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Mutational burden of resectable pancreatic cancer,
as determined by whole transcriptome and whole exome
sequencing, predicts a poor prognosis
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Abstract. Despite the genomic characterization of pancreatic
cancer (PC), marked advances in the development of prog-
nosis classification and novel therapeutic strategies have yet
to come. The present study aimed to better understand the
genomic alterations associated with the invasive phenotype of
PC, in order to improve patient selection for treatment options.
A total of 30 PC samples were analysed by either whole
transcriptome (9 samples) or exome sequencing (21 samples)
on an [llumina platform (75X2 or 100X2 bp), and the results
were matched with normal DNA to identify somatic events.
Single nucleotide variants and insertions and deletions were
annotated using public databases, and the pathogenicity of the
identified variants was defined according to prior knowledge
and mutation-prediction tools. A total of 43 recurrently altered
genes were identified, which were involved in numerous
pathways, including chromatin remodelling and DNA damage
repair. In addition, an analysis limited to a subgroup of early
stage patients (50% of samples) demonstrated that poor prog-
nosis was significantly associated with a higher number of
known PC mutations (P=0.047). Samples from patients with
a better overall survival (>25 months) harboured an average
of 24 events, whereas samples from patients with an overall
survival of <25 months presented an average of 40 mutations.
These findings indicated that a complex genetic profile in
the early stage of disease may be associated with increased
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aggressiveness, thus suggesting an urgent requirement for an
innovative approach to classify this disease.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth
leading cause of cancer-associated mortality and has a 5-year
survival rate of 5%. It has been predicted to become the
second leading cause of cancer-associated mortality within a
decade (1). Surgery remains the most effective treatment for
PDAC; however, only 20% of patients are suitable for radical
resection at the time of diagnosis, and a large number of cases
that undergo curative surgery develop recurrence at a median of
10-20 months following resection (2). In addition, treatment of
patients with recurrent or metastatic PDAC is limited to pallia-
tive chemotherapy. Therapeutic advances, including the use of
FOLFIRINOX and gemcitabine plus nab-paclitaxel regimens,
have resulted in a modest improvement in outcome (3,4).

It is well known that cancer is a complex disease caused
by the accumulation of somatic mutations acquired by
the genome of cells. With the advent of next-generation
sequencing technologies, it is possible to detect a large
number of recurring mutations and many highly mutated
genes with high resolution. In particular, whole transcriptome
massively parallel sequencing (RNA-seq) and whole exome
sequencing (WES) are powerful tools used to detect mutations
underlying carcinogenesis and to detect somatic events, such
as nucleotide substitution mutations and gene translocations,
with high resolution by sequencing the expressed gene (cell
transcriptomes) and the protein coding regions of the genome
(cell exome) (5). The genomic characterization of PDAC via
the molecular analysis of all somatic alterations has gener-
ated much information, highlighting a complex mutational
landscape. With the exception of well-known KRAS proto-
oncogene, GTPase (KRAS), tumour protein p53 (TP53),
cyclin-dependent kinase inhibitor 2A (CDKN2A) and
SMAD family member 4 (SMADA4) alterations, which have a
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frequency of 71, 49, 22 and 20%, respectively, as reported in
the literature, a large number of genomic rearrangements with
mutational frequency <2% were detected (6).

The majority of single gene mutations in pancreatic cancer
can be grouped in common cellular pathways. Jones et al
identified 69 mutated gene sets in most of the 24 samples
analysed, of which 31 could be grouped into 12 core signal-
ling pathways. These pathways included KRAS signalling,
transforming growth factor (TGF)-f pathway, DNA damage
control, apoptosis and regulation of G1/S cell cycle transi-
tion, and other pathways, such as Hedgehog signalling, the
homophilic cell adhesion pathway, integrin signalling, TGF-3
signalling, Wnt/Notch signalling and regulation of the inva-
sion pathway (7).

However, at present, no prognostic or therapeutic molecular
markers are available for the better selection of patients for
surgery and therapeutic strategies.

In order to better understand PDAC biology, the present
study analysed 30 PDAC samples using either whole transcrip-
tome (9 samples) or exome sequencing (21 samples). A total of
43 recurrently altered genes were identified, which are involved
in numerous pathways, including chromatin remodelling and
DNA damage repair. Subsequently, an analysis of mutational
events in known PDAC mutated genes was conducted on
early stage samples (50% of specimens), and a high number
of mutations was revealed to be significantly associated with
a poor prognosis. These findings indicated that a low level of
gene mutations may predict a favourable prognosis following
surgery in patients with early stage PDAC.

Materials and methods

Sample collection and sequencing analysis. The present study
was conducted according to the principles expressed in the
Declaration of Helsinki, and written informed consent was
obtained from all participants. The study was approved by
the Independent Ethics Committee of Sant' Orsola-Malpighi
Hospital (Bologna, Italy). A total of 30 PDAC samples
were obtained by ultrasound-guided biopsy or surgery for
either RNA or DNA extraction between January 2011 and
December 2015. The tissues were collected in cryogenic tubes
and were stored at -20°C in RNAlater solution and DNAlater
solution (both from Ambion; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), respectively. Nucleic acid extraction
was performed using the AllPrep RNA/DNA kit for tumour
biopsies and the QiaAmp DNA Mini kit (both from Qiagen,
Inc., Valencia, CA, USA) for peripheral blood samples of the
same patients with PDAC; the results were matched with this
normal DNA to identify somatic events.

Out of the 30 samples, 9 were analysed by RNA-seq and
21 were analysed by WES, performed at 75X2 or 100X2 bp
on a HiScanSQ Illumina platform (Illumina, Inc., San Diego,
CA, USA). Analysis was performed on a local CentOS5 Linux
server by applying a customised bioinformatics pipeline.
Following the conversion of data from binary base call (BCL)
to FASTQ format (Illumina Bcl2Fastq function), short reads
were processed to clean up sequencing adapters, and to filter
or trim the reads for sequence quality (minimum Phred
quality, 10; minimum length of trimmed sequence, 30), both
of these steps were performed using AdapterRemoval (8). The
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cleaned reads were mapped to the human reference genome
hg38 using Burrows-Whealer Aligner in paired-end mode for
WES data and with the Tophat/Bowtie pipeline for RNA-seq
data (9). In order to remove the optical and polymerase chain
reaction duplicates, Samtools was adopted, and GATK was
used to optimize the alignment around insertions and dele-
tions (InDels) (10,11). Single nucleotide variants (SN'Vs) and
InDels were detected using GATK (HaplotypeCaller mode),
Mutect and SNVmix2, applying manually curated quality
filters (12,13).

The whole set of detected variants was refined adopting
different filtering thresholds for each sample. These criteria
were based on KRAS variant detection, which depends on
the abundance of tumour cells within a sample. Evaluation
of tumour cells was based on the presence and relative
enrichment of the KRAS mutation; only samples with >10%
tumour vs. normal allele were included in the study. Minimum
depth of coverage and minimum ratio (proportion between the
depth of coverage of the mutated allele and the total depth of
coverage) were established in the range of 15-20 and 0.05-0.1,
respectively. Therefore, the confidence in selecting genuine
variants was increased.

The obtained variants were annotated with 1000 Genomes
allele frequencies, dbSNP 149 rsIDs, Exac and EVS, using
Annovar and Oncotator, in order to discard polymorphisms,
and to identify novel or almost rare variants (population
frequency <0.01) (14,15). Finally, to determine the pathogenic
significance of the emerging variants, previous knowledge
(Catalog of Somatic Mutations in Cancer) and bioinformatics
mutation-prediction tools (PolyPhen2, Proven and SIFT)
were used (16-18). The resulting list of variants was analysed
to distinguish between somatic and germline mutations,
according to the presence of alternative events compared
with in the normal counterpart (peripheral blood samples)
using the Samtools mpileup function. The following criteria
were used: Total depth >5 and depth of alternative base=0
(depth=1 or 2 were admitted if the total depth was =15 or
30, respectively) for inclusion of the variant in the ‘somatic’
set, otherwise the events were marked as ‘germline’; however,
if total coverage of the normal counterpart was considered
insufficiently informative (total depth <5) the variant was
classified as ‘undetermined’. The SNV and InDels were
automatically annotated with regards to the common PDAC
pathways using the Reactome database (https:/reactome.org/
PathwayBrowser/#TOOL=AT).

With regards to WES data, copy number alterations were
identified using two software programs, Control-FREEC and
ADTEX (19,20). These tools compute and normalise the copy
number and (-allele frequency profiles of segments, thus
providing copy number alterations. In the present study, WES
data were analysed with the matched normal sample used as a
control. The catalogue of human genomic structural variation
(Database of Genomic Variants; http://dgv.tcag.ca/dgv/app/
home) was used to remove physiological alterations.

Mutational load. The present study restricted the analysis
to the early stage subgroup of patients (15 samples) and
evaluated the mutational load. The threshold used for overall
survival (OS) was derived from the current scientific literature,
in order to stratify the patients into long survival (>25 months)
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Table I. Patient characteristics.

Variable Value
Age (years)

Median 74

Range 33-83
Sex (%)

Male 43

Female 57
Site of specimen (%)

Pancreatic tumour 93

Hepatic metastasis 7
Site of tumour (%)

Head 63

Body/tail 37
Stage (%)*

I+II 60

III-LA 13

v 27
Surgery (%)

Yes 60

No 40

*Classified according to the 8th edition of the American Joint
Committee on Cancer staging system (34).

and short survival (<25 months) groups; three early stage cases
with an OS value very close to 25 months were excluded, and
only the extreme cases were analysed (2).

A list of 365 genes previously reported in the literature was
considered somatically mutated in PDAC according to the
Catalogue of Somatic Mutations in Cancer (http://cancer.sanger.
ac.uk/cosmic/browse/tissue?wgs=off&sn=pancreas&ss=NS&h
n=carcinoma&sh=ductal _carcinoma&in=t&src=tissue&all_
data=n). Matching this set with the genes carrying SNVs or
InDels in the samples of the present study, the mutational load
of each patient was estimated. Using the software suite SPSS
version 23 (IBM Corporation, Armonk, NY, USA), one-way
analysis of variance was used to highlight the statistical differ-
ence in terms of OS between the groups with high mutational
load and the low mutational load, using 25 months as the OS
cut-off (Fig. 4). Finally the median OS for the two groups of
subjects was calculated according to a survival analysis and
Kaplan-Meier estimation.

Results

Sequencing analysis data. A total of 30 PDAC samples were
analysed by either whole transcriptome or exome sequencing.
The patient characteristics are summarised in Table 1. After
matching with normal DNA to identify somatic events, an
average of 71 coding non-synonymous novel disease-related
SNVs (ranging from 8 of the case with the lowest number of
mutation events to 304 of the one with the highest number) and
three InDels (ranging from O of the case with the lowest number
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of mutation events to 6 of the one with the highest number)
were identified. In addition, intra- or inter-chromosomal
rearrangements were detected in the set of samples analysed
by RNA-seq. However, no recurrent fusion transcripts were
detected.

A total of 43 recurrently mutated genes were identified, and
the high frequency of KRAS, TP53, CDKN2A and SMAD4
mutations was confirmed in PDAC; these genes were altered
in 100, 74, 16 and 10% of samples, respectively. As expected,
KRAS exhibited the highest prevalence of somatic mutations;
the mutations affected the known hotspot at codon 12 (G12D,
G12V, G12R and G12C in 16, 8, 4 and 2 patients, respectively).
The prevalence of the KRAS mutation is however biased
by the experimental design, since samples were included in
the present study only if a mutation in any KRAS gene was
detected, estimating the percentage of tumour cells in the
sample via quantification of the KRAS mutation in the DNA.
Somatic mutations in other genes were much less recurrent, as
summarised in Fig. 1.

Pathway analysis demonstrated that the genes with a high
frequency of aberrations were clustered into the following
specific pathways: KRAS signalling, TGF-f signalling, chro-
matin remodelling, Wnt signalling, DNA damage repair, cell
cycle and RNA processing (Fig. 2).

Mutational load data. In order to better understand the
somatic driving events in PDAC carcinogenesis, analysis was
restricted to the early stage subgroup of patients (50% of the
samples), including only patients with primary, operable and
untreated PDAC, which underwent pancreatectomy with cura-
tive intent. Since the RNA-seq data may lead to biased results
in the mutational load evaluation, the present study normalised
the number of mutations for the coding sequences covered at
least 10X using Samtools; therefore, it was considered that
RNA-seq data covered the transcriptome dimension. In addi-
tion, of the 9 cases analysed through RNA-seq, only 5 cases
were retained for analysis of the mutational load, and these
were almost equally distributed in the two subgroups. Cohort
characteristics are presented in Table II. The median OS of the
two groups, as estimated using a Kaplan-Meier analysis, were
46 and 13 months for patients classified into the long and short
survival groups, respectively (Fig. 3).

The mutational load of each patient was evaluated and
was matched to a list of 365 genes previously described as
mutated in PDAC. Among the genes carrying SN'Vs or InDels
in the present study samples, an average of 33 events were
detected. Based on 25 months as the cut-off value, patients
were divided into two subgroups; the subgroup with the better
OS (>25 months) harboured an average of 24 events, whereas
the subgroup with the worse OS (<25 months) presented an
average of 40 mutations (P=0.047) (Fig. 4)

The most recurrent genes altered by point mutations, dele-
tions or amplifications in the subgroup were KRAS (100%),
TP53 (60%), mucin 4, cell surface associated (MUC4),
olfactory receptor family 10 subfamily Z member 1 (33%),
CDKN2A, GNAS complex locus, SMAD4, TGF-f receptor 2
(TGFBR2), filaggrin (27%), SWI/SNF related, matrix associ-
ated, actin dependent regulator of chromatin, subfamily a,
member 2, dynein axonemal heavy chain 14, titin, adhe-
sion G protein-coupled receptor B1, Ral GTPase activating
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Figure 1. Alterations in the most recurrently mutated genes. Genes are presented along the right-hand side, and each sample is presented along the bottom. Red,
amplifications; blue, deletions; green, somatic mutations; yellow, germline mutations. The results confirmed the high frequency of KRAS, TP53, CDKN2A and
SMAD4 mutations in pancreatic ductal adenocarcinoma; these genes were altered in 100, 74, 16 and 10% of samples, respectively. CDKN2A, cyclin-dependent
kinase inhibitor 2A; KRAS, KRAS proto-oncogene, GTPase; SMAD4, SMAD family member 4; TP53, tumour protein p53.

protein non-catalytic 3 subunit (20%), ring finger protein 43
(RNF43), polybromo 1, obscurin, cytoskeletal calmodulin
and titin-interacting RhoGEF, proline-rich coiled-coil 2C,
coiled-coil domain-containing 168, crystalline fy domain-
containing 2, E4F transcription factor 1 and POM121-like
protein 12 (POM12L12) (13%), as shown in Fig. 5. However,
no specific genes or pathways were correlated with OS.

Discussion

Based on chromosome structural variation and gene
expression profiles, recent studies have classified PDAC
into various subtypes with prognostic and biological
relevance. In particular, Bailey et al (22) correlated four
PDAC molecular subtypes with specific histopathological
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Figure 2. Genes with a high frequency of aberrations, as presented on the left-hand side of the image, were clustered into specific pathways, as presented on the
right-hand side. Connections are colour-coded. The most recurrently detected pathways included KRAS signalling, TGF-f} signalling, chromatin remodelling,
Wnat signalling, DNA damage repair, cell cycle and RNA processing. KRAS, KRAS proto-oncogene, GTPase; TGF-f, transforming growth factor-f.
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Figure 4. Based on 25 months as the cut-off value, patients were divided

Months from diagnosis into two subgroups, with long (>25 months) and short overall survival

(<25 months), respectively. The histogram represents the events/MB in the

Figure 3. Median overall survival of early stage patients characterised into  two subgroups. Samples from the long survival group harboured an average

the long and short survival groups, as determined by Kaplan-Meier analysis. ~ of 24 events, whereas samples from the short overall group possessed an
Dark blue, long survival group; light blue, short survival group. average of 40 mutations (P=0.047). MB, mutational burden.
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Figure 5. Recurrent genes altered by point mutations (green), deletions (blue) or amplifications (red) in the early stage samples are presented. A high frequency
of mutations were detected in the following genes: KRAS (100%), TP53 (60%), MUC4, OR10Z1 (33%), CDKN2A, GNAS, SMAD4, TGFBR2, FLG (27%),
SMARCA?2, DNAHI14, TTN, BAIl, RALGAPB (20%), RNF43, PBRMI1, OBSCN, PRRC2C, CCDC168, AIM1L, E4F1 and POMI121L12 (13%). AIMI1L, crys-
talline By domain-containing 2; BAII, adhesion G protein-coupled receptor Bl; CCDC168, coiled-coil domain-containing 168; CDKN2A, cyclin-dependent
kinase inhibitor 2A; DNAH14, dynein axonemal heavy chain 14; E4F1, E4F transcription factor 1; FLG, filaggrin; GNAS, GNAS complex locus; KRAS, KRAS
proto-oncogene, GTPase; MUC4, mucin 4, cell surface associated; OBSCN, obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF; OR10Z1, olfactory
receptor family 10 subfamily Z member 1; PBRM1, polybromo 1; POM121L12, POM12I1-like protein 12; PRRC2C, proline-rich coiled-coil 2C; RALGAPB, Ral
GTPase activating protein non-catalytic 3 subunit; RNF43, ring finger protein 43; SMAD4, SMAD family member 4; SMARCA2, SWI/SNF related, matrix asso-
ciated, actin dependent regulator of chromatin, subfamily a, member 2; TGFBR2, transforming growth factor-f} receptor 2; TP53, tumour protein p53; TTN, titin.

characteristics, whereas Waddell et al (23) identified a
subtype of PDAC that was unstable with a high prevalence
of inactivation of DNA maintenance genes, and was associ-
ated with therapeutic responsiveness for platinum-based

chemotherapy and poly (ADP-ribose) polymerase inhibi-
tors (21-23).

However, despite improvements regarding the biological
understanding of PDAC, there is currently no available



Bzl SPANDIDOS
7] .§, PUBLICATIONS

molecular classification able to translate the histopathological
classification into clinical practice. Molecular heterogeneity,
due to high PDAC genetic instability, hinders the identification
of prognostic or predictive biomarkers (24,25).

The present data confirmed this heterogeneous landscape,
as characterised by a high number of mutations occurring with
low frequency, with the exception of well-known mutations in
KRAS, TP53, CDKN2A and SMAD4.

As expected, KRAS mutations were the most prevalent
events detected in the present study. Numerous hotspot
mutations were identified (G12D, G12V, G12R and G12C)
in KRAS, which is a key oncogene during the onset of
pancreatic cancer (26). A recent study demonstrated how
numerous subclonal KRAS mutations coexist within tumour
cells, suggesting a convergent evolution of various clones of
advanced cancer with independent KR AS mutations (6). In the
present study, the majority of single gene mutations detected
in the samples can be grouped into common cellular pathways,
including KRAS signalling, TGF-f signalling, chromatin
remodelling, Wnt signalling, DNA damage repair, cell cycle
and RNA processing; these findings are concordant with those
of previous studies (7,27).

The 5-year OS of patients with surgically resected PDAC
is 20-25%, and the majority of patients develop recurrence at a
median of 10-20 months following resection (2).

By evaluating mutational load in the early stage subgroup
the present study demonstrated that samples harbouring more
genetic events were associated with worse OS, thus stressing
the urgent requirement for more molecular features to support
the clinical-pathological classification of PDAC. It may be
hypothesized that tumours with high molecular events have
a more aggressive phenotype; therefore, detection of these
patients during the early diagnostic phase may identify
patients that benefit from neoadjuvant treatment prior to
surgery. However, no specific genes or pathways were revealed
to be correlated with OS in this subgroup of patients. SMAD4
gene inactivation, which has previously been reported to be
associated with recurrence and a poorer prognosis in patients
following resection, was detected in 27% of the samples, but
was not correlated with OS correlation (28,29).

In the present study, a high prevalence of MUC4 mutation
was detected in samples from patients following resection
(33%), thus confirming its importance in PDAC carcinogen-
esis. MUCH4 is a type I membrane-bound mucin that promotes
proliferation, motility, invasiveness, epithelial-mesenchymal
transition, chemoresistance and tumour growth, the overex-
pression of which is considered an early event in pancreatic
carcinogenesis, and is detected in the preneoplastic stage.
Urey et al (30) investigated MUC4 expression by immuno-
histochemistry and indicated that low MUC4 expression is
associated with a survival benefit in patients with resectable
pancreatic cancer receiving adjuvant gemcitabine (30,31).
However, no differences in MUC4 mutations were detected
between samples in the long and short survival groups in the
present study.

RNF43 deletion was detected in only two cases with
intraductal papillary mucinous neoplasm (IPMN)-associated
PDAC in the long survival group. Inactivating mutations of
the RNF43 gene, which encodes a protein with intrinsic U3
ubiquitin ligase activity, have been reported in IPMN of the
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Table II. Early-stage patient characteristics.

Variable Value
Age (years)

Median 67.6

Range 33-83
Sex (%)

Male 53

Female 47
Outcome

Death (%) 67

Survival (%) 33
Median OS (months) 235

Range OS (months) 7.66-67.09
T stage (%)*

T1 (1a, 1b, 1c) 0

T2 7

T3 93
N stage (%)*

NO 33

N1 20

N2 47
Grading (%)

Gl 20

G2 60

G3 20
Margins (%)

Clear 47

Involved 53
Tumour location (%)

Head 67

Body/tail 33
Type of surgery (%)

Total pancreatectomy 47

Pancreaticoduodenectomy 27

*Classified according to the 8th edition of the American Joint
Committee on Cancer staging system (34). OS, overall survival.

pancreas. According to a previous study (32), [IPMN has a
better outcome than conventional PDAC, and the present
detection of RNF43 deletions in the long survival group only
supports this hypothesis. Recent evidence has suggested that
mutational inactivation of RNF43 confers Wnt dependency,
thus indicating that the presence of RNF43 mutations may
be used as a predictive biomarker for the use of Wnt inhibi-
tors (33).

In conclusion, the present study reaffirmed the presence
of a heterogeneous genetic landscape in PDAC, and provided
evidence to suggest that a more complex genome is correlated
with a more aggressive phenotype and poor prognosis. Further
work is required to identify molecular biomarkers that better
characterise pancreatic cancer, particularly in the early stage.
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