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Background: Pancreatic cancer is a life-threatening malignant disease with significant
diversity among geographic regions and races leading to distinct carcinogenesis and
prognosis. Previous studies mainly focused on Western patients, while the genomic
landscape of Oriental patients, especially Chinese, remained less investigated.

Methods: A total of 408 pancreatic cancer patients were enrolled. A panel containing 436
cancer-related genes was used to detect genetic alterations in tumor samples.

Results: We profi led the genomic alteration landscape of pancreatic duct
adenocarcinoma (PDAC), intraductal papil lary mucinous neoplasm (IPMN),
periampullary carcinoma (PVC), and solid-pseudopapillary tumor (SPT). Comparison
with a public database revealed specific gene mutations in Oriental PDAC patients
including higher mutation rates of DNA damage repair-related genes. Analysis of
mutational signatures showed potential heterogenous carcinogenic factors caused by
diabetes mellitus. KRAS mutation, especially KRAS G12D mutation, was associated with
poor survival, while patients not harboring the 17 significant copy number variations
(CNVs) had a better prognosis. We further identified multiple correlations between
clinicopathologic variables and genetic mutations, as well as CNVs. Finally, by network-
based stratification, three classes of PDAC patients were robustly clustered. Among
these, class 1 (characterized by the Fanconi anemia pathway) achieved the best outcome,
while class 2 (involved in the platinum drug resistance pathway) suffered from the
worst prognosis.

Conclusions: In this study, we reported for the first time the genetic alteration landscape
of Oriental PDAC patients identifying many Oriental-specific alterations. The relationship
between genetic alterations and clinicopathological factors as well as prognosis
demonstrated important genomic impact on tumor biology. This study will help to
optimize clinical treatment of Oriental PDAC patients and improve their survival.

Keywords: pancreatic ductal adenocarcinoma, clinicopathological variable, network-based stratification,
prognosis, genetic alteration
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INTRODUCTION

Pancreatic cancer is a devastating malignant disease with a
median survival of 6–12 months and a 5-year survival rate of
less than 9% (1, 2). Although the prognosis is very poor
worldwide, heterogeneity exists between different regions and
races due to lifestyle behaviors and environmental factors (3).
Large differences in tobacco intake, dietary habits, and diabetes
mellitus between the East and the West may lead to different
genomic alterations associated with pancreatic carcinogenesis
(4–6), which might cause variation in chemosensitivity and the
effectiveness of drugs in Oriental patients. Current studies are
mainly based on Western patients, and there is a lack of
comparative studies on Oriental pancreatic cancer patients,
especially among the largest patient population in China.

Gene mutations are the primary cause of cancer. Specific
germline or genetic driver mutations can initialize the process of
carcinogenesis (7). Diverse combinations of genetic drivers and
passenger mutations (8) result from different carcinogenic
factors. For example, high glucose can lead to heterogeneity in
pancreatic cancer (9). Furthermore, heterogeneity brings
significant differences in biological behaviors of pancreatic
cancer, including malignant proliferation (10), metastasis
potential (11), and chemotherapy sensitivity (12), and these
differences can affect prognosis (13, 14). Therefore, defining
the mutation landscape of pancreatic cancer in Oriental
patients by comparing the characteristics between Eastern and
Western patients may aid in identifying possible causes of
differences in pathogenesis and prognosis.

Since the dimensions of genetic variation far exceed clinical
information, effectively elucidating the relationship between
genetic alterations, clinical pathology, and prognosis remains a
great challenge. Conventional panel (15, 16) or exon sequencing
(17, 18) usually identified hundreds of genetic alterations
including single nucleotide variation (SNV), insertion and
deletion (InDel), and copy number variation (CNV)
information. Such multidimensional data often resulted in
over-fitting in correlation or prognosis analysis. Therefore,
efficient data dimension reduction methods and large-scale
patient data are both necessary. In this study, we utilized the
high-quality prospective database of the Changhai Hospital and
a variety of dimension reduction methods to explore the
relationship between genetic alterations and clinicopathological
factors, as well as patient prognosis for revealing the
characteristics of pancreatic cancer in the Oriental population.
MATERIALS AND METHODS

Patients
Patients who underwent radical resection for peripancreatic
lesions and received preoperative or intraoperative biopsy
(fine-needle aspiration biopsy, FNA) in the Department of
Hepatobiliary Pancreatic Surgery of the Changhai Hospital
(Shanghai, China) between 2016 and 2018 were enrolled in
this study. Exclusion criteria included insufficient tissue for
Frontiers in Oncology | www.frontiersin.org 2
sequencing and use of neoadjuvant therapy. Patients with
incomplete follow-up data and 90-day postoperative mortality
were further excluded from the survival analysis. All of the
patients provided written informed consent for use of their
clinical data. The study was conducted in accordance with
national guidelines and approved by the Ethics Committee of
the Changhai Hospital.

Clinical Samples
After the isolation of samples, tumor tissues were quickly frozen
in liquid nitrogen and transferred to the laboratory. The surgical
tissue was continuously sectioned on a frozen edge-cutting
machine and then stained with H&E to confirm tumor
cellularity. The remaining surgical tissues or biopsy samples
were used for DNA extraction. The final pathological diagnosis
was confirmed by two independent pathologists. Finally, four
subtypes of neoplasm-pancreatic ductal adenocarcinoma,
periampullary carcinoma, intraductal papillary mucinous
neoplasm, and solid-pseudopapillary tumors were included in
the following analysis.

DNA Extraction and Quality Control
DNA was extracted from fresh tissue using the QIAamp DNA
Mini Kit (QIAGEN, CA, USA). DNA quantity and purity were
assessed by Qubit® 3.0 Fluorometer (Invitrogen, Carlsbad, CA,
USA) and NanoDrop ND-1000 (Thermo Scientific, Wilmington,
DE, USA). Fragmentation status was evaluated via the Agilent
2200 TapeStation system using the Genomic DNA ScreenTape
assay (Agilent Technologies, Santa Clara, CA, USA) able to
produce a DNA Integrity Number (DIN).

Library Preparation and Sequencing
A total of 500 ng of DNA per sample was used for the DNA
library preparation. The library was generated using the Agilent
SureSelect XT HS (Agilent Technologies) according to the
manufacturer’s instructions. First, DNA was fragmented on an
E220 focused ultrasonicator Covaris (Covaris, Woburn, MA,
USA) to a size of 150–220 bp. Then, the DNA fragments were
end-polished, A-tailed, and ligated with adaptors. The exons of
436 cancer-related genes were captured (Supplementary
Table 1) and amplified via PCR. After QC and quantification
using an Agilent 2100 Bioanalyzer (Agilent Technologies) and
Qubit® 3.0 Fluorometer (Invitrogen), sequencing was performed
using an Illumina Next CN500 platform (Berry Genomics) by
paired-end 75-bp or 150-bp to a mean unique depth of coverage
of 800X.

Bioinformatics Analysis
Sequencing data were mapped to the reference human genome
(UCSC hg19) via Burrows-Wheeler Aligner (BWA) software to
obtain the original mapping results stored in a BAM format (19,
20). Then, SAMtools was used to sort the BAM files and perform
duplicate marking, local realignment, and base quality
recalibration to generate the final BAM file for computing the
sequence coverage and depth (21). GATK4 Mutect2 is the
favored strategy for tumor-only generation of a complete list of
July 2021 | Volume 11 | Article 717989
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somatic mutations, including SNV and InDel (22, 23). Briefly, we
created a panel of normal resources using the tumor-only mode
of Mutect2, generated the genetic mutations, and filtered the
callset with FilterMutectCalls. ANNOVAR was performed to
annotate the variant call format file obtained in the previous step
(24). The mutations with a variant allele frequency > 5% were
defined as high confidence mutations. Tumor mutation load was
defined as the number of all genetic SNVs and InDels per mega
base, excluding synonymous mutations.

The mutational signature was analyzed using R software and
the Maftools package (25). The pattern of the mutation signature
was distributed into six substitution classes, and the bases
immediately 5′ and 3′ of the mutated base produced 96
possible mutation subtypes (26, 27). The mutation signature
found in the tumors was analyzed by non-negative matrix
factorization (NMF) and compared to 30 types of mutational
signatures (28). CNV was identified utilizing a CNVkit and
GISTIC2.0 (29, 30). False discovery rate q-values for the
aberrant regions (0.25 as the threshold) and G-score,
considering the amplitude of the aberration as well as the
frequency of its occurrence across samples, were calculated
with GISTIC2.0. Network-based stratification was performed
to produce a robust subdivision of patients into classes (31).

Clinical Data and Follow-Up
Demographic and clinicopathological data were extracted from
the prospective database of the Changhai Hospital. Preoperative
clinical variables included sex, age, body mass index (BMI),
smoking history, drinking history, diabetes mellitus,
hypertension, carcinoembryonic antigen (CEA), and
carbohydrate antigen 19-9 (CA19-9). Postoperative variables
included differentiation degree, perineural invasion, and
microvascular invasion as well as pathological T, N, and M
stages (the eighth edition of American Joint Committee on
Cancer). Patients were followed up every 3 months by
telephone after surgery or biopsy. Overall survival (OS) was
defined as the interval from the date of surgery or biopsy until the
date of patient death or the last follow-up visit after 3 months
post-surgery.

Statistical Analysis
Discrete variables were presented as number and/or percentage,
whereas the continuous variables were presented as median and/
or mean. Fisher’s exact test was used to compare differences in
clinical variables between groups or classes. Associations
between potential risk factors and clinical variables were
assessed by Spearman’s rank correlation coefficient. Survival
analysis was performed using the Kaplan-Meier method. The
biological importance of the genetic mutated genes in different
subtypes or classes was evaluated by KEGG pathway enrichment
analysis using ClusterProfiler. A two-tailed P-value of < 0.05 was
considered statistically significant. Statistical analysis was
performed using SPSS 22.0 for Windows (SPSS, Chicago, IL,
USA). Figures were created using GraphPad Prism (version 7.0;
GraphPad, San Diego, CA) and the R statistical package v.3.5.1
(http://www.r-project.org/).
Frontiers in Oncology | www.frontiersin.org 3
RESULTS

Patient Cohort Characteristics
A total of 502 pancreatic and periampullary neoplasm specimens
were submitted for targeted genomic profiling during clinical
care. Four hundred and fifty samples passed pre- and post-
sequencing quality control, and most of the failures were due to
less than 20% of tumor components or insufficient DNA. After
further removing 31 samples from patients who had neoadjuvant
therapy as well as 11 samples diagnosed as rare subtypes, 302
cases of pancreatic duct adenocarcinoma (PDAC), 74 cases of
periampullary carcinoma (PAC), 24 cases of intraductal papillary
mucinous neoplasm (IPMN), and 8 cases of solid-
pseudopapillary tumor (SPT) had credible sequencing results
(Figure 1). Among the 302 PDAC patients, 199 were males and
103 were females that ranged in age between 33 and 86 years
(mean, 60.9 years; median, 62.0 years) at the time of targeted
genomic profiling. Two hundred and sixty-one samples were
from radical resection specimens, and 41 samples were from
preoperative or intraoperative FNA biopsy specimens. Sixty-eight
patients were in stage I of AJCC 8th, 158 in stage II, 35 in stage III,
and 41 in stage IV. The median overall survival time for the 41
patients with metastasis was 7.1 months (95% CI: 4.102–10.098).
After excluding 11 cases that died within 90 days of surgery and 3
cases without complete follow-up data, the remaining 247
patients who underwent radical resection had a median overall
survival time of 21.3 months (95% CI: 19.138–23.462). The
median follow-up time for radical resection and metastatic
patients was 15.0 months and 5.9 months, respectively.

Genomic Landscape of PDAC, PAC, IPMN,
and SPT Genetic Alterations
Among the 302 PDACs, a total of 19,120 genomic genetic
alterations, including SNV, InDel, and CNV, were identified in
317 genes. The most frequent genomic alteration in PDAC was
KRAS (n = 262, 86.75%), followed by TP53 (n = 171, 56.62%),
GNAS (n = 90, 29.80%), RYR1 (n = 73, 24.17%), and POLE (n =
59, 19.54%) (Figure 2A). The alteration rates of two common
driver genes, CDKN2A and SMAD4, were 17.55% (n = 53) and
16.89% (n = 51), respectively (Figure 2A). Comparison with
public data (QCMG, 2016) showed similar results in the four
driver genes but a higher alteration rate in genes like RYR1,
BIRC6, ATM, LRP2, and POLE (Figure 2B).

Genomic alterations of PAC occurred in TP53 (n = 39, 52.70%),
KRAS (n = 38, 51.35%), MUC17 (n = 26, 35.14%), GNAS (n = 23,
31.08%), and CABIN1 (n = 19, 25.68%), in decreasing order
(Supplementary Figure 1A). Among the top 15 mutated genes in
PDAC, PAC had lower rates in TP53 and KRAS, but was enriched
in DNA damage repair (DDR)-related genes, including BRCA2 and
ATM (32, 33) (Figure 2C), which indicated a different driving
origin and more treatment options. The genomic alteration
landscape of 24 cases of IPMN was characterized by GNAS (n =
13, 54.17%), KRAS (n = 13, 54.17%), MUC17 (n = 11, 45.83%),
POLE (n = 9, 37.50%), and TP53 (n = 7, 29.17%) (Supplementary
Figure 1B). Compared with PDAC, GNAS was another common
driver gene for IPMN, aside from KRAS and TP53. In addition,
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ATM mutations in IPMN accounted for 20.83% in our cohort,
which is much higher than in PDAC (Figure 2D). SPT lacked
alterations in genes commonly found in PDAC, PAC, and IPMN.
Themolecular hallmark of SPT was represented bymutations in the
CTNNB1 gene (Supplementary Figure 1C), which is involved in
the Wnt/b-catenin signaling pathway and reportedly observed in
more than 90% cases (34). Further function analysis revealed that
PDAC, PAC, and IPMN had comparable changes in the KEGG
signaling pathways, while SPT showed fewer pathways with
abnormalities (Supplementary Figure 1D).

Mutational Signature of PDAC
Three mutational signatures (A, B, and C) of all 302 PDAC
samples were identified via the NMF method and were highly
similar to the reported COSMIC signatures: COSMIC_1,
COSMIC_25, and COSMIC_5, respectively (Figure S2A;
Figure 3A). The etiology of signatures 25 and 5 remain
unknown, while signature 1 was thought to be the result of an
endogenous mutational process initiated by spontaneous
deamination of 5-methylcytosine (Supplementary Figure 2A).
Based on signature exposure, we divided 302 samples into three
Frontiers in Oncology | www.frontiersin.org 4
groups, which were separately enriched for signatures A, B, and
C (Figure 3B). Further analysis of mutation load revealed that
there was a notably higher mutation load in group 2 compared
with the other two groups (Figure 3B). Genes like ATM, ROS1,
NOTCH1, BRCA1, WRN, ERBB3, MAN2A1, BCL9, and BCR
were more commonly mutated in group 2 (Figure 3C). Statistical
comparison of clinicopathological characteristics between the
three groups suggested that only diabetes was related to different
mutational signatures (Supplementary Table 2); the number of
patients with diabetes mellitus was relatively high in groups 1
and 3 (Supplementary Figure 2B). We matched the mutational
spectrum of diabetes cases with cases that did not have diabetes
and found that the diabetes cases exhibited strand bias for C > A
mutations at T [C > A] A, while the no-diabetes cases exhibited
strand bias for C > G mutations at T [C > G] C and T > G
mutations at C [T > G] G (Supplementary Figure 2C),
indicating potential heterogenous carcinogenic factors in
PDAC. Further survival analysis of the 247 PDAC patients
who received radical resection showed that group 2 with more
mutations in DDR-related genes and less diabetes mellitus had a
trend for better prognosis among the three groups (Figure 3D).
FIGURE 1 | Workflow diagram of the study.
July 2021 | Volume 11 | Article 717989
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A B

DC

FIGURE 3 | Mutational signature of PDAC. (A) The correlation between three identified mutational signatures in PDAC (n = 302) and reported COSMIC signatures.
(B) Three groups of PDAC patients (n = 302) classified by average signature exposure (left) and their mutation load (right). (C) Specific gene mutations enriched in the
three groups (n = 302). (D) Overall survival analysis of the three groups with PDAC patients who received radical resection and had complete follow-up data (n = 247).
A

B DC

FIGURE 2 | Genomic landscape of genetic alterations in PDAC and comparison with other subtypes. (A) Genomic landscape of PDAC genetic alterations (n = 302).
(B) Comparison between PDAC (n = 302) and TCGA database (QCMG, n = 383) in genetic mutations. (C) Comparison between PDAC (n = 302) and PVC (n = 74)
in genetic mutations. (D) Comparison between PDAC (n = 302) and IPMN (n = 24) in genetic mutations.
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Genetic Mutation in PDAC
The most commonly altered gene, KRAS, had 265 mutations in
262 samples, in which 117 cases were G12D, 105 cases were
G12V, 27 cases were G12R, 5 cases were G12C, and 1 case was
G12A (Figure 4A). Besides codon 12, mutations also occurred in
codons 13, 61, and 164 including G13D, Q61H, Q61K, Q61R,
and R164Q (Figure 4A). TP53 was detected 173 mutations in
169 samples (Figure 4B). The most frequently mutated site lay in
codons 175 (n = 20), 282 (n = 6), and 245 (n = 5) (Figure 4B).
Another two tumor suppressors, SMAD4 and CDKN2A, had 53
mutations in 48 samples and 37 mutations in 35 samples,
respectively (Figures 4C, D). We next explored the correlation
between the top 20 mutated genes and clinicopathological
characteristics (Supplementary Figure 3A). KRAS mutation
was associated with T stage as well as hypertension. TP53
mutation was related to differentiation degree. CDKN2A
mutation correlated with drinking history and perineural
invasion, while no clinical variable was associated with SMAD4
mutation. GNAS, WRN, and LRP2 mutations were related to T
stage, N stage, and M stage, respectively. No gene was found to be
associated with more than two clinical variables, while perineural
invasion showed a strong association with the most genes
Frontiers in Oncology | www.frontiersin.org 6
including WRN, CDKN2A, BRAC2, and BLM. Further
survival analysis of four PDAC driver genes with the 247
patients above displayed that mutation of KRAS, especially
KRAS G12D (Figures 4E, F), but not TP53, CDKN2A, or
SMAD4 was indicative of prognosis (Supplementary Figures
3B–D).

Copy Number Variation in PDAC
The CNV landscape of 302 PDAC cases is summarized in
Figure 5A . The most striking amplification lay in
chromosomes 1, 4, 7, 8, 10, 11, 17, and 22 (Figure 5B), while
deletion existed mainly in chromosomes 4, 6, and 19
(Figure 5C). We extracted 17 significant structure alterations
from the above chromosomes to examine their association with
clinical variables (Figure 5D). Amplification of 8q24.13, which
has been previously studied in gastric cancer (35) and breast
cancer (36), was closely correlated with T, N, and M stage,
simultaneously. Perineural invasion was also associated with the
most chromosome fragment alterations including gains of
4q13.3, 4q35.2, 7p12.2, 10q26.3, 11q13.3, 17q23.1, and
22q13.32 as well as loss of 6p21.32. Local chromosomal
transcriptional up-regulation at chromosome 4q13.3 was
A B

D

E F

C

FIGURE 4 | Genetic mutation of PDAC. (A) Mutation sites of KRAS gene in PDAC (n=302). (B) Mutation sites of TP53 gene in PDAC (n = 302). (C) Mutation sites of
SMAD4 gene in PDAC (n = 302). (D) Mutation sites of CDKN2A gene in PDAC (n = 302). (E) Overall survival analysis of above 247 PDAC patients with (n = 212) and
without (n = 35) KRAS mutations. (F) Overall survival analysis of above 247 PDAC patients with (n = 102) and without (n = 145) KRAS G12D mutation.
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observed in the neuroectodermal conversion process of human
mesenchymal stem cells (37). Additionally, the FAT1 (38) and
TMEM16H (39) genes, which have been proved to be highly
expressed in neural tissues, were contained in 4q35.2 and
11q13.3, respectively. Importantly, according to survival
analysis with the 247 PDAC patients, we found that patients
without any of the above 17 chromatin structure alterations had
a markedly better prognosis (P = 0.014) (Figure 5E).

Network-Based Stratification of PDAC
With Genetic Mutations
To systematically investigate the classification of PDAC with
only genetic mutations, we used network-based stratification to
produce a robust subdivision of three classes (Figure 6A). We
next explored whether such stratification was of prognostic
value. In the survival analysis of the 247 PDAC patients, a
remarkable difference was observed among the three classes
(P = 0.015) (Figure 6B). The median survival time of class 1
was 27.0 months (95% CI: 22.630–31.370), while the
corresponding time of class 2 was only 16.5 months (95% CI:
12.102–20.898) (Figure 6B). KEGG gene set enrichment analysis
was further performed to better unveil the underlying biology of
class 1 and class 2. The differential pathways among the top 30
showed that genetic mutations involved in class 1 mainly focused
on MicroRNAs in cancer, Kaposi sarcoma-associated
herpesvirus infection, Human T-cell leukemia virus 1 infection,
signaling pathways regulating pluripotency of stem cells, the
Frontiers in Oncology | www.frontiersin.org 7
FoxO signaling pathway, and the Fanconi anemia pathway
(Figure 6C). The Fanconi anemia pathway is a dedicated
pathway for the repair of DNA interstrand crosslinks (40),
which may partially explain the better prognosis of class 1.
Additionally, human cytomegalovirus infection, Focal
adhesion, Hepatocellular carcinoma, Platinum drug resistance,
the AGE−RAGE signaling pathway in diabetic complications,
and the Prolactin signaling pathway were enriched in class 2
(Figure 6D). Platinum drug resistance indicated a normal
function of DDR in contrast to class 1. Furthermore, we
compared clinicopathological characteristics between class 1
and class 2 (Table 1). Statistical analysis revealed that there
was a higher proportion of diabetes mellitus in class 2,
corresponding to the enriched pathway-AGE−RAGE signaling
pathway in diabetic complications. Moreover, we found that
class 1 was more inclined to be medium/well differentiated than
class 2, which might result from differential molecular features.
DISCUSSION

Pancreatic cancer is one of the most lethal diseases worldwide,
but etiology, diagnosis, therapeutic modality, and prognosis vary
in different regions and races, especially between Asian,
European, and American countries. It has been reported that
blacks have a higher incidence of pancreatic cancer than other
racial/ethnic groups (41, 42). As an unequivocal risk factor for
A B

D E

C

FIGURE 5 | Copy number variation of PDAC. (A) The landscape of CNV in PDAC (n = 302). (B) Gains of CNV in PDAC (n = 302). G-score at top and q-value at
bottom. (C) Losses of CNV in PDAC (n = 302). G-score at top and q-value at bottom. (D) The correlation between CNVs and clinical variables in PDAC (n = 302).
(E) Overall survival analysis of above 247 PDAC patients with (n = 104) and without (n = 143) the 17 significant chromatin structure alterations.
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pancreatic cancer (43), smoking habits differ significantly among
racial/ethnic groups. Asian females have the lowest smoking
rates, whereas Asian men have the second lowest rate after
Hispanic men, compared with other racial/ethnic groups (44).
Furthermore, diabetes mellitus, which is an associated factor of
pancreatic cancer, has a markedly different incidence around the
world (3, 45, 46). These factors could lead to distinct origins of
pancreatic carcinogenesis, which might cause variations in
genomic alterations, clinicopathological features, and
prognosis. In fact, oncologists in different countries prefer to
use different drug compounds. For example, researchers in the
United States are more inclined to use FORFIRINOX (47), while
European researchers used Gemcitabine plus Capecitabine (48),
and Asian researchers are more willing to use S1 (49). This may
be the result of diverse pharmacogenomic profiles. However, at
present, there is no clear consensus on this issue, especially in
Oriental patients. This study is the first to report genetic
alteration profiles from the largest target sequencing cohort of
Oriental pancreatic cancer patients. A large number of specific
mutations related to several specific clinicopathological factors
were identified in Oriental PDAC patients. Importantly, the
relationship between genetic alterations and prognosis in
PDAC was based on high-quality data from a standardized
treatment center for pancreatic cancer, and the data were well
analyzed to demonstrate critical genomic impacts on tumor
biological behavior. Our findings will help to optimize clinical
treatment decisions of Oriental PDAC patients and improve
their survival time.

KRAS, TP53, CDKN2A, and SMAD4 are the four major
driver genes mutated in nearly 100% of PDAC patients (50).
Their functions have been widely investigated. KRAS is
considered a driver gene in the initial stages of cancer, and its
Frontiers in Oncology | www.frontiersin.org 8
reported mutation rate varied from 72% to 90% (18, 51, 52).
However, further research showed that the low mutation
frequency was likely caused by low tumor cellularity or
insufficient sequencing depth, which could be compensated
using laser microdissection or increasing the depth of
sequencing. In this study, well-designed targeted capture
probes and high depth sequencing (>1000X) were used to
reveal the true frequency of the 436 cancer-related genes. In
our cohort, the KRAS mutation rate was 86.75%, which is similar
to the results in a public database of patients undergoing
microdissection (18) or with high tumor cellularity (52).
Alternatively, common sites including 12, 13, and 61 in 12
KRAS mutation negative samples (all from FNA biopsy
specimens) were validated by ddPCR (data not shown). Three
samples were found to contain a low frequency of KRAS
mutation, which implied low tumor purity. Although studies
have reported that enough samples can be obtained via FNA for
sequencing analysis (53), it is difficult for pancreatic cancer due
to the influence of tumor location, puncture bleeding, puncture
proficiency, and tumor purity. However, this result is very
important for pancreatic cancer patients since most have
advanced disease, and a positive result for KRAS mutation will
determine the clinical treatment strategy. The serious impact of
KRAS mutation on survival reminds that clinicians should
interpret and handle the negative results with extreme caution.

TP53 is one of the most frequently mutated tumor suppressor
genes in diverse cancers. However, the mutation frequency in
public database of pancreatic cancer scattered, which included
data from different countries and ethnic groups. The lowest
frequency data were reported in 2012, with a mutation frequency
of only 33% (54). The highest group was reported in 2017 and
came from 149 samples with a mutation frequency of 72% (17).
A

B D

C

FIGURE 6 | Network-based stratification of PDAC with genetic mutation. (A) Schematic of network-based stratification in above 247 PDAC (n = 247). (B) Overall
survival analysis of above 247 PDAC patients classified by network-based stratification. (C) The differential KEGG signal pathways among top 30 significantly
enriched in class 1. (D) The differential KEGG signal pathways among top 30 significantly enriched in class 2.
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Most of the other cohorts ranged between 50% and 60% (18, 51).
Our study identified a mutation frequency of 55.96% in common
mutation forms. The driver genes SMAD4 and CDKN2A have
two main inactivation subtypes: mutation and copy number
depletion. The mutation rates in our cohort were 15.89% and
11.59%, respectively, similar to previous studies (51). However,
the copy number deletion fluctuated widely from previous results
due to different sequencing and bioinformatic analysis methods.
Paired sequencing, whole-exome sequencing (WES), and whole-
genome sequencing (WGS) generally had higher sensitivity for
detecting CNVs. The detection rate of CDKN2A deletion
reached nearly 40% using WGS (55), while only 10% or lower
was able to be detected in panel sequencing of single sample.

Interestingly, in our Oriental cohort, the mutation frequency of
genes related to DDR was significantly higher than previously
Frontiers in Oncology | www.frontiersin.org 9
reported. For instance, ATM (DNA-damage response gene)
mutation frequency in our cohort was 9.60%, much higher than
ICGC (1.0%), TCGA PanCancer Atlas (4.5%), and in other studies
(3%–5%) (18, 52), indicating a significant difference between
Eastern and Western populations. Other DDR genes including
POLE (homologous DNA pairing and strand exchange), FANCA
(interstrand DNA cross-link repair), BLM (DNA double-strand
break repair), WRN (DNA double-strand break repair), BRCA2
(homologous DNA pairing), FANCM (DNA double-strand break
repair), and ATR (DNA damage sensor) had higher mutation rates
in our cohort. Such results mean that Oriental pancreatic cancer
patients may have different etiologies and cancer development
processes. Furthermore, other important genes related to cancer
treatment including CSMD1 (potential suppressor of squamous cell
carcinomas), BRIC6 (apoptosis-associated gene), and ROS1 (the
TABLE 1 | Comparison of clinicopathological characteristics between class1 and class2 in spectral clustering.

Variable Class1(N = 42) Class2(N = 107) P value

Sex (N=149) 0.261
Female (%) 19 (45.2%) 37 (34.6%)
Male (%) 23 (54.8%) 70 (65.4%)

Age at surgery, y (N=149) 0.617
<70 (%) 37 (88.1%) 90 (84.1%)
≥70 (%) 5 (11.9%) 17 (15.9%)

BMI (N=143) 0.401
≤25 (%) 28 (70.0%) 79 (76.7%)
>25 (%) 12 (30.0%) 24 (23.3%)

Smoking history (N=146) 0.450
No (%) 29 (69.0%) 64 (61.5%)
Yes (%) 13 (31.0%) 40 (38.5%)

Drinking history (N=146) 0.817
No (%) 35 (83.3%) 83 (79.8%)
Yes (%) 7 (16.7%) 21 (20.2%)

Diabetes mellitus (N=146) 0.028
>No (%) 35 (83.3%) 67 (64.4%)
Yes (%) 7 (16.7%) 37 (35.6%)

Hypertension (N=146) 0.085
No (%) 32 (76.2%) 62 (59.6%)
Yes (%) 10 (23.8%) 42 (40.4%)

CEA at diagnosis, ng/mL (N=143) 0.237
Normal (%) 30 (75.0%) 65 (63.1%)
Elevated (%) 10 (25.0%) 38 (36.9%)

CA19-9 at diagnosis, U/mL (N=149) 0.827
Normal (%) 10 (23.8%) 23 (21.5%)
Elevated (%) 32 (76.2%) 84 (78.5%)

Differentiation degree (N=149) 0.021
Poor (%) 9 (21.4%) 42 (39.3%)
Medium/Well (%) 33 (78.6%) 65 (60.7%)

Perineural invasion (N=149) 1.000
>No (%) 3 (7.1%) 9 (8.4%)
Yes (%) 39 (92.9%) 98 (91.6%)

Microvascular invasion (N=149) 0.131
No (%) 31 (73.8%) 63 (58.9%)
Yes (%) 11 (26.2%) 44 (41.1%)

T stage (N=149) 0.053
T1 4 (9.5%) 8 (7.5%)
T2 9 (21.4%) 45 (42.1%)
T3/T4 29 (69.0%) 54 (50.5%)

N stage (N=149) 1.000
N0 17 (40.5%) 43 (40.2%)
N1/N2 25 (59.5%) 64 (59.8%)
July 2021 | Volume 11 | Article
PDAC, pancreatic ductal adenocarcinoma; BMI, body mass index; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9.
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member of tyrosine kinase insulin receptor genes) were more
enriched in this study. These findings might partially explain the
different effects of PARP inhibitors, platinum, and fluorouracil
drugs in Asians and promote their further application.

To investigate possible etiologies, we further analyzed
mutational signature and found some interesting results. Using
NMF, we identified three novel mutational signatures (A, B, and
C) that were highly similar to the reported COSMIC signatures 1,
25, and 5, respectively. Signature B dominant patients (group 2)
had a markedly higher mutation load and were more enriched in
mutations of genes associated with DDR, such as ATM, BRCA1,
and WRN. These patients exhibited a trend of better prognosis
than the other groups; however, this was not significant, which
might be due to the infrequent use of platinum drugs as adjuvant
therapy in this study. Clinically, group 2 had less diabetes
mellitus, which indicated that there were more C > G
mutations at T [C > G] C and more T > G mutations at C
[T > G] G but fewer C > A mutations at T [C > A] A. An
emerging idea is that altered metabolic status could contribute to
cancer-causing mutations. It has been confirmed that long-term
diabetes mellitus is a well-established risk factor of pancreatic
cancer (56). Recent research illustrated that high glucose can
trigger nucleotide imbalance and induce KRAS mutation in
pancreatic cells (9). Consequently, we can speculate that long-
term diabetes and prediabetes, rather than new-onset diabetes, is
more likely to promote different genetic changes and lead to
heterogeneity in carcinogenesis.

High-quality clinical data from a standardized treatment
center for pancreatic cancer showed that the relationship
between genetic alterations and clinicopathological factors is
credible and worthy of discussion. In this study, we included
the top 20 mutated genes (≥5.96%, 18 samples) for comparison
due to their high reliability and strong clinical impact. Smoking
is a well-recognized risk factor for pancreatic cancer.
Approximately 20–25% of pancreatic cancers are attributed to
cigarette smoking (57, 58). However, in this study, we found that
smoking was unrelated to any type of genetic mutation,
including genes previously thought to be related to tobacco.
Previous studies showed that the risk of developing pancreatic
cancer decreased rapidly after a few years of smoking cessation,
and may even be reduced to the level of never smokers after 15–
20 years of smoking cessation (57–59). This reversible risk
suggests that smoking does not promote the development of
pancreatic cancer by inducing genetic mutations. Therefore, the
carcinogenic effect is more likely to involve transcriptomics or
epigenetics, which deserves more attention. Perineural invasion,
a common pathological feature of cutaneous squamous cell
cancer (CSCC), head and neck squamous cell carcinoma
(HNSCC), and PDAC, predicted poor survival (60–62). A
previous study reported that cancer cell proliferation is a
common response to neural cancerous microenvironments
(63). Furthermore, single-cell transcription data analysis
showed that perineural invasion relevant module genes were
associated with EMT, invasion, and metastasis (64). Moreover,
the overall proteomic profiles between perineural invasion and
non-perineural invasion tumor samples appeared largely similar
Frontiers in Oncology | www.frontiersin.org 10
(65). Therefore, perineural infiltration is more likely a marker for
the changes in tumor microenvironment than directly correlated
with genomic alterations, and we can reasonably infer that
pancreatic cancer cells with perineural invasion-associated
mutations and CNVs in this study might be more invasive.

It is very important to establish the relationship among gene
mutations, treatment, and prognosis, especially for driver or key
genes, since this may suggest targets for more effective drugs in
clinical practice such as EGFR in lung cancer (66) and KIT in
gastrointestinal stromal tumors (67). However, accurate
correlation analysis when dealing with multiple mutation
forms and sites is difficult. Furthermore, due to complex gene
functions within a network, interactions can affect the analysis of
a specific gene, while block analysis without dimension reduction
can result in overfitting. Therefore, appropriate methodology is
critical for the analysis of mutation and prognosis. A variety of
methods were used in this study, among which network-based
stratification (31) showed the best results. Using network
knowledge, we stratified the cohort of PDAC patients into
three robust classes with genetic mutations only, which were
biologically informative and had a strong association with
clinical outcomes such as patient prognosis and drug
sensitivity. Survival analysis revealed that class 1 had
significantly better overall survival than class 2 and class 3.
Furthermore, there was enrichment of the DDR-relevant
Fanconi anemia pathway in c lass 1 , indica t ing a
recommendation for platinum drugs (40), while platinum drug
resistance was observed in class 2 due to a higher rate of poor
differentiation and diabetes mellitus. Application of such
classification strongly facilitated the understanding of
underlying genomic heterogeneity of PDAC, which may help
to stratify patients and optimize individualized treatments in
clinical practice.

However, our study had limitations. The study was
retrospective and therefore may have included some bias. The
conclusions made from this research should be verified in a
prospective study. In addition, sequencing only tumor samples
restrained the analysis of germline mutations in pancreatic
cancer, which requires further characterization.

In summary, we report here the largest sequencing cohort and
describe the genetic alteration landscape in Oriental pancreatic
cancer patients for the first time. Large numbers of specific
mutations were identified in Oriental PDAC samples and were
closely related to several clinicopathological factors.
Furthermore, under the premise of a standardized treatment
center, the relationship between genetic alterations and
prognosis in PDAC was analyzed to delineate the important
genomic impact on tumor biological behavior. This research will
help to optimize clinical treatment decisions of Oriental PDAC
patients and improve their survival time.
CONCLUSIONS

In this study, we reported for the first time the genetic alteration
landscape of Oriental PDAC patients identifying many Oriental-
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specific alterations. The relationship between genetic alterations
and clinicopathological factors as well as prognosis demonstrated
important genomic impact on tumor biology. This study will
help to optimize clinical treatment of Oriental PDAC patients
and improve their survival.
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Supplementary Figure 1 | Genomic landscape of somatic alterations in
other subtypes. (A) Genomic landscape of PVC somatic alterations (n=74). (B)
Genomic landscape of IPMN somatic alterations (n=24). (C) Genomic landscape of
SPT somatic alterations (n=8). (D) KEGG signal pathway analysis of IPMN, PVC,
PDAC and SPT.

Supplementary Figure 2 | Mutational signature of PDAC. (A) Three
mutational signatures identified by NMF analysis and their highly similar reported
COSMIC signatures. (B) Comparison of diabetes mellitus status in the three groups
of PDAC patients (n=302). (C) Comparison of mutational spectrum between PDAC
patients with (n=80) and without (n=216) diabetes mellitus.

Supplementary Figure 3 | Somatic mutation of PDAC. (A) The correlation
between somatic mutations and clinical variables in PDAC (n=302). (B) Overall
survival analysis of above 247 PDAC patients with (n=144) and without (n=103)
TP53 mutations. (C) Overall survival analysis of above 247 PDAC patients with
(n=39) and without (n=208) SMAD4 mutations. (D) Overall survival analysis of above
247 PDAC patients with (n=29) and without (n=218) CDKN2A mutations.
REFERENCES

1. Ramos MC, Boulaiz H, Griñan-Lison C, Marchal JA, Vicente F. What’s New in
Treatment of Pancreatic Cancer: A Patent Review (2010-2017). Expert Opin Ther
Patents (2017) 27(11):1251–66. doi: 10.1080/13543776.2017.1349106

2. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA: Cancer J Clin
(2020) 70(1):7–30. doi: 10.3322/caac.21590

3. Gordon-Dseagu VL, Devesa SS, Goggins M, Stolzenberg-Solomon R.
Pancreatic Cancer Incidence Trends: Evidence From the Surveillance,
Epidemiology and End Results (SEER) Population-Based Data. Int J
Epidemiol (2018) 47(2):427–39. doi: 10.1093/ije/dyx232

4. Quoc Lam B, Shrivastava SK, Shrivastava A, Shankar S. The Impact of Obesity
and Diabetes Mellitus on Pancreatic Cancer: Molecular Mechanisms and
Clinical Perspectives. J Cell and Mol Med (2020) 24(14):7706–16.
doi: 10.1111/jcmm.15413

5. Salem AA, Mackenzie GG. Pancreatic Cancer: A Critical Review of Dietary
Risk. Nutr Res (New York NY) (2018) 52:1–13. doi: 10.1016/j.nutres.
2017.12.001

6. Korc M, Jeon CY, Edderkaoui M, Pandol SJ, Petrov MS. Tobacco and Alcohol
as Risk Factors for Pancreatic Cancer. Best Pract Res Clin Gastroenterol (2017)
31(5):529–36. doi: 10.1016/j.bpg.2017.09.001
7. Vogelstein B, Kinzler KW. The Path to Cancer –Three Strikes and You’re Out.
New Engl J Med (2015) 373(20):1895–8. doi: 10.1056/NEJMp1508811

8. Ryan DP, Hong TS, Bardeesy N. Pancreatic Adenocarcinoma.New Engl J Med
(2014) 371(11):1039–49. doi: 10.1056/NEJMra1404198

9. Hu CM, Tien SC, Hsieh PK, Jeng YM, Chang MC, Chang YT, et al. High
Glucose Triggers Nucleotide Imbalance Through O-GlcNAcylation of Key
Enzymes and Induces KRAS Mutation in Pancreatic Cells. Cell Metab (2019)
29(6):1334–49.e10. doi: 10.1016/j.cmet.2019.02.005

10. Liu Q, Guo L, Zhang S, Wang J, Lin X, Gao F. PRSS1 Mutation: A Possible
Pathomechanism of Pancreatic Carcinogenesis and Pancreatic Cancer.
Mol Med (Cambridge Mass) (2019) 25(1):44. doi: 10.1186/s10020-019-
0111-4

11. Guo S, Shi X, Shen J, Gao S, Wang H, Shen S, et al. Preoperative Detection of
KRAS G12DMutation in ctDNA Is a Powerful Predictor for Early Recurrence
of Resectable PDAC Patients. Br J Cancer (2020) 122(6):857–67. doi: 10.1038/
s41416-019-0704-2

12. Sinn M, Sinn BV. TP53 Mutations Predict Sensitivity to Adjuvant
Gemcitabine in Patients With Pancreatic Ductal Adenocarcinoma: Next-
Generation Sequencing Results From the CONKO-001 Trial. Clinical Cancer
Res Off J Am Association Cancer Research (2020) 26(14):3732–9. doi: 10.1158/
1078-0432.ccr-19-3034
July 2021 | Volume 11 | Article 717989

https://202.108.211.75/#/main/project?xmid=4280
https://202.108.211.75/#/main/project?xmid=4280
https://www.frontiersin.org/articles/10.3389/fonc.2021.717989/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.717989/full#supplementary-material
https://doi.org/10.1080/13543776.2017.1349106
https://doi.org/10.3322/caac.21590
https://doi.org/10.1093/ije/dyx232
https://doi.org/10.1111/jcmm.15413
https://doi.org/10.1016/j.nutres.2017.12.001
https://doi.org/10.1016/j.nutres.2017.12.001
https://doi.org/10.1016/j.bpg.2017.09.001
https://doi.org/10.1056/NEJMp1508811
https://doi.org/10.1056/NEJMra1404198
https://doi.org/10.1016/j.cmet.2019.02.005
https://doi.org/10.1186/s10020-019-0111-4
https://doi.org/10.1186/s10020-019-0111-4
https://doi.org/10.1038/s41416-019-0704-2
https://doi.org/10.1038/s41416-019-0704-2
https://doi.org/10.1158/1078-0432.ccr-19-3034
https://doi.org/10.1158/1078-0432.ccr-19-3034
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. Genomics Stratified Pancreatic Cancer Prognosis
13. Qian ZR, Rubinson DA, Nowak JA, Morales-Oyarvide V, Dunne RF, Kozak
MM, et al. Association of Alterations in Main Driver Genes With Outcomes of
Patients With Resected Pancreatic Ductal Adenocarcinoma. JAMA Oncol
(2018) 4(3):e173420. doi: 10.1001/jamaoncol.2017.3420

14. Hayashi H, Kohno T, Ueno H, Hiraoka N, Kondo S, Saito M, et al. Utility of
Assessing the Number of Mutated KRAS, CDKN2A, TP53, and SMAD4 Genes
Using a Targeted Deep Sequencing Assay as a Prognostic Biomarker for Pancreatic
Cancer. Pancreas (2017) 46(3):335–40. doi: 10.1097/mpa.0000000000000760

15. Krepline AN, Bliss L, Geurts J, Akinola I, Christians KK, George B, et al. Role
of Molecular Profiling of Pancreatic Cancer After Neoadjuvant Therapy: Does
it Change Practice? J Gastrointest Surgery: Off J Soc Surg Alimentary Tract
(2020) 24(2):235–42. doi: 10.1007/s11605-019-04423-6

16. Zarkavelis G, Kotoula V, Kolliou GA, Papadopoulou K, Tikas I, Karavasilis V,
et al. Genetic Mapping of Pancreatic Cancer by Targeted Next-Generation
Sequencing in a Cohort of Patients Managed With Nab-Paclitaxel-Based
Chemotherapy or Agents Targeting the EGFR Axis: A Retrospective Analysis
of the Hellenic Cooperative Oncology Group (HeCOG). ESMO Open (2019) 4
(5):e000525. doi: 10.1136/esmoopen-2019-000525

17. Cancer Genome Atlas Research Network. Integrated Genomic
Characterization of Pancreatic Ductal Adenocarcinoma. Cancer Cell (2017)
32(2):185–203.e13. doi: 10.1016/j.ccell.2017.07.007

18. Witkiewicz AK, McMillan EA, Balaji U, Baek G, Lin WC, Mansour J, et al.
Whole-Exome Sequencing of Pancreatic Cancer Defines Genetic Diversity
and Therapeutic Targets. Nat Commun (2015) 6:6744. doi: 10.1038/
ncomms7744

19. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al.
The Human Genome Browser at UCSC. Genome Res (2002) 12(6):996–1006.
doi: 10.1101/gr.229102

20. Li H, Durbin R. Fast and Accurate Short Read Alignment With Burrows-
Wheeler Transform. Bioinf (Oxford England) (2009) 25(14):1754–60.
doi: 10.1093/bioinformatics/btp324

21. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
Sequence Alignment/Map Format and SAMtools. Bioinf (Oxford England)
(2009) 25(16):2078–9. doi: 10.1093/bioinformatics/btp352

22. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,
et al. The Genome Analysis Toolkit: A MapReduce Framework for Analyzing
Next-Generation DNA Sequencing Data. Genome Res (2010) 20(9):1297–303.
doi: 10.1101/gr.107524.110

23. Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C, et al.
Sensitive Detection of Somatic Point Mutations in Impure and Heterogeneous
Cancer Samples. Nat Biotechnol (2013) 31(3):213–9. doi: 10.1038/nbt.2514

24. Wang K, Li M, Hakonarson H. ANNOVAR: Functional Annotation of
Genetic Variants From High-Throughput Sequencing Data. Nucleic Acids
Res (2010) 38(16):e164. doi: 10.1093/nar/gkq603

25. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: Efficient
and Comprehensive Analysis of Somatic Variants in Cancer. Genome Res
(2018) 28(11):1747–56. doi: 10.1101/gr.239244.118

26. Alexandrov LB, Nik-Zainal S, Wedge DC, Campbell PJ, Stratton MR.
Deciphering Signatures of Mutational Processes Operative in Human
Cancer. Cell Rep (2013) 3(1):246–59. doi: 10.1016/j.celrep.2012.12.008

27. Alexandrov LB, Stratton MR. Mutational Signatures: The Patterns of Somatic
Mutations Hidden in Cancer Genomes. Curr Opin Genet Dev (2014) 24
(100):52–60. doi: 10.1016/j.gde.2013.11.014

28. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV,
et al. Signatures of Mutational Processes in Human Cancer. Nature (2013) 500
(7463):415–21. doi: 10.1038/nature12477

29. Talevich E, Shain AH, Botton T, Bastian BC. CNVkit: Genome-Wide Copy
Number Detection and Visualization From Targeted DNA Sequencing. PloS
Comput Biol (2016) 12(4):e1004873. doi: 10.1371/journal.pcbi.1004873

30. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G.
GISTIC2.0 Facilitates Sensitive and Confident Localization of the Targets of
Focal Somatic Copy-Number Alteration in Human Cancers. Genome Biol
(2011) 12(4):R41. doi: 10.1186/gb-2011-12-4-r41

31. Hofree M, Shen JP, Carter H, Gross A, Ideker T. Network-Based Stratification of
Tumor Mutations. Nat Methods (2013) 10(11):1108–15. doi: 10.1038/nmeth.2651

32. Perkhofer L, Gout J. DNA Damage Repair as a Target in Pancreatic Cancer:
State-of-the-Art and Future Perspectives. Gut (2020) 70(3):606–17.
doi: 10.1136/gutjnl-2019-319984
Frontiers in Oncology | www.frontiersin.org 12
33. Martens M, Horres R, Wendeler E, Reiss B. The Importance of ATM and ATR
in Physcomitrella Patens DNA Damage Repair, Development, and Gene
Targeting. Genes (Basel) (2020) 11(7):752–76. doi: 10.3390/genes11070752

34. Guo M, Luo G, Jin K, Long J, Cheng H, Lu Y, et al. Somatic Genetic Variation
in Solid Pseudopapillary Tumor of the Pancreas by Whole Exome Sequencing.
Int J Mol Sci (2017) 18(1):81–92. doi: 10.3390/ijms18010081

35. Jang SH, Park JW, Kim HR, Seong JK, Kim HK. ADRM1 Gene Amplification
is a Candidate Driver for Metastatic Gastric Cancers. Clin Exp Metastasis
(2014) 31(6):727–33. doi: 10.1007/s10585-014-9663-4

36. Jung SH, Lee A, Yim SH, Hu HJ, Choe C, Chung YJ. Simultaneous Copy Number
Gains of NUPR1 and ERBB2 Predicting Poor Prognosis in Early-Stage Breast
Cancer. BMC Cancer (2012) 12:382. doi: 10.1186/1471-2407-12-382

37. Maisel M, Habisch HJ, Royer L, Herr A, Milosevic J, Hermann A, et al.
Genome-Wide Expression Profiling and Functional Network Analysis Upon
Neuroectodermal Conversion of Human Mesenchymal Stem Cells Suggest
HIF-1 and miR-124a as Important Regulators. Exp Cell Res (2010) 316
(17):2760–78. doi: 10.1016/j.yexcr.2010.06.012

38. Katoh Y, Katoh M. Comparative Integromics on FAT1, FAT2, FAT3 and
FAT4. Int J Mol Med (2006) 18(3):523–8. doi: 10.3892/ijmm.18.3.523

39. Katoh M, Katoh M. Identification and Characterization of TMEM16H Gene
in Silico. Int J Mol Med (2005) 15(2):353–8. doi: 10.3892/ijmm.15.2.353

40. Rennie ML, Lemonidis K, Arkinson C, Chaugule VK, Clarke M, Streetley J.
Differential Functions of FANCI and FANCD2 Ubiquitination Stabilize ID2
Complex on DNA. EMBO Reports (2020) 21(7):e50133. doi: 10.15252/
embr.202050133

41. Liu L, Zhang J, Deapen D, Stern MC, Sipin A, Pandol SJ, et al. Differences in
Pancreatic Cancer Incidence Rates and Temporal Trends Across Asian
Subpopulations in California (1988-2015). Pancreas (2019) 48(7):931–3.
doi: 10.1097/mpa.0000000000001337

42. Tavakkoli A, Singal AG, Waljee AK, Elmunzer BJ, Pruitt SL, McKey T, et al.
Racial Disparities and Trends in Pancreatic Cancer Incidence and Mortality in
the United States. Clin Gastroenterol Hepatol: Off Clin Pract J Am
Gastroenterol Assoc (2020) 18(1):171–8.e10. doi: 10.1016/j.cgh.2019.05.059

43. Stolzenberg-Solomon RZ, Amundadottir LT. Epidemiology and Inherited
Predisposition for Sporadic Pancreatic Adenocarcinoma. Hematol/Oncol
Clinics North Am (2015) 29(4):619–40. doi: 10.1016/j.hoc.2015.04.009

44. National Center for Health S and Health, United States Health, United States,
2015: With Special Feature on Racial and Ethnic Health Disparities. Hyattsville
MD: National Center for Health Statistics US (2016).

45. Zhang Y, Santosa A, Wang N, Wang W, Ng N, Zhao Q, et al. Prevalence and
the Association of Body Mass Index and Other Risk Factors With Prediabetes
and Type 2 Diabetes Among 50,867 Adults in China and Sweden: A Cross-
Sectional Study. Diabetes Therapy: Research Treat Educ Diabetes Related
Disord (2019) 10(6):2061–77. doi: 10.1007/s13300-019-00690-3

46. Li Y, Teng D, Shi X, Qin G, Qin Y, Quan H, et al. Prevalence of Diabetes
Recorded in Mainland China Using 2018 Diagnostic Criteria From the
American Diabetes Association: National Cross Sectional Study. British Med
J (2020) 369:m997. doi: 10.1136/bmj.m997

47. Perri G, Prakash L, QiaoW, Varadhachary GR,Wolff R, FogelmanD, et al. Response
and Survival Associated With First-Line FOLFIRINOX vs Gemcitabine and Nab-
Paclitaxel Chemotherapy for Localized Pancreatic Ductal Adenocarcinoma. JAMA
Surg (2020) 155(9):832–9. doi: 10.1001/jamasurg.2020.2286

48. Jones RP, Psarelli EE, Jackson R, Ghaneh P, Halloran CM, Palmer DH, et al.
Patterns of Recurrence After Resection of Pancreatic Ductal Adenocarcinoma:
A Secondary Analysis of the ESPAC-4 Randomized Adjuvant Chemotherapy
Trial. JAMA Surg (2019) 154(11):1038–48. doi: 10.1001/jamasurg.2019.3337

49. Uesaka K, Boku N, Fukutomi A, Okamura Y, Konishi M, Matsumoto I, et al.
Adjuvant Chemotherapy of S-1 Versus Gemcitabine for Resected Pancreatic Cancer:
A Phase 3, Open-Label, Randomised, Non-Inferiority Trial (JASPAC 01). Lancet
(London England) (2016) 388(10041):248–57. doi: 10.1016/s0140-6736(16)30583-9

50. Yachida S, White CM, Naito Y, Zhong Y, Brosnan JA, Macgregor-Das AM,
et al. Clinical Significance of the Genetic Landscape of Pancreatic Cancer and
Implications for Identification of Potential Long-Term Survivors. Clin Cancer
Research: An Off J Am Assoc Cancer Res (2012) 18(22):6339–47. doi: 10.1158/
1078-0432.ccr-12-1215

51. Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al.
Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell (2018) 173
(2):321–37.e10. doi: 10.1016/j.cell.2018.03.035
July 2021 | Volume 11 | Article 717989

https://doi.org/10.1001/jamaoncol.2017.3420
https://doi.org/10.1097/mpa.0000000000000760
https://doi.org/10.1007/s11605-019-04423-6
https://doi.org/10.1136/esmoopen-2019-000525
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1038/ncomms7744
https://doi.org/10.1038/ncomms7744
https://doi.org/10.1101/gr.229102
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1101/gr.239244.118
https://doi.org/10.1016/j.celrep.2012.12.008
https://doi.org/10.1016/j.gde.2013.11.014
https://doi.org/10.1038/nature12477
https://doi.org/10.1371/journal.pcbi.1004873
https://doi.org/10.1186/gb-2011-12-4-r41
https://doi.org/10.1038/nmeth.2651
https://doi.org/10.1136/gutjnl-2019-319984
https://doi.org/10.3390/genes11070752
https://doi.org/10.3390/ijms18010081
https://doi.org/10.1007/s10585-014-9663-4
https://doi.org/10.1186/1471-2407-12-382
https://doi.org/10.1016/j.yexcr.2010.06.012
https://doi.org/10.3892/ijmm.18.3.523
https://doi.org/10.3892/ijmm.15.2.353
https://doi.org/10.15252/embr.202050133
https://doi.org/10.15252/embr.202050133
https://doi.org/10.1097/mpa.0000000000001337
https://doi.org/10.1016/j.cgh.2019.05.059
https://doi.org/10.1016/j.hoc.2015.04.009
https://doi.org/10.1007/s13300-019-00690-3
https://doi.org/10.1136/bmj.m997
https://doi.org/10.1001/jamasurg.2020.2286
https://doi.org/10.1001/jamasurg.2019.3337
https://doi.org/10.1016/s0140-6736(16)30583-9
https://doi.org/10.1158/1078-0432.ccr-12-1215
https://doi.org/10.1158/1078-0432.ccr-12-1215
https://doi.org/10.1016/j.cell.2018.03.035
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. Genomics Stratified Pancreatic Cancer Prognosis
52. Bailey P, Chang DK, Nones K, Johns AL, Patch AM, Gingras MC, et al.
Genomic Analyses Identify Molecular Subtypes of Pancreatic Cancer. Nature
(2016) 531(7592):47–52. doi: 10.1038/nature16965

53. Karnes HE, Duncavage EJ, Bernadt CT. Targeted Next-Generation
Sequencing Using Fine-Needle Aspirates From Adenocarcinomas of the
Lung. Cancer Cytopathol (2014) 122(2):104–13. doi: 10.1002/cncy.21361

54. Biankin AV, Waddell N, Kassahn KS, Gingras MC, Muthuswamy LB, Johns
AL, et al. Pancreatic Cancer Genomes Reveal Aberrations in Axon Guidance
Pathway Genes. Nature (2012) 491(7424):399–405. doi: 10.1038/
nature11547

55. Waddell N, Pajic M, Patch AM, Chang DK, Kassahn KS, Bailey P, et al. Whole
Genomes Redefine the Mutational Landscape of Pancreatic Cancer. Nature
(2015) 518(7540):495–501. doi: 10.1038/nature14169

56. Song S, Wang B, Zhang X, Hao L, Hu X, Li Z, et al. Long-Term Diabetes
Mellitus Is Associated With an Increased Risk of Pancreatic Cancer: A
Meta-Analysis. PloS One (2015) 10(7):e0134321. doi: 10.1371/journal.
pone.0134321

57. Iodice S, Gandini S, Maisonneuve P, Lowenfels AB. Tobacco and the Risk of
Pancreatic Cancer: A Review and Meta-Analysis. Langenbeck’s Arch Surg
(2008) 393(4):535–45. doi: 10.1007/s00423-007-0266-2

58. Silverman DT, Dunn JA, Hoover RN, Schiffman M, Lillemoe KD, Schoenberg
JB, et al. Cigarette Smoking and Pancreas Cancer: A Case-Control Study Based
on Direct Interviews. J Natl Cancer Institute (1994) 86(20):1510–6.
doi: 10.1093/jnci/86.20.1510

59. Bosetti C, Lucenteforte E, Silverman DT, Petersen G, Bracci PM, Ji BT, et al.
Cigarette Smoking and Pancreatic Cancer: An Analysis From the
International Pancreatic Cancer Case-Control Consortium (Panc4). Ann
Oncol: Off J Eur Soc Med Oncol (2012) 23(7):1880–8. doi: 10.1093/annonc/
mdr541

60. Zhu J, Zhou R, Wang Y, Yu M. Perineural Invasion as a Prognostic Factor in
Head and Neck Squamous Cell Carcinoma: A Systematic Review and Meta-
Analysis. Acta Oto-Laryngologica (2019) 139(11):1038–43. doi: 10.1080/
00016489.2019.1655167

61. Khan K, Mykula R, Kerstein R, Rabey N, Bragg T, Crick A, et al. A 5-Year
Follow-Up Study of 633 Cutaneous SCC Excisions: Rates of Local Recurrence
and Lymph Node Metastasis. J Plastic Reconstructive Aesthetic Surgery: JPRAS
(2018) 71(8):1153–8. doi: 10.1016/j.bjps.2018.03.019
Frontiers in Oncology | www.frontiersin.org 13
62. Bapat AA, Hostetter G, Von Hoff DD, Han H. Perineural Invasion and
Associated Pain in Pancreatic Cancer.Nat Rev Cancer (2011) 11(10):695–707.
doi: 10.1038/nrc3131

63. Huang T, Wang Y. Weighted Gene Co-Expression Network Analysis
Identified Cancer Cell Proliferation as a Common Phenomenon During
Perineural Invasion. OncoTargets and Ther (2019) 12:10361–74. doi: 10.2147/
ott.s229852

64. Zhang Z, Liu R, Jin R, Fan Y, Li T, Shuai Y, et al. Integrating Clinical and
Genetic Analysis of Perineural Invasion in Head and Neck Squamous Cell
Carcinoma. Front Oncol (2019) 9:434. doi: 10.3389/fonc.2019.00434

65. Alrawashdeh W, Jones R, Dumartin L, Radon TP, Cutillas PR, Feakins RM,
et al. Perineural Invasion in Pancreatic Cancer: Proteomic Analysis and In
Vitro Modelling. Mol Oncol (2019) 13(5):1075–91. doi: 10.1002/1878-
0261.12463

66. Yasuda H, Kobayashi S, Costa DB. EGFR Exon 20 Insertion Mutations in
non-Small-Cell Lung Cancer: Preclinical Data and Clinical Implications.
Lancet Oncol (2012) 13(1):e23–31. doi: 10.1016/s1470-2045(11)70129-2

67. Joensuu H, Wardelmann E, Sihto H, Eriksson M, Sundby Hall K, Reichardt A,
et al. Effect of KIT and PDGFRA Mutations on Survival in Patients With
Gastrointestinal Stromal Tumors Treated With Adjuvant Imatinib: An
Exploratory Analysis of a Randomized Clinical Trial. JAMA Oncol (2017) 3
(5):602–9. doi: 10.1001/jamaoncol.2016.5751

Conflict of Interest: Authors QH, LJ and LL were employed by the company
Shanghai Biotecan Medical Diagnostics Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Guo, Shi, Gao, Hou, Jiang, Li, Shen, Wang, Shen, Zhang, Pan, Liu,
Xu, Zheng, Shao, Jing, Lin, Li and Jin. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
July 2021 | Volume 11 | Article 717989

https://doi.org/10.1038/nature16965
https://doi.org/10.1002/cncy.21361
https://doi.org/10.1038/nature11547
https://doi.org/10.1038/nature11547
https://doi.org/10.1038/nature14169
https://doi.org/10.1371/journal.pone.0134321
https://doi.org/10.1371/journal.pone.0134321
https://doi.org/10.1007/s00423-007-0266-2
https://doi.org/10.1093/jnci/86.20.1510
https://doi.org/10.1093/annonc/mdr541
https://doi.org/10.1093/annonc/mdr541
https://doi.org/10.1080/00016489.2019.1655167
https://doi.org/10.1080/00016489.2019.1655167
https://doi.org/10.1016/j.bjps.2018.03.019
https://doi.org/10.1038/nrc3131
https://doi.org/10.2147/ott.s229852
https://doi.org/10.2147/ott.s229852
https://doi.org/10.3389/fonc.2019.00434
https://doi.org/10.1002/1878-0261.12463
https://doi.org/10.1002/1878-0261.12463
https://doi.org/10.1016/s1470-2045(11)70129-2
https://doi.org/10.1001/jamaoncol.2016.5751
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Landscape of Genetic Alterations Stratified Prognosis in Oriental Pancreatic Cancer Patients
	Introduction
	Materials and Methods
	Patients
	Clinical Samples
	DNA Extraction and Quality Control
	Library Preparation and Sequencing
	Bioinformatics Analysis
	Clinical Data and Follow-Up
	Statistical Analysis

	Results
	Patient Cohort Characteristics
	Genomic Landscape of PDAC, PAC, IPMN, and SPT Genetic Alterations
	Mutational Signature of PDAC
	Genetic Mutation in PDAC
	Copy Number Variation in PDAC
	Network-Based Stratification of PDAC With Genetic Mutations

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


