicular T cells were identified in samples with DDR
changes according to TCGA database. In summary, we identified a distinct genomic feature of Chinese pancreatic
cancer patients by comparing with the data in TCGA database, and suggested the role for genetic testing using tis-
sue or ctDNA samples in decision-making process. DDR alterations were associated with a higher tumor mutation
burden and the significantly higher counts of NK cells in DDR altered samples may raise the attention in future
related drugs development.
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ments and survivals of cancer have been con-
tinuously improving in the past decade, the
5-year survival rate of pancreatic cancer

Introduction

Pancreatic cancer (PC) is one of most lethal

malignancies globally, accounting for nearly
4.5% of cancer-related deaths in 2018 [1]. As
reported by the Chinese national cancer center,
the estimated newly-diagnosed and death
cases of pancreatic cancer in China in 2015
were 4,292,000 and 2,814,000, respectively,
which was regarded as the sixth most common
lethal carcinoma in China [2]. Though the treat-

patients in China is only around 7%, lower than
the USA’'s corresponding data (approximately
10%) [3]. To date, surgical resection remains
the only chance for pancreatic cancer patients
to cure; for patients with advanced or metastat-
ic disease, systemic chemotherapy was the pri-
mary treatment, but the overall survival was
still less than a year (6.8 to 11.1 months).
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The genomic feature of western pancreatic
cancer patients has been comprehensively
studied [4]. Notably, up to 25% of advanced
pancreatic cancer patients in western coun-
tries were found to have actionable genomic
alterations [5]. Precision medicine-related stu-
dies in western pancreatic cancer patients,
especially the Know Your Tumor (KYT) program,
have demonstrated precision medicine based
on personal genomic alterations had signifi-
cantly improved both the patient’s progression-
free survival and the overall survival [6, 7].
Among them, DNA damage repair (DDR) altera-
tions, especially BRCA1/2, were the actionable
alterations with the strongest evidence, as
PARP inhibitor olaparib has been approved by
the U.S. food and drug administration (FDA) as
the maintenance therapy in metastatic pancre-
atic cancer patients with this deficiency [8].
Meanwhile, though many previous have sug-
gested the positive correlation between altera-
tions and immune checkpoint inhibitors (ICls),
whether this prediction role suits for PC pa-
tients remains vague, especially considering
the specific tumor microenvironment of PC and
previous poor performance of ICls in it [9, 10].
Since this, the genomic landscape and poten-
tially actionable alterations especially DDR pa-
thways in Chinese pancreatic cancer patients
have not been much clarified.

Meanwhile, genetic testing on the tumor tissue
is the gold standard for valid genomic classifi-
cation in multiple solid tumors. However, as
nearly 50-60% of pancreatic cancer patients
have advanced or metastatic disease at diag-
nosis, it is hard to achieve enough or validly-
achieved tumor tissue for genetic profiling [11].
Circulating tumor DNA (ctDNA) has been com-
prehensively studied as an emerging source for
early disease detection, prognosis and res-
ponse prediction in pancreatic cancer [12, 13].
Though it is still full of controversy to determine
whether ctDNA could substitute tumor tissue
for genetic profiling, a recently-published study
has found the utilization of ctDNA could signifi-
cantly reduce two-thirds of screen duration but
doubled the enroliment rate than the tissue in
advanced gastrointestinal cancer, highlighting
the value of ctDNA in precision medicine [14].

We designed this study to determine the
genomic feature, especially DDR deficiency, in
the tumor tissue and ctDNA sample from
Chinese pancreatic cancer patients. A compari-
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son of genomic features between tumor tissue
and ctDNA samples would provide evidence for
the application value of ctDNA in the future.

Materials and methods
Samples source and ethic data

A total of 225 pancreatic cancer patients were
enrolled in our cohort from November 2017 to
April 2020. The study was approved by Shang-
hai Pulmonary Hospital Ethics Committee and
the study was performed in accordance with
the Declaration of Helsinki. All sample collec-
tion wasn’t during the cycle of chemotherapy,
target therapy and/or immunotherapy. 140
patients (62.22%) provided sufficient tumor
tissues for genomic analysis, and the rest
(37.78%) who didn’t have valid tumor tissues
provided serum for ctDNA collection instead.
Among patients who provided tumor tissue
samples, 16 of them provided additional
matched serum sample for genetic testing.
Utilizing target next-generation sequencing
(NGS), we analyzed genomic alterations of 618
selected genes.

DNA isolation

The FFPE tissues and peripheral blood mono-
nuclear cells were collected to extract DNA
using DNeasy Blood & Tissue Kit (Qiagen, Inc.)
under the manufacturer’s instructions. Cell-
free DNA (cfDNA) was extracted from serum
using the QlAamp Circulating Nucleic Acid Kit
(Qiagen, Inc.) following the protocol of the
manufacturer. The purified gDNA and cfDNA
were quantified using the Qubit 3.0 Fluorome-
ter (Life Technologies, Inc.) and StepOnePlus
System (Life Technologies, Inc.).

Target next-generation sequencing

For the matched germline and tumor samples,
100 ng of DNA was sheared with a Covaris
E210 system (Covaris, Inc.) to get 200 bp frag-
ments. We performed next generation sequ-
encing of tumor and gDNA matched germline
DNA using Accel-NGS 2S DNA Library Kit (Swift
Biosciences, Inc.) for library preparation and
xGen Lockdown Probes kit (IDT, Inc.). The cus-
tom xGen Lockdown probe was synthesized by
IDT, Inc. for the exons and selected intronic
regions of 618 genes (Supplementary Table 1).
The prepared library was quantified using the
Qubit 3.0 Fluorometer (Life Technologies, Inc.),
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and quality and fragment size were measured
using Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Inc.). Samples underwent paired-end
sequencing on an lllumina Nextseq CN500
platform (lllumina Inc.) with a 150-bp read
length. Mean coverage beyond 1250%, 3700x%
and 220x were achieved for tumor gDNA,
blood cfDNA and peripheral blood mononucle-
ar cells gDNA, respectively.

Data processing

Raw sequencing data were aligned to the re-
ference human genome (UCSC hg19) through
Burrows-Wheeler Aligner and producing a
binary alignment/map (BAM) file. After the
duplicate removal and local realignment, the
Genome Analysis Toolkit (GATK) was used for
single nucleotide variation (SNV), short inser-
tions/deletions (indels) calling. Variants were
annotated using the ANNOVAR software tool.
Variants identified in gDNA from buffy coat
fraction aliquots with allele fraction (AF) be-
yond 25% were determined as germline vari-
ants, and variants were further removing with
frequency >1% in ExAC (http://exac.broadinsti-
tute.org), 1000 Genomes (http://www.1000-
genomes.org) or ESP6500 databases (https://
evs.gs.washington.edu/EVS). The interpreta-
tion of germline variants followed the stand-
ards and guidelines of American College of
Medical Genetics and Genomics and the As-
sociation for Molecular Pathology (ACMG/AMP)
and independently reviewed by two genetic
consultants [15].

Somatic variants with AF beyond 1% in tumor
tissue and 0.5% in ctDNA were generated from
each tumor gDNA by removing the germline
variants and further annotated according to
the Catalog of Somatic Mutations in Cancer
(COSMIC) database. The functional classifica-
tion of each somatic mutation was followed
the interpretation and reporting standards and
guidelines recommended by the Association
for Molecular Pathology, American Society of
Clinical Oncology, and College of American
Pathologists (ASCO/CAP) [16].

The tumor mutation burden of each sample
was calculated according to a published and
widely applied method [17]. Genomic altera-
tions data of western pancreatic patients from
The Cancer Genome Atlas database (TCGA)
was downloaded from cBioPortal (http://www.
cbioportal.org).
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Tumor-infiltrating immune cells analysis

Tumor-infiltrating immune cells counts were
analyzed based on RNA-seq data from the PC
samples in TCGA by using a CIBERSORT R
package [18].

Statistical analysis

Differential mutations analysis was perform-
ed using Chi-Square test or Fisher exact test
under a dominant model. Two-sided P values
less than 0.05 were considered to be statisti-
cally significant. All analyses were performed
using SPSS 25.0 software.

Results
Patient characteristics

225 Chinese patients with pancreatic cancer
were enrolled in this study with a median age
of 63 (range, 35 to 93 years). Enrolled patients
were mainly pancreatic ductal adenocarcino-
ma (PDAC, n=219, 97.33%), and the rest were
pancreatic neuroendocrine carcinoma (PNEC,
n=6). The clinical characteristics of all cases
were listed in Table 1.

Pathogenic or likely pathogenic germline vari-
ants

26 patients (11.61%) carried pathogenic or
likely pathogenic (P/LP) germline variants,
mainly involving genes in DDR, RTK/MAPK
and pancreatitis pathway (Table 2). 9.82%
(22/225) of patients had deleterious germline
variants in the DDR pathway, including 8
(3.56%) with BRCA2 variants, 4 (1.78%) with
ATM, and one (0.44%) of each with BRCAL,
BRIP1, FANCC, FANCG, FANCI, MSH6, MUTYH,
PALB2, RAD50 and RAD51D, respectively. The
median age at diagnosis of carriers of P/LP
germline variants, DDR genes P/LP and
BRCA1/2 P/LP were all 57 years old, which
was significantly younger than the patients
without any P/LP germline variants in our
cohort (median 63 years old, P<0.05). Two
rare and likely pathogenic germline variants,
FGFR4 D127H and ERBB4 E542K, were identi-
fied in a specific individual, respectively, which
had not been reported in PDAC before. Another
two (0.88%) carriers of chronic pancreatitis
related SPINK1 ¢.194+2T>C variant were iden-
tified. No carrier of P/LP germline variant in
other previous-reported genes related to PDAC
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TCGA database (78.57% vs. 90.67%, P<
0.001), while genes including CDKN2A

(22.86% vs. 14.67%), ARID1A (11.43% vs.

Variable N (%)
Total 225
Age Median (range) 63 (35-93)
Gender Male 26 (11.56%)
Female 199 (88.44%)
Histologic type PDAC 219 (97.33%)
PNEC 6 (2.67%)
AJCC Prognostic Groups | 15 (6.67%)
Il 66 (29.33%)
11 22 (9.78%)
v 115 (51.11%)
NE 7 (3.11%)
Distant metastasis status MO 110 (48.89%)
M1 115 (51.11%)
Sample Type Serum 85 (37.78%)
Tumor 140 (62.22%)

5.33%), NOTCH1 (6.43% vs. 1.33%) and
ARID1B (5.71% vs. 0.67%) were signifi-
cantly more mutated in the tissues sam-
ple in our cohort (Figure 2A). Similarly,
KRAS alterations were more prevalent in
the TCGA database when comparing with
the genetic alterations in the serum sam-
ples in our cohort (90.67% vs. 43.53%),
along with a higher incidence of altera-
tions in TP53 (69.33% vs. 45.88%) and
SMAD4 gene (24.67% vs. 10.59%) (Figure
2B). The prevalence of specific KRAS
alterations was similar between Chinese
and TCGA cohort, both with dominant vari-
ants in Glyl2Asp and Glyl2Val (Supple-
mentary Figure 1A, 1B). Notably, a higher

NE: none evaluation.

Predisposition, including CDKN2A, TP53, MLH1
and MSH2, was identified in our cohort.

Somatic genomic alterations in Chinese pan-
creatic cancer patients

After removing the germline variants, 1,405
somatic variants were identified in our cohort.
The mean and median counts of somatic
alterations per sample were 6.28 and 5,
respectively. The most frequently mutated
genes in the patients were KRAS (64.60%),
TP53 (55.75%), CDKN2A (17.26%), SMAD4
(17.26%), FBXW7 (11%), and ARID1A (10.18%),
respectively (Figure 1A). The most frequent
mutated signaling pathway included RAS/RAF/
MAPK (78.22%), cell cycle (63.56%), Epigene-
tic_modifiers/Chromatin_remodelers (37.78%)
and DNA damage repair (DDR, 36.00%) and
others (Figure 1B).

Differences of genetic alterations in pancre-
atic cancer patients between Chinese cohort
and TCGA cohort

To determine the potential differences of ge-
nomic features between Chinese and Western
pancreatic cancer patients, we compared the
gene alterations data of the selected 618
genes between our cohort and western cohort
(published by TCGA). The prevalence of altera-
tions in KRAS was significantly higher in the
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prevalence of Glyl2Arg was identified

in the TCGA cohort (19.9% vs. 9.5%,

P<0.05) (Supplementary Figure 1C). There
were only two patients (0.89%) identified with
coexistence of KRAS alterations (one had
Glyl2Asp with Gly13Asp, and another had
Alal46Val with Gly12Asp), which was also rare
in the TCGA cohort (2.67%, P=0.2228).

Differences of genetic alterations between the
tumor tissue and serum samples

According to the OncoKB Levels of Evidence V2
(12/20/2019), 88 patients (39.11%) with 27
actionable genes were identified in our cohort
(Table 3). The frequency of samples with ac-
tionable alterations for tissue and blood was
43.57% and 30.59% (P=0.063), respectively.
The actionable genes mainly confer sensitivity
to PARP inhibitor (BRCA1/2, ATM and other
homologous recombination repair genes), and
meanwhile, rarely actionable alterations in
EGFR, FGFR and BRAF may confer sensitivity in
related RTK inhibitors. 82 patients with suffi-
cient tumor tissues had microsatellite instabili-
ty test, though none of them was microsatellite
instability-high (MSI-H). Though eight patents
(3.56%) were identified as having alterations in
mismatch repair (MMR) genes, only one MLH1
variant (0.44%) was annotated as deleterious.
The rare incidence of deficiency MMR in
Chinese cohort was in concordance with the
findings in the TCGA dataset, as only two
patients harbored alterations in MMR genes
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Table 2. Pathogenic or likely pathogenic germline variants in 225 patients with pancreatic cancer

Sample ID Age at diagnosis  Gene Transcript ID Mutation Type Exon Coding sequence change Protein change Heterozygous/Homozygous
CH165 44 ATM NM_000051 Stopgain 38 c.5697C>A p.Cys1899* Heterozygous
CHO17 62 ATM Frameshift deletion 3 c.172delG p.Asp58fs Heterozygous
CHO39 67 ATM Stopgain 37 c.5644C>T p.Arg1882* Heterozygous
CH150 68 ATM Splice 15 c.2377-2A>G - Heterozygous
CH220 60 BRCA1 NM_007294 Stopgain 9 c.607G>T p.Glu203* Heterozygous
CHO38 45 BRCA2 NM_000059 Stopgain 11 c.4363G>T p.Glu1455* Heterozygous
CH213 45 BRCA2 Stopgain 11 c.5344C>T p.GIn1782* Heterozygous
CH202 51 BRCA2 Nonsynonymous 15 C.7522G>A p.Gly2508Ser Heterozygous
CHO63 52 BRCA2 Stopgain 11 ¢.5682C>G p.Tyr1894* Heterozygous
CH118 57 BRCA2 Stopgain 11 ¢.3631G>T p.Glu1211* Heterozygous
CH143 57 BRCA2 Frameshift deletion 11 c.4380_4381delTT p.Ser1461fs Heterozygous
CH146 65 BRCA2 Stopgain 11 c.2484T>G p.Tyr828* Heterozygous
CH148 74 BRCA2 Frameshift deletion 11 ¢.5164_5165delAG p.Serl722fs Heterozygous
CHO78 78 BRIP1 NM_032043 Frameshift deletion 11 ¢.1609delC p.Leub37fs Heterozygous
CH200 53 ERBB4 NM_005235 Nonsynonymous 14 c.1624G>A p.Glub42Lys Heterozygous
CHO65 50 FANCC NM_000136 Splice 13 ¢.1330-1G>A - Heterozygous
CHO61 51 FANCG NM_004629 Stopgain 5 ¢c.572T>G p.Leul191* Heterozygous
CH134 47 FANCI  NM_001113378 Frameshift deletion 34 ¢.3622dupC p.Leul1208fs Heterozygous
CHO25 62 FGFR4 NM_213647 Nonsynonymous 4 ¢.379G>C p.Asp127His Heterozygous
CHO12 52 MSH6 NM_000179 Frameshift deletion 4 ¢.1804_1805delTC p.Ser602fs Heterozygous
CH140 40 MUTYH NM_012222 Nonsynonymous 9 c.704A>G p.Asn235Ser Heterozygous
CHO44 65 PALB2 NM_024675 Frameshift deletion 4 c.472delC p.GIn158fs Heterozygous
CHO54 68 RAD50 NM_005732 Stopgain 23 €.3592C>T p.Arg1198* Heterozygous
CH181 77 RAD51D  NM_002878 Stopgain 9 €.898C>T p.Arg300* Heterozygous
CHO47 35 SPINK1 NM_003122 Splice 4 €.194+27>C - Heterozygous
CH102 69 SPINK1 Splice 4 €.194+27>C - Heterozygous
4555 Am J Cancer Res 2021;11(9):4551-4567
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Figure 1. Genetic alterations in 225 Chinese pancreatic cancer patients. A. OncoPrint of the most frequently mu-
tated genes; B. The prevalence of oncogenic and total alterations in specific signal pathway.

and only one deleterious MSHG6 alteration
(0.67%) was identified. The median tumor
mutation burden (TMB) for tumor tissue and
serum samples was 6.39 and 9.33 mutations/
Mb, respectively. 36 (25.71%) of tumor tissue
samples had a TMB value beyond 10 muta-
tions/Mb, and 11 (12.94%) of serum tissue
samples had a blood TMB value beyond 16
mutations/Mb.

To access the concordance of genetic altera-
tions in tissue and serum samples, 15 patients
who had tumor tissue testing provided addi-
tional matched serum samples. A total of 152
alterations were identified in all the tumor and
serum samples (mean =5.06 alterations, medi-
an =4 alterations). Though the median concor-
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dance for all identified genetic alterations was
only 12.12%, the concordance for KRAS and
TP53 alterations was 60% and 66.67%, res-
pectively (Figure 3). As for the four most preva-
lent genes (KRAS, TP53, SMAD4 and CDKN2A)
in PDAC, the mean testing sensitivity was
31.55% (range, 0-50.00%), specificity was
87.69% (range, 72.73%-100.00%), and accura-
cy was 74.41% (64.29%-86.67%) for ctDNA
testing.

DDR alterations significantly correlate with
high TMB value in PC samples

A total of 51 patients (22.67%) harbored at
least one somatic alteration in the selected 37
DNA damage repair genes. The distribution of
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samples in Chinese cohort with the TCGA cohort.

specific genes was exhibited in Figure 4A, 4B.
The most frequently mutated DDR genes were
in Checkpoint (8.67%), Fanconi anemia (8.23%)
and homologous recombination repair pathway
(5.63%). Meanwhile, the most prevalent genes
with deleterious variants were ATM (n=7,
31.82%), PALB2 (n=3, 13.64%) and BRCA2
(n=3, 13.64%) (Figure 4C). There was neither
hotspot nor clustered alterations in the BRCA2
and ATM (Figure 4D, 4E). The TMB value was
significantly higher in the samples with DDR
alterations, regardless of the specific altera-
tion’s clinical significance. The median TMB
value for samples with potentially deleterious
DDR alteration (DelDDRmt), DDR alteration
with uncertain significance (DDRmt) and with-
out DDR alteration (DDRmt) was 6.72, 10.27
and 5.23 mutations/Mb, respectively (P<0.05,
Figure 4F). The median TMB value for samples
with any DDR alteration (DDRmt (total)) and
without DDR alteration (DDRmt) was 9.01 and
5.23 mutations/Mb, respectively (P<0.001,
Figure 4G). Similarly, in the TCGA cohort, sam-
ples with deleterious DDR alteration had sig-
nificantly higher TMB value than samples with-
out any DDR alteration (1.7 vs. 1.1 mutations/
Mb, P<0.001, Figure 4H, 41).

DDR and tumor features
To evaluate if DDR alteration correlated with
the prognosis in PDAC patients, we compared

the overall survival (OS) and disease-free sur-
vival (DFS) between patients with and without
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DDR alterations in TCGA database. Interesting-
ly, changes in DDR, including variants in DNA
(Figure 5A) and downregulation in mRNA level
(Figure 5B), were all associated with increas-
ing lymph node metastasis in PC patients.
However, instead of DDR alterations, only
downregulation in DDR mRNA levels was sig-
nificantly associated with a worse OS (Figure
5C, 5D). The unique features in enriched sig-
naling pathways of DNA alteration and expres-
sion independently were found: more metabo-
lism-related features, including multiple cal-
cium and ion regulation pathways were identi-
fied in samples with DDR alterations (Figure
BE); otherwise, more immune regulated path-
ways were found in samples with downregula-
tion in DDR mRNA (Figure 5F). DDR alterations
were not significantly correlated with stromal
score and immune score (Figure 5Q); instead,
downregulation in DDR expression was associ-
ated with a significantly lower stromal and
immune score (Figure 5H). Finally, the tumor
immune microenvironment is similar among
patients with or without DDR alterations and
downregulation. More activated NK cells were
identified in DDR altered samples, but higher
level of follicular helper T cells and lower-level
resting NK cells were only found in samples
with downregulation in DDR genes (Figure 5I,
5J).

Discussion

To date, the genomic landscape and potentially
actionable alterations in Chinese pancreatic

Am J Cancer Res 2021;11(9):4551-4567
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Table 3. Actionable Alterations identified in our cohort

Level of evidence

based on OncoKB Altered Mutational !\Jo of No of tissue  No of blood Related drugs
(12/20/2019) genes type patients (%) samples (%) samples (%)
88(39.11%) 61 (43.57%) 26 (30.59%)
1 BRCA1  Germline 1 (0.44%) 0 1(1.18%) Olaparib
1 BRCA2  Germline 8 (3.56%) 3 (5.71%) 5 (5.88%) Olaparib
3 EGFR 19 exon del 3 (3.56%) 3(5.71%) 0 Erlotinib, Afatinib, Gefitinib, Osimertinib,
or L858R Dacomitinib
3 FGFR2  Fusions 1 (0.44%) 1 (0.71%) 0 Erdafitinib, Pemigatinib
3 ATM Oncogenic 12 (14.12%) 11 (7.86%) 1(1.18%) Olaparib
3 BRCA2  Oncogenic 2 (0.89%) 0 2 (2.35%) Olaparib
3 BRIP1  Oncogenic 1 (0.44%) 1 (0.71%) 0 Olaparib
3 CHEK2  Oncogenic 2 (0.89%) 1 (0.71%) 1(1.18%) Olaparib
3 EZH2 Oncogenic 1 (0.44%) 1 (0.71%) 0 Tazemetostat
3 IDH1 Oncogenic 2 (0.89%) 1(0.71%) 1(1.18%) Ivosidenib
3 IDH2 Oncogenic 1 (0.44%) 1(0.71%) 0 Enasidenib
3 PALB2  Oncogenic 4 (1.78%) 2 (1.43%) 2 (2.35%) Olaparib
3 PIK3CA  Oncogenic 8 (3.56%) 3(5.71%) 5 (5.88%) Alpelisib
3 RAD51B  Oncogenic 1(0.44%) 1(0.71%) 0 Olaparib
3 RAD51D  Oncogenic 2 (0.89%) 2 (1.43%) 0 Olaparib
4 AKT1  Oncogenic 1 (0.44%) 1(0.71%) 0 AZD5363
4 ARAF Oncogenic 2 (0.89%) 0 2 (2.35%) Sorafenib
4 BRAF  Oncogenic 2 (0.89%) 1 (0.71%) 1(1.18%) PLX8394
4 EGFR  Amplification 1 (0.44%) 1 (0.71%) 0 Afatinib
4 FGFR1  Oncogenic 1 (0.44%) 1(0.71%) 0 AZD4547, BGJ398, Debio1347, Erdafitinib
4 FGFR2  Oncogenic 1 (0.44%) 1(0.71%) 0 Erdafitinib, Debio1347, BGJ398, AZD4547
4 FGFR3  Oncogenic 1 (0.44%) 1(0.71%) 0 Erdafitinib, AZD4547, Debio1347, BGJ398
4 EGFR  L747P 4 (1.78%) 4 (2.86%) 0 Afatinib
4 HRAS Oncogenic 1 (0.44%) 1(0.71%) 0 Tipifarnib
4 KDM6A  Oncogenic 7 (3.11%) 5 (3.57%) 2 (2.35%) Tazemetostat
4 MAP2K1 Oncogenic 1 (0.44%) 1 (0.71%) 0 Cobimetinib, Trametinib
4 MTOR  Oncogenic 1(0.44%) 1 (0.71%) 0 Everolimus, Temsirolimus
4 NF1 Oncogenic 1 (0.44%) 1 (0.71%) 0 Cobimetinib, Trametinib
4 KRAS  G12C 2 (0.89%) 1(0.71%) 1(1.18%) AMG-510
4 PTEN  Oncogenic 5(2.22%) 4 (2.86%) 1(1.18%) AZD8186, GSK2636771
4 CDKN2A  Oncogenic 37 (16.44%)  31(22.14%) 6 (7.06%) Palbociclib, Ribociclib, Abemaciclib

cancer patients have not been clarified. We
investigated the somatic and germline altera-
tions profiles in Chinese patients with PDAC
here. Overall, 39.11% of investigated patients
had at least one actionable genomic alteration
that may direct further therapeutic strategy.
This ratio was close to the previous published
results in the western cohorts [5, 19]. In this
study, we also found a unique genetic feature
of Chinese PC patients compared with Cau-
casian patients (Figure 2B). A lower incidence
of KRAS alterations, and a significantly differ-
ent prevalence of genes, involving CDKN2A,
ARID1A, NOTCH1 and ARID1B, may represent
the different pathogenesis and tumor microen-
vironment between eastern and western PC
patients.
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Previous studies found that approximately 10-
20% of western PDAC patients have hereditary
disease; however, the frequency of predispos-
ing genes alteration in Chinese PDAC patients
is still poorly clarified [20]. In this study, we
identified 11.61% of Chinese PDAC patients
had P/LP germline variants, and this ratio was
relatively higher than what was found in west-
ern cohorts which utilized suggested genetic
criteria with limited genes. For instance, rese-
archers in Mayo Clinic identified that 8.2% of
3030 PDAC patients carried deleterious germ-
line variants in 21 selected candidate PDAC
predisposition genes [20]. Expanding the se-
quenced genes, more genes related to PDAC
susceptibility may be identified. In 638 pati-
ents with familial pancreatic cancer, Roberts
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Figure 3. The concordance of genetic alterations between matched tumor tissue and serum ctDNA in 15 PDAC

patients.

and colleagues identified novel candidate
PDAC predisposition genes, including POLN,
POLQ and ASXL1, by using whole exome se-
quencing [21]. We also identified deleterious
germline alterations in genes that were out of
guidelines’ recommendation and rarely report-
ed before, including ERBB4 and FGFR4, and
interestingly, all these two variants were in the
RAS/RAF/MAPK pathway and activated the
receptor tyrosine kinases [22, 23]. Further-
more, among those patients identified with
germline alterations, we identified 36.36% of
them carried germline alterations in BRCA1/2,
which were the most prevalent predisposing
and targetable genes in PDAC. This was simi-
lar to the frequency identified in the POLO trial,
which found 5.9% of 2167 metastatic pancre-
atic cancer patients had deleterious germline
BRCA1/2 alterations [24]. Meanwhile, we also
found two of our patients (0.44%) had chronic
pancreatitis-related SPINK1 ¢.194+2T>C who-
se function in the development of PC is still
controversial, and our result is the also the
first report on its frequency in Chinese PDAC
patients [25].

Recently, ctDNA has gained wide attention to
overcome the difficulty in real-time collection of
biopsy tumor tissue and genetic heterogeneity
[26]. It has been proved that ctDNA can be uti-
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lized as a biomarker for dynamic monitoring of
therapies and prognosis evaluation for both
the localized and metastatic PC patients [27,
28]. There was no significant difference in the
actionable alteration’s identification between
tissue and ctDNA samples in our cohort, alth-
ough we found a relatively poor concordance
(12.12%) in the genomic findings between 15
matched tissue-blood samples. Noticeably,
Oliver and colleagues reported a 90.3% con-
cordance of alterations in 54 selected genes
in 17 advanced pancreatobiliary carcinomas
patients all with metastatic disease [29]. The
significant differences in concordance may
attribute to the differences in detection meth-
od, candidate genes involved, disease stage
and/or metastasis status. For example, analy-
sis of KRAS alteration using digital droplet PCR
and NGS, the concordance between matched
tissue and ctDNA was 39%-77.3% [30, 31],
which was close to our KRAS alteration result
(60%). As limited by the sample sizes in all
past studies, further studies with expanding
sample sizes with more comprehensive clinical
features should be taken to fully understand
the accuracy of ctDNA in genotyping than tu-
mor tissue in pancreatic cancer.

With decades of stagnation in the develop-
ment of novel and effective treatments in PC,
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it has been changed since the approval of BRCA1/2-altered patients. Meanwhile, subse-
PARPi for the maintenance therapy of germline quent trials including know your tumor and
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Figure 5. Correlation between tumor DNA damage repair (DDR) changes and tumor feature in PC samples from the TCGA database. The difference of multiple
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Profound, have proved that except BRCA1/2,
other genes involved in DDR are also biomark-
ers for benefit from PARPi treatment [32]. In
this study, we identified 22.67% of patients
harbored somatic DDR alterations near the
findings in the western cohorts (19.1%) [33].
Similar to our findings, previous studies did not
find a significant correlation between DDR
alterations and the prognosis in PDAC [34].
With prolonging of overall survival by the devel-
opment of platinum-based regimen-FOLFIRI-
NOX, this trend would be changed due to ex-
cept from PARPI, it is of note that DDR altera-
tion may correlate with the better response to
platinum-based therapy in PDAC [35]. Based
on the retrospective study of platinum-based
therapies treated PDAC patients, it was found
the median progression-free survival (PFS)
and/or OS were superior in those with DDR
alterations than wild-type patients [36, 37].
Supporting results were also identified in
Know your tumor trial, as PDAC patients with
homologous recombination genes alterations,
the major type of DDR, had a trend of better
survival if they were treated with platinum-
based therapy (median 0OS: 1.13 vs. 0.76
years, P=0.1535). Though FOLFIRINOX is the
only approved first-line platinum-based thera-
py for metastatic PC patients, nearly 75% of
patients are ineligible for this regimen becau-
se of the adverse effects. To select patients
with more benefit from platinum-based thera-
py, especially FOLFIRINOX, the DDR status may
contribute to the decision-making.

Furthermore, immune checkpoint inhibitors
(ICls) have made revolutionary improvements
in multi-kinds of cancers; nevertheless, they
have a poor response rate beyond 10% in PD-
AC patients except for dAMMR/MSI-H positive
tumor. The incidence of dAMMR/MSI-H was rare
in PDAC (0.8% of 833 patients) and not found
in our cohort [38]. Meanwhile, patients with
DDR alterations, regardless of their specific
clinical significance, may have improved res-
ponse rate to the combined therapy of PARP
inhibitor with ICls, which had shown promising
effects in other types of cancer [39]. Whether
this correlation suited for PC patients remain-
ed unclear, but our findings may provide a clue
suggesting the invalid role for DDR changes in
predicting the efficacy of ICls in PC patients.
Though TMB value which was another ICls-
response biomarker in pan-cancer was signifi-
cantly associated with DDR alteration in both
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our and TCGA cohort, we found relatively lower
immune score in patients with changes in DDR
genes. Moreover, unlike other cancers, sam-
ples with DDR alterations were not presented
a higher immune infiltrated immune cell, espe-
cially CD8 positive T cells in PC patients, which
highlighted the unique immune-suppressed
microenvironment of PC. This was also sup-
ported by a recently finding that there was no
significantly association between MMR/homol-
ogous recombination deficiency (HRD) status
and CD8 positive T cell infiltrate in PC samples
from COMPASS trial [40]. Furthermore, we
found a significantly higher counts of activated
NK cells in DDR changed samples, shed a light
in the application of developing therapies
based on NK cells, including NK cell-recruiting
protein-conjugated antibody and allogeneic NK
cell immunotherapy, which had already showed
promising antitumor effects in treating PDAC
[41, 42]. Previous studies mainly focused the
genetic alterations, and although deleterious
alterations in DDR were mainly nonsense or
truncating which may mediate mRNA decay,
there is no direct correlation between altera-
tion and change of mRNA level [43]. We're the
first to identify the expression level of DDR and
tumor characteristics in PC. Instead of altera-
tions, we only found the association between
PC patients’ survival and changes in DDR
expression level, suggesting the different func-
tion of these two change types. As there was
no public data about the genomic feature
of PC patients who took ICI therapies, and the
limited sample size of our cohort, the potential
relationship between DDR and ICI efficacy
needs additional studies.

In summary, in this genetic analysis of 225
Chinese PC patients, a different genomic fea-
ture was revealed by comparison with western
cohort. The prevalence of germline and action-
able alterations may suggest that genetic test-
ing in tissue or ctDNA will both provide impor-
tant guide for further management in Chinese
PC patients. Different to other cancers, DDR
changes were not associated with a more
immune-prone microenvironment in PC but
shed a light on therapy relating to NK cells
instead.

Acknowledgements
This work was supported in part by a grant

from the National Natural Science Foundation

Am J Cancer Res 2021;11(9):4551-4567



Genomic alterations of Chinese pancreatic cancer

of China (NSFC No. 82002122) and Changning
district medical and health research projects
of Shanghai (CNKW2018Y35) to Ning Ma, and
National Natural Science Foundation of China
(NSFC No. 81502292) to Anwen Xiong.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Bin Wang, Depart-
ment of Oncology, Changhai Hospital, Second
Military Medical University, 168 Changhai Road,
Shanghai 200433, P. R. China. Tel: +86-137645-
28043; E-mail: gcwangb@163.com; Dr. Kainan Li,
Department of Oncology, Shandong Provincial Third
Hospital, Cheeloo College of Medicine, Shandong
University, 11 Wuyingshan Middle Road, lJinan
250031, Shandong, P. R. China. Tel: +86-15053-
125301; E-mail: henrylee145@126.com; Chunhua
Li, Department of Oncology, The Second Affiliated
Hospital of Shandong University of Traditional
Chinese Medicine, Jingba Road #1, Jinan 250001,
Shandong, P. R. China. Tel: +86-15553119168;
E-mail: lichunhua82436539@163.com

References

[1] Bray F, Ferlay J, Soerjomataram |, Siegel RL,
Torre LA and Jemal A. Global cancer statistics
2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin 2018; 68: 394-
424,

[2] Chen W, Zheng R, Baade PD, Zhang S, Zeng H,
Bray F, Jemal A, Yu XQ and He J. Cancer statis-
tics in China, 2015. CA Cancer J Clin 2016; 66:
115-132.

[3] ZhaoC, Gao F, Li Q, Liu Q and Lin X. The distri-
butional characteristic and growing trend of
pancreatic cancer in China. Pancreas 2019;
48: 309-314.

[4] Bailey P, Chang DK, Nones K, Johns AL, Patch
AM, Gingras MC, Miller DK, Christ AN, Bruxner
TJ, Quinn MC, Nourse C, Murtaugh LC, Harli-
wong |, Idrisoglu S, Manning S, Nourbakhsh E,
Wani S, Fink L, Holmes O, Chin V, Anderson MJ,
Kazakoff S, Leonard C, Newell F, Waddell N,
Wood S, Xu Q, Wilson PJ, Cloonan N, Kassahn
KS, Taylor D, Quek K, Robertson A, Pantano L,
Mincarelli L, Sanchez LN, Evers L, Wu J, Pinese
M, Cowley MJ, Jones MD, Colvin EK, Nagrial
AM, Humphrey ES, Chantrill LA, Mawson A,
Humphris J, Chou A, Pajic M, Scarlett CJ, Pinho
AV, Giry-Laterriere M, Rooman |, Samra JS,
Kench JG, Lovell JA, Merrett ND, Toon CW, Epa-
ri K, Nguyen NQ, Barbour A, Zeps N, Moran-

4564

(5]

(8]

Jones K, Jamieson NB, Graham JS, Duthie F,
Oien K, Hair J, Gritzmann R, Maitra A, la-
cobuzio-Donahue CA, Wolfgang CL, Morgan
RA, Lawlor RT, Corbo V, Bassi C, Rusev B, Ca-
pelli P, Salvia R, Tortora G, Mukhopadhyay D,
Petersen GM; Australian Pancreatic Cancer
Genome Initiative, Munzy DM, Fisher WE,
Karim SA, Eshleman JR, Hruban RH, Pilarsky C,
Morton JP, Sansom OJ, Scarpa A, Musgrove EA,
Bailey UM, Hofmann O, Sutherland RL, Wheel-
er DA, Gill AJ, Gibbs RA, Pearson JV, Waddell N,
Biankin AV and Grimmond SM. Genomic analy-
ses identify molecular subtypes of pancreatic
cancer. Nature 2016; 531: 47-52.

Aguirre AJ, Nowak JA, Camarda ND, Moffitt RA,
Ghazani AA, Hazar-Rethinam M, Raghavan S,
Kim J, Brais LK, Ragon D, Welch MW, Reilly E,
McCabe D, Marini L, Anderka K, Helvie K, Oli-
ver N, Babic A, Da Silva A, Nadres B, Van Sev-
enter EE, Shahzade HA, St Pierre JP, Burke KP,
Clancy T, Cleary JM, Doyle LA, Jajoo K, Mc-
Cleary NJ, Meyerhardt JA, Murphy JE, Ng K, Pa-
tel AK, Perez K, Rosenthal MH, Rubinson DA,
Ryou M, Shapiro Gl, Sicinska E, Silverman SG,
Nagy RJ, Lanman RB, Knoerzer D, Welsch DJ,
Yurgelun MB, Fuchs CS, Garraway LA, Getz G,
Hornick JL, Johnson BE, Kulke MH, Mayer RJ,
Miller JW, Shyn PB, Tuveson DA, Wagle N, Yeh
JJ, Hahn WC, Corcoran RB, Carter SL and
Wolpin BM. Real-time genomic characteriza-
tion of advanced pancreatic cancer to enable
precision medicine. Cancer Discov 2018; 8:
1096-1111.

Pishvaian MJ, Blais EM, Brody JR, Lyons E,
DeArbeloa P, Hendifar A, Mikhail S, Chung V,
Sahai V, Sohal DPS, Bellakbira S, Thach D, Ra-
hib L, Madhavan S, Matrisian LM and Petricoin
EF 3rd. Overall survival in patients with pancre-
atic cancer receiving matched therapies fol-
lowing molecular profiling: a retrospective
analysis of the know your tumor registry trial.
Lancet Oncol 2020; 21: 508-518.

Pishvaian MJ, Bender RJ, Halverson D, Rahib
L, Hendifar AE, Mikhail S, Chung V, Picozzi VJ,
Sohal D, Blais EM, Mason K, Lyons EE, Matri-
sian LM, Brody JR, Madhavan S and Petricoin
EF 3rd. Molecular profiling of patients with
pancreatic cancer: initial results from the know
your tumor initiative. Clin Cancer Res 2018;
24:5018-5027.

Golan T, Hammel P, Reni M, Van Cutsem E, Ma-
carulla T, Hall MJ, Park JO, Hochhauser D, Ar-
nold D, Oh DY, Reinacher-Schick A, Tortora G,
Algul H, O’'Reilly EM, McGuinness D, Cui KY,
Schlienger K, Locker GY and Kindler HL. Main-
tenance olaparib for germline BRCA-mutated
metastatic pancreatic cancer. N Engl J Med
2019; 381: 317-327.

Am J Cancer Res 2021;11(9):4551-4567


mailto:qcwangb@163.com
mailto:henrylee145@126.com
mailto:lichunhua82436539@163.com

(9]

(10]

(11]

(12]

[13]

(14]

[15]

(16]

Genomic alterations of Chinese pancreatic cancer

Wang Z, Zhao J, Wang G, Zhang F, Zhang Z,
Zhang F, Zhang Y, Dong H, Zhao X, Duan J, Bai
H, Tian Y, Wan R, Han M, Cao Y, Xiong L, Liu L,
Wang S, Cai S, Mok TSK and Wang J. Comuta-
tions in DNA damage response pathways serve
as potential biomarkers for immune check-
point blockade. Cancer Res 2018; 78: 6486-
6496.

Mizrahi JD, Surana R, Valle JW and Shroff RT.
Pancreatic cancer. Lancet 2020; 395: 2008-
2020.

Lee JS, Park SS, Lee YK, Norton JA and Jeffrey
SS. Liquid biopsy in pancreatic ductal adeno-
carcinoma: current status of circulating tumor
cells and circulating tumor DNA. Mol Oncol
2019; 13: 1623-1650.

Bachet JB, Blons H, Hammel P, Hariry IE, Por-
tales F, Mineur L, Metges JP, Mulot C, Bourreau
C, Cain J, Cros J and Laurent-Puig P. Circulating
tumor DNA is prognostic and potentially pre-
dictive of eryaspase efficacy in second-line in
patients with advanced pancreatic adenocarci-
noma. Clin Cancer Res 2020; 26: 5208-5216.
Abdallah R, Taly V, Zhao S, Pietrasz D, Bachet
JB, Basile D, Mas L, Zaanan A, Laurent-Puig P
and Taieb J. Plasma circulating tumor DNA in
pancreatic adenocarcinoma for screening, di-
agnosis, prognosis, treatment and follow-up: a
systematic review. Cancer Treat Rev 2020; 87:
102028.

Nakamura Y, Taniguchi H, lkeda M, Bando H,
Kato K, Morizane C, Esaki T, Komatsu Y, Kawa-
moto Y, Takahashi N, Ueno M, Kagawa Y, Nishi-
na T, Kato T, Yamamoto Y, Furuse J, Denda T,
Kawakami H, Oki E, Nakajima T, Nishida N, Ya-
maguchi K, Yasui H, Goto M, Matsuhashi N,
Ohtsubo K, Yamazaki K, Tsuji A, Okamoto W,
Tsuchihara K, Yamanaka T, Miki |, Sakamoto Y,
Ichiki H, Hata M, Yamashita R, Ohtsu A, Ode-
gaard JI and Yoshino T. Clinical utility of circu-
lating tumor DNA sequencing in advanced gas-
trointestinal cancer: SCRUM-Japan GI-SCREEN
and GOZILA studies. Nat Med 2020; 26: 1859-
1864.

Richards S, Aziz N, Bale S, Bick D, Das S, Gast-
ier-Foster J, Grody WW, Hegde M, Lyon E, Spec-
tor E, Voelkerding K and Rehm HL. Standards
and guidelines for the interpretation of se-
quence variants: a joint consensus recommen-
dation of the American College of Medical Ge-
netics and Genomics and the Association for
Molecular Pathology. Genet Med 2015; 17:
405-424.

Li MM, Datto M, Duncavage EJ, Kulkarni S, Lin-
deman NI, Roy S, Tsimberidou AM, Vnencak-
Jones CL, Wolff DJ, Younes A and Nikiforova
MN. Standards and guidelines for the interpre-
tation and reporting of sequence variants in
cancer: a joint consensus recommendation of
the Association for Molecular Pathology, Amer-
ican Society of Clinical Oncology, and College

4565

(17]

[20]

(21]

[22]

(23]

of American Pathologists. J Mol Diagn 2017;
19: 4-23.

Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Al
SM, Ennis R, Schrock A, Campbell B, Shlien A,
Chmielecki J, Huang F, He Y, Sun J, Tabori U,
Kennedy M, Lieber DS, Roels S, White J, Otto
GA, Ross JS, Garraway L, Miller VA, Stephens PJ
and Frampton GM. Analysis of 100,000 hu-
man cancer genomes reveals the landscape of
tumor mutational burden. Genome Med 2017;
9: 34.

Newman AM, Liu CL, Green MR, Gentles AJ,
Feng W, Xu'Y, Hoang CD, Diehn M and Alizadeh
AA. Robust enumeration of cell subsets from
tissue expression profiles. Nat Methods 2015;
12: 453-457.

Flaherty KT, Gray RJ, Chen AP, Li S, McShane
LM, Patton D, Hamilton SR, Williams PM,
lafrate AJ, Sklar J, Mitchell EP, Harris LN,
Takebe N, Sims DJ, Coffey B, Fu T, Routbort M,
Zwiebel JA, Rubinstein LV, Little RF, Arteaga CL,
Comis R, Abrams JS, O’'Dwyer PJ and Conley
BA. Molecular landscape and actionable alter-
ations in a genomically guided cancer clinical
trial: National Cancer Institute Molecular Anal-
ysis for Therapy Choice (NCI-MATCH). J Clin On-
col 2020; 38: 3883-3894.

Hu C, Hart SN, Polley EC, Gnanaolivu R, Shime-
lis H, Lee KY, Lilyquist J, Na J, Moore R, Antwi
SO, Bamlet WR, Chaffee KG, DiCarlo J, Wu Z,
Samara R, Kasi PM, McWilliams RR, Petersen
GM and Couch FJ. Association between inher-
ited germline mutations in cancer predisposi-
tion genes and risk of pancreatic cancer. JAMA
2018; 319: 2401-2409.

Roberts NJ, Norris AL, Petersen GM, Bondy
ML, Brand R, Gallinger S, Kurtz RC, Olson SH,
Rustgi AK, Schwartz AG, Stoffel E, Syngal S,
Zogopoulos G, Ali SZ, Axilbund J, Chaffee KG,
Chen YC, Cote ML, Childs EJ, Douville C, Goes
FS, Herman JM, lacobuzio-Donahue C, Kramer
M, Makohon-Moore A, McCombie RW, McMa-
hon KW, Niknafs N, Parla J, Pirooznia M, Pot-
ash JB, Rhim AD, Smith AL, Wang Y, Wolfgang
CL, Wood LD, Zandi PP, Goggins M, Karchin R,
Eshleman JR, Papadopoulos N, Kinzler KW,
Vogelstein B, Hruban RH and Klein AP. Whole
genome sequencing defines the genetic het-
erogeneity of familial pancreatic cancer. Can-
cer Discov 2016; 6: 166-175.

Fawdar S, Trotter EW, Li Y, Stephenson NL,
Hanke F, Marusiak AA, Edwards ZC, lentile S,
Waszkowycz B, Miller CJ and Brognard J. Tar-
geted genetic dependency screen facilitates
identification of actionable mutations in
FGFR4, MAP3K9, and PAK5 in lung cancer.
Proc Natl Acad Sci U S A 2013; 110: 12426-
12431.

Prickett TD, Agrawal NS, Wei X, Yates KE, Lin
JC, Wunderlich JR, Cronin JC, Cruz P, Rosen-
berg SA and Samuels Y. Analysis of the tyro-

Am J Cancer Res 2021;11(9):4551-4567



[24]

[25]

[26]

[27]

(28]

[29]

[30]

Genomic alterations of Chinese pancreatic cancer

sine kinome in melanoma reveals recurrent
mutations in ERBB4. Nat Genet 2009; 41:
1127-1132.

Golan T, Kindler HL, Park JO, Reni M, Macarul-
la T, Hammel P, Van Cutsem E, Arnold D, Hoch-
hauser D, McGuinness D, Locker GY, Goranova
T, Schatz P, Liu YZ and Hall MJ. Geographic and
ethnic heterogeneity of germline BRCA1l or
BRCA2 mutation prevalence among patients
with metastatic pancreatic cancer screened
for entry into the POLO trial. J Clin Oncol 2020;
38: 1442-1454,

Singh VK, Yadav D and Garg PK. Diagnosis and
management of chronic pancreatitis: a review.
JAMA 2019; 322: 2422-2434.

Strijker M, Soer EC, de Pastena M, Creemers A,
Balduzzi A, Beagan JJ, Busch OR, van Delden
OM, Halfwerk H, van Hooft JE, van Lienden KP,
Marchegiani G, Meijer SL, van Noesel CJ, Rein-
ten RJ, Roos E, Schokker S, Verheij J, van de
Vijver MJ, Waasdorp C, Wilmink JW, Yistra B,
Besselink MG, Bijlsma MF, Dijk F and van Laar-
hoven HW. Circulating tumor DNA quantity is
related to tumor volume and both predict sur-
vival in metastatic pancreatic ductal adenocar-
cinoma. Int J Cancer 2020; 146: 1445-1456.
Yin L, Pu N, Thompson E, Miao Y, Wolfgang C
and Yu J. Improved assessment of response
status in patients with pancreatic cancer treat-
ed with neoadjuvant therapy using somatic
mutations and liquid biopsy analysis. Clin Can-
cer Res 2021, 27: 740-748.

Lee B, Lipton L, Cohen J, Tie J, Javed AA, Li L,
Goldstein D, Burge M, Cooray P, Nagrial A, Teb-
butt NC, Thomson B, Nikfarjam M, Harris M,
Haydon A, Lawrence B, Tai DWM, Simons K,
Lennon AM, Wolfgang CL, Tomasetti C, Papa-
dopoulos N, Kinzler KW, Vogelstein B and
Gibbs P. Circulating tumor DNA as a potential
marker of adjuvant chemotherapy benefit fol-
lowing surgery for localized pancreatic cancer.
Ann Oncol 2019; 30: 1472-1478.

Zill OA, Greene C, Sebisanovic D, Siew LM,
Leng J, Vu M, Hendifar AE, Wang Z, Atreya CE,
Kelley RK, Van Loon K, Ko AH, Tempero MA,
Bivona TG, Munster PN, Talasaz A and Collis-
son EA. Cell-free DNA next-generation se-
quencing in pancreatobiliary carcinomas. Can-
cer Discov 2015; 5: 1040-1048.

Bernard V, Kim DU, San Lucas FA, Castillo J,
Allenson K, Mulu FC, Stephens BM, Huang J,
Semaan A, Guerrero PA, Kamyabi N, Zhao J,
Hurd MW, Koay EJ, Taniguchi CM, Herman JM,
Javle M, Wolff R, Katz M, Varadhachary G, Mai-
tra A and Alvarez HA. Circulating nucleic acids
are associated with outcomes of patients with
pancreatic cancer. Gastroenterology 2019;
156: 108-118, €104.

4566

(31]

[32]

(33]

(34]

[35]

(36]

(37]

(38]

(39]

Pishvaian MJ, Joseph Bender R, Matrisian LM,
Rahib L, Hendifar A, Hoos WA, Mikhail S, Chung
V, Picozzi V, Heartwell C, Mason K, Varieur K,
Aberra M, Madhavan S, Petricoin E 3rd and
Brody JR. A pilot study evaluating concordance
between blood-based and patient-matched tu-
mor molecular testing within pancreatic can-
cer patients participating in the know your tu-
mor (KYT) initiative. Oncotarget 2017; 8:
83446-83456.

de Bono J, Mateo J, Fizazi K, Saad F, Shore N,
Sandhu S, Chi KN, Sartor O, Agarwal N, Olmos
D, Thiery-Vuillemin A, Twardowski P, Mehra N,
Goessl C, Kang J, Burgents J, Wu W, Kohlmann
A, Adelman CA and Hussain M. Olaparib for
metastatic castration-resistant prostate can-
cer. N Engl J Med 2020; 382: 2091-2102.
Perkhofer L, Gout J, Roger E, Kude de Almeida
F, Baptista Simdes C, Wiesmuller L, Seufferlein
T and Kleger A. DNA damage repair as a target
in pancreatic cancer: state-of-the-art and fu-
ture perspectives. Gut 2021; 70: 606-617.
Golan T, Sella T, O’Reilly EM, Katz MH, Epel-
baum R, Kelsen DP, Borgida A, Maynard H,
Kindler H, Friedmen E, Javle M and Gallinger S.
Overall survival and clinical characteristics of
BRCA mutation carriers with stage /Il pancre-
atic cancer. Br J Cancer 2017; 116: 697-702.
Kim AR, ShunY, Renae J, Heather S, Katherine
LN and Susan MD. Retrospective survival anal-
ysis of patients with advanced pancreatic duc-
tal adenocarcinoma and germline BRCA or
PALB2 mutations. JCO Precis Oncol 2018; 2:
1-9.

Sehdev A, Gbolahan O, Hancock BA, Stanley
M, Shahda S, Wan J, Wu HH, Radovich M and
O’Neil BH. Germline and somatic DNA damage
repair gene mutations and overall survival in
metastatic pancreatic adenocarcinoma pa-
tients treated with FOLFIRINOX. Clin Cancer
Res 2018; 24: 6204-6211.

Palacio S, McMurry HS, Ali R, Donenberg T,
Silva-Smith R, Wideroff G, Sussman DA, Rocha
Lima CMS and Hosein PJ. DNA damage repair
deficiency as a predictive biomarker for FOL-
FIRINOX efficacy in metastatic pancreatic can-
cer. J Gastrointest Oncol 2019; 10: 1133-
1139.

Hu ZI, Shia J, Stadler ZK, Varghese AM, Capa-
nu M, Salo-Mullen E, Lowery MA, Diaz LA Jr,
Mandelker D, Yu KH, Zervoudakis A, Kelsen
DP, lacobuzio-Donahue CA, Klimstra DS, Saltz
LB, Sahin IH and O’Reilly EM. Evaluating mis-
match repair deficiency in pancreatic adeno-
carcinoma: challenges and recommendations.
Clin Cancer Res 2018; 24: 1326-1336.
Domchek SM, Postel-Vinay S, Im SA, Park YH,
Delord JP, Italiano A, Alexandre J, You B, Bas-

Am J Cancer Res 2021;11(9):4551-4567



[40]

4567

Genomic alterations of Chinese pancreatic cancer

tian S, Krebs MG, Wang D, Wagar SN, Lanasa
M, Rhee J, Gao H, Rocher-Ros V, Jones EV, Gu-
lati S, Coenen-Stass A, Kozarewa |, Lai Z, An-
gell HK, Opincar L, Herbolsheimer P and
Kaufman B. O laparib and durvalumab in pa-
tients with germline BRCA-mutated metastatic
breast cancer (MEDIOLA): an open-label, multi-
centre, phase 1/2, basket study. Lancet Oncol
2020; 21: 1155-1164.

Romero JM, Grinwald B, Jang GH, Bavi PP,
Jhaveri A, Masoomian M, Fischer SE, Zhang A,
Denroche RE, Lungu IM, De Luca A, Bartlett
JMS, Xu J, Li N, Dhaliwal S, Liang SB, Chadwick
D, Vyas F, Bronsert P, Khokha R, McGaha TL,
Notta F, Ohashi PS, Done SJ, O'Kane GM, Wil-
son JM, Knox JJ, Connor A, Wang Y, Zogopoulos
G and Gallinger S. A four-chemokine signature
is associated with a T-cell-inflamed phenotype
in primary and metastatic pancreatic cancer.
Clin Cancer Res 2020; 26: 1997-2010.

[41]

[42]

[43]

Lee J, Kang TH, Yoo W, Choi H, Jo S, Kong K,
Lee SR, Kim SU, Kim JS, Cho D, Kim J, Kim JY,
Kwon ES and Kim S. An antibody designed to
improve adoptive NK-cell therapy inhibits pan-
creatic cancer progression in a murine model.
Cancer Immunol Res 2019; 7: 219-229.

Lin M, Liang S, Wang X, Liang Y, Zhang M, Chen
J, Niu L and Xu K. Short-term clinical efficacy
of percutaneous irreversible electroporation
combined with allogeneic natural killer cell for
treating metastatic pancreatic cancer. Immu-
nol Lett 2017; 186: 20-27.

Abou Tayoun AN, Pesaran T, DiStefano MT, Oza
A, Rehm HL, Biesecker LG and Harrison SM.
Recommendations for interpreting the loss of
function PVS1 ACMG/AMP variant criterion.
Hum Mutat 2018; 39: 1517-1524.

Am J Cancer Res 2021;11(9):4551-4567



Genomic alterations of Chinese pancreatic cancer

Supplementary Table 1. The selected intronic
regions of 618 genes

Gene
ABL1
ABL2
ACVR1
ACVR1B
ADGRA2
AGO2
AIP
AKT1
AKT2
AKT3
ALK
ALOX12B
AMER1
ANKRD11
APC

AR
ARAF
ARFRP1
ARID1A
ARID1B
ARID2
ARID5B
ASXL1
ASXL2
ATM
ATR
ATRX
AURKA
AURKB
AXIN1
AXIN2
AXL
B2M
BABAM1
BAP1
BARD1
BAX
BBC3
BCL10
BCL11A
BCL2
BCL2L1
BCL2L11
BCL2L2
BCL6
BCOR
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BCORL1
BIRC3
BIRC5
BLCAP
BLK
BLM
BMPR1A
BRAF
BRCA1
BRCA2
BRD3
BRD4
BRIP1
BTG1
BTK
BUB1
BUB1B
BUB3
CALR
CARD11
CARM1
CASP8
CBFB
CBL
CCND1
CCND2
CCND3
CCNE1
CD274
CD276
CD74
CD79A
CD79B
CDC25C
CDC42
CDC73
CDH1
CDK1
CDK12
CDK2
CDK4
CDK5
CDK6
CDK7
CDK8
CDK9
CDKN1A
CDKN1B
CDKN1C
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CDKN2A
CDKN2B
CDKN2C
CEBPA
CENPA
CHD1
CHD2
CHD3
CHD4
CHEK1
CHEK2
CIC
CREBBP
CRLF2
CSDE1
CSF1R
CSF3R
CTCF
CTLA4
CTNNA1
CTNNB1
CUL3
CXCL8
CXCR4
CYLD
CYSLTR2
DAXX
DCUN1D1
DDB2
DDR2
DICER1
DIRAS3
DIS3
DIS3L2
DNAJB1
DNMT1
DNMT3A
DNMT3B
DOT1L
DROSHA
DUSP4
E2F1
E2F3
EED
EGF
EGFL7
EGFR
EIF1AX
EIF4A2
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EIFAE
ELF3
EMSY
EP300
EPAS1
EPCAM
EPHA3
EPHA5S
EPHA7
EPHB1
ERBB2
ERBB3
ERBB4
ERCC1
ERCC2
ERCC3
ERCC4
ERCC5
ERF
ERG
ERRFI1
ESR1
ETV1
ETV4
ETV5
ETV6
EWSR1
EXT1
EXT2
EZH1
EZH2
FAM175A
FAM46C
FAM58A
FANCA
FANCB
FANCC
FANCD2
FANCE
FANCF
FANCG
FANC
FANCL
FANCM
FAS
FAT1
FAT4
FBXW7
FGF10
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FGF14
FGF19
FGF23
FGF3
FGF4
FGF6
FGFR1
FGFR2
FGFR3
FGFR4
FH
FLCN
FLT1
FLT3
FLT4
FOLR3
FOXA1
FOXA2
FOXL2
FOX01
FOXP1
FRS2
FUBP1
FYN
GABRA6
GALNT12
GATAL
GATA2
GATA3
GATA4
GATAG
GEN1
GID4
GLI1
GLI2
GNA11
GNA13
GNAQ
GNAS
GOPC
GPC3
GPS2
GRB2
GREM1
GRIN2A
GRM3
GSK3B
H3F3A
H3F3B
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H3F3C
HDAC1
HDAC2
HDAC3
HDAC4
HDAC6
HDACS8
HGF
HIF1A
HIST1H1C
HISTAH2BD
HIST1H3A
HIST1H3B
HISTAH3C
HIST1H3D
HIST1IH3E
HIST1H3F
HIST1H3G
HIST1H3H
HIST1H3I
HIST1H3J
HIST2H3C
HIST2H3D
HIST3H3
HLA-A
HLA-B
HNF1A
HOXB13
HRAS
HSD3B1
ICOSLG
ID3

IDH1
IDH2
IFNGR1
IGF1
IGF1R
IGF2
IGF2R
IKBKE
IKZF1
IL10

IL7R

INHA
INHBA
INPP4A
INPP4B
INPPL1
INSR
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IRF2
IRF4
IRS1
IRS2
JAK1
JAK2
JAK3
JUN
KATGA
KDM5A
KDM5C
KDMGA
KDR
KEAP1
KEL

KIT
KLF4
KLHL6
KMT2A
KMT2B
KMT2C
KMT2D
KMT5A
KNSTRN
KRAS
LATS1
LATS2
LMO1
LRP1B
LRRK2
LYN
LZTR1
MAGI2
MALT1
MAP2K1
MAP2K2
MAP2K4
MAP3K1
MAP3K13
MAP3K14
MAP4K1
MAPK1
MAPK3
MAPKAP1
MAX
MCL1
MDC1
MDH2
MDM2
MDM4
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MED12
MEF2B
MEN1
MET
MGA
MITF
MLH1
MLH3
MPL
MRE11A
MSH2
MSH3
MSH6
MSI1
MSI2
MST1
MST1R
MTOR
MUTYH
MYC
MYCL
MYCN
MYD88
MYO1B
MYOD1
NAT1
NAT2
NBN
NCOA3
NCOR1
NEGR1
NF1
NF2
NFE2L2
NFKBIA
NKX2-1
NKX3-1
NOTCH1
NOTCH2
NOTCH3
NOTCH4
NPM1
NRAS
NRG1
NSD1
NTHL1
NTRK1
NTRK2
NTRK3
NUF2
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NUP93
OPRM1
PAK1
PAK3
PAK5
PALB2
PARK2
PARP1
PARP2
PARP3
PAX5
PBRM1
PDCD1
PDCD1LG2
PDGFRA
PDGFRB
PDK1
PDPK1
PEG3
PGR
PHOX2B
PIK3C2B
PIK3C2G
PIK3C3
PIK3CA
PIK3CB
PIK3CD
PIK3CG
PIK3R1
PIK3R2
PIK3R3
PIM1
PLCG2
PLK1
PLK2
PMAIP1
PMS1
PMS2
PNRC1
POLD1
POLE
PPARG
PPM1D
PPP2R1A
PPP2R2A
PPP4R2
PPP6C
PRDM1
PRDM14
PREX2
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PRKAR1A
PRKCE
PRKCG
PRKC
PRKD1
PRKDC
PRRT2
PRSSS
PTCH1
PTCH2
PTEN
PTK2
PTP4AL
PTPN11
PTPRD
PTPRS
PTPRT
RAB35
RAC1
RAC2
RAD21
RAD50
RAD51
RAD51B
RAD51C
RAD51D
RAD52
RAD54L
RAF1
RARA
RARB
RASAL
RASSF1
RASSFS
RB1
RBM10
RECQL
RECQL4
REL
RET
RFWD2
RHBDF2
RHEB
RHOA
RICTOR
RIT1
RNF43
ROCK1
ROS1
RPSGKAL
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RPS6KA4
RPS6KB1
RPS6KB2
RPTOR
RRAGC
RRAS
RRAS2
RTEL1
RUNX1
RUNX1T1
RUNX2
RXRA
RYBP
SDHA
SDHAF2
SDHB
SDHC
SDHD
SERPINB3
SERPINB4
SESN1
SESN2
SESN3
SETD2
SF3B1
SH2B3
SH2D1A
SHH
SHOC2
SHQ1
SLC16A7
SLIT2
SLX4
SMAD2
SMAD3
SMAD4
SMARCA1
SMARCA4
SMARCB1
SMARCD1
SMO
SMYD3
SNAI1
SNAI2
SNCAIP
SOCS1
S0S1
SOX10
SOX17
SOX2
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SOX9
SPEN
SPINK1
SPOP
SPRED1
SPTAL
SRC
SRSF2
STAG2
STAT3
STAT4
STAT5A
STAT5B
STK11
STK19
STK40
SUFU
Suz12
SYK
TAF1
TAP1
TAP2
TBX3
TCEB1
TCF3
TCF7L2
TEK
TERT
TET1
TET2
TFE3
TGFBR1
TGFBR2
TMEM127
TMPRSS2
TNF
TNFAIP3
TNFRSF14
TNFSF11
TOP1
TOP2A
TP53
TP53BP1
TP63
TPX2
TRAF2
TRAF7
TSC1
TSC2
TSHR
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TUBB
TWIST1
U2AF1
UPF1
VEGFA
VEGFB
VHL
WEE1
WHSC1
WHSC1L1
WISP3
WNT1
WNT5A
WNT6
WRN
WT1
WWTR1
XIAP
XPA
XPO1
XRCC2
YAP1
YES1
ZBTB2
ZFHX3
ZNF217
ZNF703




Genomic alterations of Chinese pancreatic cancer

A pataasth __ PALIVel pgielies  paimilys B B almAla PGIVI23er 1, Glyr3cys
p.Gly13Asp 1% p. GInGlArg 1% 1% P.GinS1Arg—__ 19 lellcvs / 1%
! s/~ 1%
S lem’.vs —

p.GIn61His __—
2% \
Chinese cohort TCGA cohort
C
50 /
.Gly12Asp
@
40 1
or

= p.Gly12val + 00
9 ® ® 05
= @® 0
o
2 ® s
8
3
o p.Gly12Arg Statistical test
[=4 20 °®
£ ® significant
8 . n
@
b=
£

10

p.GIn61 His/
]
p. Gly1 Cys
p.Gly13Asp
0.0 /‘
) 10 20 30 40 50

Incidence in Chinese cohort (%)

Supplementary Figure 1. Distribution of KRAS alterations in Chinese (A) and TCGA cohort (B). (C) Enrichment of
specific KRAS alterations in Chinese (x axis, n=225) and TCGA cohort (y axis, n=150).
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