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ABSTRACT 
Pancreatic cancer is a major contributor to the cancer-related mortality rate. The lack of prominent biomarkers is 
one of the major limitations in the early diagnosis of pancreatic ductal adenocarcinoma (PDAC). Next-
generation sequencing (NGS) has led to a major transformation in the field of oncology by easing the process of 
data collection, pipeline analysis, data interpretation and cost-effectiveness. NGS, high-throughput screening 
detection and identification of prognostic markers such as KRAS, SMAD4, TP53, CDKN2A and somatic 
mutations have been the game-changer in the field of Clinical Oncology which can allow early detection, 
personalised treatment and progressive therapy programs in PDAC. The current review gives an overview of 
NGS technology and its advancement in understanding the genetics of pancreatic cancer. The unique features of 
somatic mutation in PDAC, various case studies and different tools to help choose appropriate pipeline for 
specific analysis, clinical applications, their limitations and future aspects have been highlighted. 
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is 
one of the major causes of death due to cancer, 
and it has been consistently associated with a 
poor prognosis[68].  It is the 24thmost common 
disease in India, with 10860 new cases (1.0per 
cent) and the 18thhighest fatality rate.  In the 
United States, 60,430 cases were registered in 
the year 2020 (28,480 females and 31,950 
males). The five-year survival rate of 
pancreatic cancer is as low as 10%. Several 
factors influence the survival rates, inclusive of 
time and stage of illness diagnosis.  
One of the major constraints at present is the 
lack of acceptable biomarkers for screening; as 
a result, most of the patients arrive with 

advanced disease. Surgical resection is the sole 
curative option for PDAC; however, only 10% 
of patients have the resectable disease. The 
majority of patients with an experience of 
curative recurrence have a five-year survival 
rate of 20% to 25%. The emergent requirement 
for enhanced alternative techniques and 
methods to enhance the survival rate is crucial 
as no significant improvement in surgical 
procedures is reported. Novel methods for 
screening and diagnosis of PDAC will improve 
the number of eligible patients for curative 
resection. PDAC management will be 
transformed by adjuvant therapy to improve 
postoperative survival in curative resections 
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and palliative illness patients. The field of 
genomics and bioinformatics has grown vastly 
in the recent decade as a result of technical 
breakthroughs, resulting in the discovery of a 
range of biomarkers for both malignant and 
noncancerous illnesses[64]. Next-generation 
sequencing (NGS) can sequence genetic 
segments rapidly and precisely, providing the 
basis for the identification of many 
biomarkers. For PDAC, NGS is still in its 
infancy, with need for the various potential 
novel targets[66]. 
 
 
BACKGROUND OF NEXT 
GENERATION SEQUENCING 
Next-generation sequencing (NGS) has 
ushered in a substantial shift in clinical 
diagnosis. It refers to a group of methods in 

which at the same point in time several 
sequencing reactions take place, which results 
in massive quantities of sequencing data at a 
cost less than Sanger sequencing. Sequencing 
at the Base-pair level of the whole genome at a 
very low cost can be done using NGS methods 
(Figure 1). Centred on the theory of Sanger 
sequencing, the Human Genome Project 
calculated the sequence of 3 billion base pairs 
and found about 25,000 human genes, 
resulting in the publication of the human 
reference genome(“Finishing the Euchromatic 
Sequence of the Human Genome,” [21]). The 
ground-breaking work on DNA sequencing by 
Paul Berg, Frederick Sanger, and Walter 
Gilbert allowed for many advancements in the 
field, including Sanger's "chain-termination" 
sequencing technology[52, 60]. 

 
Figure1: Graphical representation of change in the cost of sequencing technology over time. 
 
In the last two decades, next-generation 
sequencing of tumour and inherited (germline) 
genomes has revolutionised and refined cancer 
care, and it is now critical for assessing 
therapeutic options in many solid and 
hematologic malignancies. Timeline of 
sequencing technology and key events in 
oncology has been shown in figure 2. 

Currently, the most common form of rapidly 
detecting sequence variation in cancer patients 
is to use NGS panels that include sets of 
genes[23]. A variety of biomarkers in use 
today, such as mutations in BRAF in 
melanoma, EGFR mutations, and fusions of 
ALK in NSCLC, have been clinically validated 
and identified by NGS research. For example, 
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biomarkers for immunotherapy 
responsiveness, such as tumour mutational 
burden and microsatellite instability; 
therapeutic range for clinically actionable 
modifications, such as BRAF V600E in 
melanoma have been identified. Biomarkers 
for immunotherapy tolerance, such as loss of 
B2M [35] mutations in the p53 tumour 
suppressor gene or either of the RAS proto-

oncogenes in lung cancer, cervical cancer, and 
HRAS [Harvey rat sarcoma viral oncogene 
homolog], NRAS [neuroblastoma RAS viral 
(v-Ras) oncogene homolog] and KRAS 
[Kristen rat sarcoma viral oncogene 
homolog][27]in breast cancer are reported. A 
wide range of genes has been studied in a 
single test using scarce biopsy tissue of 
patients using NGS[13].  

 
Figure2: Development of NGS technology over the years and key events in the oncology. 
 
In the year 2005 The Cancer Genome Atlas 
(TCGA) and 2008 the International Cancer 
Genome Consortium (ICGC) were established 
to gain a thorough understanding of cancer 
genetics. TCGA comprises a detailed atlas of 
cancer genomic profiles of cancer patients 
containing details of major cancer-causing 
genome alterations in about 30 different 
human tumours produced by sequencing a 
patient’s genome[82]. Oxford; Nanopore 
Technologies recently used the MinION 
nanopore sequencer to successfully sequence 

the human reference genome for the GM12878 
Utah/Cephcell line. A total of 91.2 GB of 
sequence data was produced, from which 
significant structural variations and epigenetic 
modifications were discovered[31].  
The use of paired tumour and normal samples 
improves variant calling fidelity, increases 
sensitivity in low-purity tumour samples, and 
clarifies germline mutation delineation at low 
costs[33]. This review focuses on the 
milestone in the research of next-generation 
sequencing science and its applications in 
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understanding somatic mutations in pancreatic 
cancer. 
 
NEXT-GENERATION SEQUENCING  
First generation sequencing or Sanger 
sequencing, was first introduced in 1977and is 
considered the gold standard for sequencing. It 
is based on the DNA chain termination theory 
method, which was later called second-
generation sequencing or High throughput 
sequencing is a high-speed technology, and 
millions of short sequence reads can be 
produced with more precision[71], Illumina[3], 
Roche 454[51], and Bio-
technologies/SOLiD[53]developed these. The 

most commonly used Illumina platform, 
allows researchers to sequence more than five 
human genomes at the coverage of 30x or 
about100 exome samples in a single go, 
generating a huge number of sequences reads 
with improved accuracy[48].Third-generation 
sequencing allows the sequence of a human 
genome in just a few hours. The nanopore and 
SMRT sequencing can do the direct 
examination of base modifications made in 
various types of DNA[43,62,73,80]. An 
overview of different steps and process 
involved in the sequencing is shown in figure 
3. 

 
Figure3: Overview of different steps and stages of NGS process. 
 
Samples for the analysis are collected either by clinical or physical assessment. The first step includes 
the pre-processing of data for the subsequent removal of poor-quality sequences. The second step 
involves the alignment of the selected sequence with a reference genome (de-novo assembled) 
followed by sorting and removal of duplicates. The third and last step of analysis involves variant 
annotation, variant filtering, prioritization and visualisation of data WES- whole exome sequencing, 
WGS- whole genome sequencing, and VCF- variant calling format (Figure 4). 
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Figure4: Systematic depiction of NGS based workflow in variant calling step.  
 
NGS IN SPORADIC PDAC 
The discovery of robust biomarkers is critical 
for effective diagnosis and therapy in 
pancreatic cancer patients. However, there has 
been little improvement in biomarker-based 
preventive and therapeutic methods, with 5-
year survival rates remaining poor, even in 
early, localised disease stages. Despite national 
and international organisations' 
recommendations encouraging PDAC patients 
to participate in clinical trials, progress in this 
field has been slow. More precisely, the 
absence of both successfully targeted drugs 
and biomarker-directed agents raises concerns 
about whether a strategy based on traditional 
clinical trial designs and traditional technology 
will change the course of the disease. The 
introduction of next-generation sequencing 
(NGS) technologies and the advancement of 
clinical trial designs that incorporate NGS 
have opened up new avenues for the specific 
biomarker-based prevention and treatment of 

pancreatic cancer[2,50]. Large-scale genomic 
studies have been reported that combine WGS 
and RNAseq. These studies have resulted in 
data indicating clinical implications on PDA 
prognosis and molecular classification[2]. 
 
Sporadic PDAC classified into Molecular 
Subtypes Using NGS 
Researchers (Bailey et al., 2016) classified 
PDAC in a cohort of 456 categorized patients 
into four subtypes for supporting the presence 
and distribution of structural variations known 
by WGS and RNA-Seq, (1) squamous, (2) 
pancreatic progenitor, (3) immunogenic, and 
(4) aberrantly differentiated endocrine 
secretory organ (ADEX), correlating with 
histopathology features. The research 
conjointly stated that (1) TP53 and KDM6A 
mutations were enriched in squamous tumours 
and has a poor prognosis; and (2) FOXA2/3, 
PDX1, and MNX1 are among the genes 
involved in early pancreatic growth that 
pancreatic progenitor tumours preferentially 
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express. Immunogenic tumours showed up-
regulation of immune networks, as well as 
pathways implicated in acquired immune 
suppression; and ADEX tumours had up-
regulation of genes that influence KRAS 
activation networks. Their findings revealed 
that PDAC subtypes evolved differently in 
terms of molecular evolution. 
Waddell et al[76] examined 100 patients with 
PDAC for copy number variation and WGS 
and also included reported PDAC genes 
(TP53, SMAD4, CDKN2A, ARID1A, and 
ROBO2). KDM6A and PREX2 were found as 
new potential driver genes. As per possible 
clinical utility based on variation chromosomal 
pattern, they divided PDAC into four subtypes 
(1) stable: tumour genomes that had structural 
variation events and extensive frequent 
aneuploidy less than 50. (2) locally rearranged: 
subtype that had a significant focal event on 
one or two chromosomes. (3) scattered: 
tumours with non-random chromosomal 
damage in the moderate range and less than 
200 structural variation events and (4) 
unstable: tumours with more than 200 
structural variation events. This study 
suggested that mutations involved in the 
BRCA pathway measure DNA maintenance 
defects, germline and somatic uncertainty 
in the BRCA mutational signature and have 
therapeutic associations in patients with 
PDAC. Such findings identify a potential 
biomarker that must be tested in a clinical trial. 
In another research that sequenced 336 
pancreatic cancer samples potentially 
actionable results were identified in 26% of the 
cases[46].  Eighteen patients (5.5%) had at 
least one somatic change identified as level 2b 
an FDA–approved biomarker in cancer. 
Ninety-five per cent of patients had KRAS 
mutations, 72 per cent had TP53 mutations, 22 
per cent had SMAD4 mutations, and 18 per 
cent had CDKN2A mutations. Furthermore, 
11% of patients had ARID1A mutations, 8% 
had RNF43 mutations, 4% had BRCA2, 4% 
had KDM6A mutations, 4% had MLL2 
mutations, 4% had PTPRT mutations, and 4% 
had TGFBR2 mutations. 

Brauswetter et al [4], identified molecular 
subtypes of PDAC by analysing target 
sequence data from 50 genes in 114 PDAC 
patients and used it to create molecular profiles 
of MIA-PaCa2, BxPC3, and PANC-1 cell 
lines. Only cells with the unusual G12C 
mutation in KRAS and low EGFR expression 
are likely to respond to trametinib as a single-
agent MEK inhibitor. It is prudent to perform 
NGS testing in a clinical environment. It is 
possible to recognise tumours with DNA repair 
defects, MSI, or another distinct molecular 
target that predicts response to therapy. NGS 
testing is the most effective way to gain entry 
into molecularly driven clinical trials and 
should be used on a routine basis in these 
difficult-to-treat cancers with few standard-of-
care treatment choices. 
Identification of Molecular Biomarkers in 
Sporadic PDAC: Case studies 
In the field of pancreatic cancer, considerable 
efforts are being put into identifying robust 
biomarkers and developing a reliable 
molecular classification with clinical relevance 
(G. Q. Shen et al., [64]).Xiaofei Zhang et al 
[15](X. Zhang et al., [83]) studied the genomic 
landscape using NGS in a cohort of 1080 
Chinese pancreatic cancer patients. They 
identified somatic mutations in KRAS 
(83.2%), TP53 (70.6%), CDKN2A (28.8%), 
SMAD4 (23.0%), ARID1A (12.8%) and 
CDKN2B (8.9%) recurring in the disease. 
With the most common one being in KRAS 
G12D in up to 43.6%. Witkiewicz et al [79] 
discovered new genetic variation within PDAC 
and shed light on prognostic factors and 
therapeutic targets. WES was performed on a 
total of 109 PDAC patients. WES has 
confirmed the identities of genes that have 
been reported to promote PDAC as well as 
discovered various novel genes that were 
highly mutated in PDAC including IRF6 (4%), 
AXIN (5%), PIK3CA (4%), GL13 (6%), 
BCLAF1 (5%), FLG (10%).  RBM10 
mutations were linked to increased survival, 
whereas decreased survival rate in the patients 
was linked to mutations in the chromatin 
remodelling gene ARID1A. 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     51 

RNA-Seq was used by[55] Müller and 
colleagues to identify differentially regulated 
RNA between normal and diseased patients. 
Newly discovered PDAC-related transcriptome 
regions (coding and noncoding) included (1) 
miR-802, miR-2114, and miR-561 for 
miRNA; (2) snoHBII-296B and piR-017061 
for snoRNA; and (3) LINC00261, 
LINC00152, HNF1A-AS1, and AFAP1-AS1 
for lncRNA. 
In another study[49], tissue samples of 14 
PDAC patients and a 620 gene panel were 
sequenced via the NGS method. The outcomes 
were compared to the patients on 
chemotherapy, taking into account all side 
effects. There were no modifications made to 
the treatment. PDAC driver mutations were 
confirmed (e.g., KRAS, TP53). Upon analysis 
using tools some positive biomarkers were 
observed in patients suggesting expected 
successful and unsuccessful therapies. A 
minimum of one biomarker in each patient was 
reported in relation to elevated toxicity. These 
findings imply that computational analysis of 
NGS data offers evidence-based knowledge on 
efficient, ineffective, and toxic drugs, 
potentially laying the groundwork for precision 
cancer medicine in PDAC. 
PDAC and intraductal papillary mucinous 
neoplasms samples were studied, as were 
tissue samples from 165 patients with 
intermittent PDAC[75]. It revealed that 31 
miRNAs were up-regulated, with has-miR-93, 
has-miR-16, has-miR-548d-3p, has-miR-320a, 
has-miR-3120-3p, has-miR-4468, and has-
miR-4713-5p being the most important. The 
endoscopic ultrasound-guided fine-needle 
aspiration samples identified miRNAs that 
could make better candidate biomarkers for the 
early detection of sporadic PDAC and IPMN. 
Connor et al[11]studied 160 PDAC cases using 
whole-genome and RNA sequencing. 
Integrating both DNA as well RNA analysis 
results in a better approach for the personalised 
treatment of PDAC patients. Shindo and 
colleagues[65] used gene panel sequencing to 
find germline mutations in 33 of 854 patients 
with sporadic PDAC. Patients having these 

reported deleterious germline mutations were 
younger. PDAC patients commonly hold 
germline mutations even after having no major 
history of cancer in their family. Another 
meta-analysis[7]showed the role of DNA 
damage response genes causing 14.5 and 
16.5% homologous recombination deficiency 
(HRD) in 21,842 PDAC genomes in the genes 
such asBRCA1, BRCA2, PALB2, ATM, ATR, 
CHEK2, RAD51, and FANC. 
 

Sporadic Pancreatic Cancer–Related 
Susceptibility Genes with Different 
Functions Confirmed by NGS 
There have been several studies of the PDAC 
exome, genome(Waddell et al., 2015) and 
transcriptome [11,80] which have concentrated 
on defining driver somatic mutations and 
translatable subtypes. KRAS, an oncogene, 
CDKN2A, SMAD4, and TP53, tumour 
suppressors, are the most frequently affected 
driver genes in PDAC[44]. 
Driver Genes 
Early sequencing studies of PDAC and its 
precursor pancreatic intra-epithelial neoplasms 
(PanINs) suggested that they were inactivated 
in a stepwise manner [14,22]. Researchers 
discovered that two-thirds of PDAC have 
complex structural rearrangements that 
resulted in putative simultaneous inactivation 
of driver tumour suppressor genes [56].  
The sequencing of 456 PDAC tumours 
identified at least 22 substantially mutated 
genes [2], the majority of which are rare, 
illustrating substantial inter-tumoral 
heterogeneity and complicating biomarker-
guided therapy. In a high-throughput drug 
screen using cell lines and PDX, targeted 
monotherapies had modest efficacy, and no 
combination therapies were successful for the 
majority of PDAC, nor were sensitivities 
easily predictable from exome sequencing. 
Nevertheless, sequencing-based drug trials 
were unthinkable a few years ago, and 
understanding is rapidly expanding. 
 

 KRAS 
 The KRAS gene is part of a gene family 
(KRAS, NRAS, and HRAS)[24] It is a 21kda 
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GTPase that activates when it binds to GTP 
and deactivates upon binding with GDP. When 
KRAS is activated, the RAF family kinases 
RAF-1, BRAF and ARAF get activated[17] 
MEK-1 and MEK-2 are activated after RAF 
family members are phosphorylated. MEK-1 
and MEK-2 then activate the extracellular 
regulatory kinases ERK-1 and ERK-2, which 
carry several proteins like cytosolic and 
nuclear proteins, such as transcription factors, 
into the cell. Cell proliferation is aided by 
ELK-1 and c-Jun. Mutations that cause 
constitutive activation of KRAS to affect a 
variety of processes, including unregulated 
proliferation. KRAS is also in charge of 
controlling several signalling pathways that 
have been linked to cancer progression, 
including PI3K-AKT, PLC-PKC, and RAL. 
KRAS gene mutations are a key in the 
development of epithelial-derived cancers, 
including PDAC Mutations of the codons G12, 
G13, or Q61 by and large correspond to 
constitutively active KRAS, activated KRAS 
and periodic mutations in K117 and A146 
appear to be added hotspots. In more than 50% 
of cases G12D mutation is reported. KRAS is 
reported undergo frequent mutations in 
pancreatic cancer ranging between 20% to 
100%.  Multiple NGS methods have confirmed 
KRAS gene mutation in pancreatic cancer. 
Targeted NGS techniques have also been 
proven useful in detecting KRAS mutation in 
PDAC. 
In a study performed using NGS in 62.5 per 
cent locally advanced and 87per cent 
metastatic PDAC patients somatic 
mutationswere observed in ctDNA. 
Researchers showed for the first time in 
multivariable Cox Regression analysis that 
patients with KRAS mutation showed poorer 
outcomes as compared to those with KRAS 
copy number indicating chances of PDAC 
progression [54]. 
In another study, Shiwei Guo et al[24]used 
NGS-based evaluation using a panel of 
50ctDNA-screenedd genes on 113 resectable 
and validation cohorts with 44 resectable 
patients. This had a high specificity detection 

rate with KRAS showing the highest mutation 
(23.0per centnt) among positive ctDNA, while 
the others were 5%. The mutation in plasma 
KRAS G12D was found to be strongly 
associated with early metastasis. Survival 
analysis in the validation cohort revealed a 
correlation between plasma KRAS G12D 
mutation and poor outcomes which suggested 
that the KRAS G12D mutation is a useful 
predictive biomarker for the prognosis and 
detection of resectable PDAC.  
 
Transformation-Related Protein 53 (TP53) 
Transformation-Related Protein 53 (TP53) 
TP53 is known to be vital in PDAC. TP53 
located at 17p13 affects DNA repair 
mechanism[26] and also plays a role in 
regulating cellular stress inducing cell cycle 
arrest. TP53 protein encoded is a tumor 
suppressor[10]. 
In 70% of pancreatic cancer cases TP53 is 
most frequently mutated. It adversely effects 
transcription activation. It has also been 
reported in enhancing the expression of cyclin-
dependent kinase inhibitor CDKN1A, which 
results in the discontinuation of cell cycle 
progression. The study used a targeted deep 
sequencing assay which detected TP53 
mutations in of 13% patients[74].  
In an Amplicon-based selective deep 
sequencing performed by Man Hung Choi et al 
[8] collected samples from 21 patients with 
pancreatic ductal adenocarcinoma (PDAC), 
who underwent Whipple's surgery were 
studied. KRAS mutations were found in 95% 
of primary tumours and 71% of juice samples. 
The majority of juice samples contained 
several KRAS variants that were not present 
the in primary tumour. TP53 mutations were 
discovered in 76% of tumours and 29% of 
juice samples. Just one of the positive juice 
samples had more than one TP53 mutation. In 
33% of cases, both the mutations KRAS and 
TP53 were found the in primary tumour and 
the pancreatic juice sample. It revealed that 
PDAC patients have high KRAS mutations, 
which are not that often found in the primary 
tumour and may signify precancerous lesions.  
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Using Next-generation sequencing Shinchi 
Takano and colleagues (2017) [70] revealed 
that the TP53 mutation was linked to 
malignant IPMNs. The TP53 mutation was 
also found in pure pancreatic juice, suggesting 
that it may be used to preoperatively diagnose 
malignant Intraductal Papillary Mucinous 
Neoplasms. In another study (Saha et al., 
[59])prediction analysis was done on mutation 
annotation using databases such as TCGA and 
COSMIC. They predicted that amongst the 
observed 114 somatic mutations, TP53 would 
be the most frequently mutated (41%) gene, 
followed bySMAD4, KRAS, CTNNB1, and 
ERBB3. They identified a new hotspot TP53 
mutation (p.A138V, in 17 per cent of all 
patients). It can also play a role in the selection 
of treatment regimens. Furthermore, the low 
prevalence of KRAS hotspot mutation in the 
Indian PDAC patient suggests the existence of 
other drivers in early malignant 
transformation. 
 
Cyclin-Dependent Kinase Inhibitor 2A 
(CDKN2A)  
CDKN2A is a tumour suppressor gene which 
is responsible for the regulation of cell cycle 
progression by inhibiting the CDK-4 and 
CDK-6 complexes. The CDKN2A tumour 
suppressor region encodes two distinct 
proteins, P16 and P14. P16, which is made up 
of three exons, prevents cell growth by 
stopping the cell cycle at the G1 
checkpoint[47]. It prevents the 
phosphorylation of retinoblastoma protein, 
which plays an important part in the negative 
regulation of the cell cycle and tumour 
development, affecting downstream inhibition 
of the E2F transcription factor. The other 
protein, p14ARF, inhibits cell growth by 
stabilising p53 activation, targeting certain 
CDKs at the G1 and G2 checkpoints, and 
inducing apoptosis. The CDKN2A gene 
sequence was discovered on chromosome 
9p21, in an area with a high frequency of loss 
of Mutations such as heterozygosity, 
homozygous deletion, or promoter silencing 
impairs the CDKN2A gene's function. Hosoda 

et al [30] used WES to perform genetic testing 
on high- and low-grade pancreatic 
intraepithelial neoplasia (PanIN). KRAS 
mutations were observed in both high-grade 
and low-grade PanIN, and CDKN2A 
mutations were only found in high-grade 
PanIN. Such findings indicated CDKN2A to 
be a potential biomarker for the early detection 
of PDAC[83]. 

Allison Doyle et al (2019)[18]using next-
generation sequencing 
demonstratedCDKN2A mutations can be a 
negative prognostic overall survival indicator 
for patients with PDAC. Their study 
highlighted the need to select PDAC patients 
for potential targeted therapies, targeting the 
cell cycle pathway. 
SMAD4 is the uncontrolled growth of a 
suppressor gene that is inactivated in 30-40% 
of pancreatic adenocarcinomas, either by the 
intragenic mutation of one factor in 
combination with the deprivation of the other 
factor or by homozygous removal of both 
alleles [76] The absence of SMAD4 has been 
studied in association with widespread 
metastasis and poor prognosis. Even though 
SMAD4 is important for TGF signalling, no 
selective therapies are currently being tested in 
PDAC. Researchers (Yokose et al., [81])used 
NGS to investigate the link between gene 
mutation and prognosis, gene mutations 
including the ones in driver genes in PDAC 
and other 50 cancer-related gene mutations. 
Targeted sequencing also revealed the 
presence of SMAD4 mutation and KRAS 
mutation in combination to be a prognostic 
factor in PDAC. 
GNAS The GNAS Complex Locus (Guanine 
Nucleotide Binding Protein, Stimulating) 
generates multiple transcripts by the use of 
alternative promoters and alternative 
splicing(Hosoda et al., [29])GNAS mutations 
are significant in the transitioning high-grade 
PanIN to PDAC. According to multivariate 
analysis, the mutation in GNAS is also 
common in IPMN[39] 
Filaggrin (FLG) is another gene related to 
advanced diagnosis of sporadic pancreatic 
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cancer. The FLG gene encodes for pro-
filaggrin, a filament protein that binds to 
keratin fibres in epithelial cells.  The absence 
of FLG expression results in cytoskeletal 
disorganisation.  [79] and colleagues used 
WGS to sequence 109 PDAC patients and 
discovered a 10% FLG mutation. Cotterchio 
and colleagues [12]conducted a genome-wide 
association analysis of 179 PDAC patients and 
discovered that FLG was substantially 
correlated with the risk of PDAC.  FLG2 was 
also shown to be exclusively mutated primary 
tumours. FLG2 was recently named one of the 
"untouchable genes" due to functional loss of 
mutations, implying genes can be used as an 
alternative therapeutic target by assisting 
tumor cells with survival advantage [28]. 
 
COMPUTATIONAL TOOLS FOR 
SOMATIC VARIANT ANALYSIS FOR 
NEXT GENERATION SEQUENCING 
DATA FOR CANCER 
Computational tools and pipelines for variant 
analysis have been developed by the 

researchers such as Onco-Pan which helps in 
identifying molecular markers using NGS. 
Various tools that can help in analysis are 
listed in Table 1such as VarScan[38] a 
platform-independent software that calls 
variant in NGS. It can detect Somatic mutation 
and Somatic copy number alterations.  
Virmid[37] can detect SNPs with low allele 
frequencies. It calculates accurate level of 
impurity amongst control and disease sample, 
it takes input as short reads sequence which are 
aligned with the help of reference genome to 
generate better alignment.Strelka2 
[61]optimizes analysis in somatic variation in 
control and diseased datasets. Strelka2 
improves liquid tumour analysis by 
introducing a model that calculates errors such 
as insertion, and deletion for individual 
samples. Somatic Sniper[41]finds single 
nucleotide locations that differ in diseased and 
normal patients. SomVarIUS[68]identifies 
somatic variants in exome-seq data with at 
least 67.7 per cent precision rates. 

 

S.NO TOOL NAME TYPE OF 
VARIANT ALGORITHM LINKS REFERENCES 

1. Virmid SNV Joint genotype analysis http://sourceforge.net/projects/v
irmid/. 

(Kim et al., 2013) 
[37] 

2. VarScan/VarSca
n2 SNV, indel Heuristic threshold 

http://dkoboldt.github.io/varsca
n/using-varscan.html 
 

(Koboldt et al., 2012) 
[38] 

3. VarDict SNV, indel, 
SV Heuristic threshold https://github.com/AstraZeneca-

NGS/VarDict (Lai et al., 2016) [40] 

4. TVC SNV, indel, 
SV Ion Torrent specific  (Deshpande et al., 

2018) [15] 

5. Strelka/Strelka2 SNV, indel Allele frequency 
analysis 

ftp://strelka@ftp.illumina.com/. 
https://github.com/Illumina/strel
ka 
 
 
 

(Saunders et al., 2012) 
[61] 

6. SomaticSniper SNV Joint genotype analysis http://gmt.genome.wustl.edu/pa
ckages/somatic-sniper/ 

(Larson et al., 2012) 
[41] 

7. SomaticSeq SNV Machine learning 
(Ensemble caller) 

https://bioinform.github.io/som
aticseq/ 

(Fang et al., 2015) 
[20] 

8. SOAPsnv SNV Heuristic threshold http://soap.genomics.org.cn/SO
APsnv.html (Zhu et al., 2015) [84] 

9. qSNP SNV Heuristic threshold http://www.qcmg.org/bioinform
atics/qsnp/ 

(Kassahn et al., 2013) 
[36] 

10. RADIA SNV Heuristic threshold  https://github.com/aradenbaugh
/radia/. 

(Radenbaugh et al., 
2014) [57] 

11. SNVSniffer SNV, indel Joint genotype analysis http://snvsniffer.sourceforge.net
/homepage.htm#latest 

(Y. Liu et al., 2016) 
[45] 

12. SNooPer SNV, indel Machine learning http://www.somaticsnooper.co
m/ 

(Spinella et al., 2016) 
[69] 
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13. Shimmer SNV, indel Heuristic threshold http://www.github.com/nhansen
/Shimmer 

(Hansen et al., 2013) 
[25] 

14. Seurat SNV, indel, 
SV Joint genotype analysis https://satijalab.org/seurat/ (Christoforides et al., 

2013) [9] 

15. Platypus SNV, indel, 
SV Haplotype analysis 

https://www.well.ox.ac.uk/resea
rch/research-groups/lunter-
group/platypus-a-haplotype-
based-variant-caller-for-next-
generation-sequence-data 

(Rimmer et al., 2014) 
[58] 

16. SAMtools SNV, indel Joint genotype analysis https://sourceforge.net/projects/
samtools/ (Li, 2011) [42] 

17. MuTect2 SNV Allele frequency 
analysis 

https://www.broadinstitute.org/
cancer/cga/mutect 

(do Valle et al., 2016) 
[16] 

18. LoLoPicker SNV Allele frequency 
analysis 

https://github.com/jcarrotzhang/
LoLoPicker. 

(Carrot-Zhang & 
Majewski, 2017) [6] 

19. LoFreq SNV, indel Allele frequency 
analysis https://csb5.github.io/lofreq/ (Wilm et al., 2012) 

[78] 

20. LocHap SNV, indel Haplotype analysis  http://www.compgenome.org/l
ochap. 

(Sengupta et al., 
2016) [63] 

21. HapMuC SNV, indel Haplotype analysis 
http://github.com/usuyama/hap
muc. 
 

(Usuyama et al., 
2014) [72] 

22. FaSD-somatic SNV Joint genotype analysis  http://jjwanglab.org/FaSD-
somatic/. 

(Wang et al., 2014) 
[77] 

23. BAYSIC SNV Machine learning 
(Ensemble caller) http://genformatic.com/baysic (Cantarel et al., 2014) 

[5] 

24. CaVEMan SNV Joint genotype analysis https://github.com/cancerit/CaV
EMan 

(D. Jones et al., 2016) 
[32] 

25. ISOWN SNV Supervised learning https://github.com/ikalatskaya/I
SOWN 

(Kalatskaya et al., 
2017) [34] 

26. Pisces SNV, indel Poisson model on read 
count 

http://www.fccc.edu/research/la
bs/dunbrack/pisces 

(Dunn et al., 2019) 
[19] 

27. SomVarIUS SNV, indel Noise level estimation 

https://github.com/kylessmith/S
omVarIUS 
 
 

(Smith et al., 2016) 
[68] 

28.  Galaxy Platform  SNV, indel 
Somatic Tumor 
Mutations Detection 
 

https://galaxyproject.org/ (Afgan et al., 2018) 
[1] 

Table 1: List of Somatic Variant analysis tools for Next generation sequencing data 
 
CONCLUSION AND DISCUSSION 
The incorporation of next-generation 
sequencing (NGS) into properly designed 
studies paves a new path towards the 
development of valid biomarkers for 
predictive, prognostic and therapeutic 
purposes. Through the combination of 
RNAseq analysis and Whole genome 
sequencing, the classification of pancreatic 
cancer has been done in an excellent manner, 
which calls for conducting additional clinical 
trials to investigate the therapeutic and 
preventive effectiveness of genome-based 
analysis. 
In the past five years, an increasing amount of 
genomic and transcriptomic data on many 
paediatric and adult cancers was accumulated. 

This resulted in the discovery of several 
prognostic and predictive biomarkersseveral 
molecular alterations have been translated into 
clinical practice for metastatic cancers, 
including lung adenocarcinoma, colorectal 
cancer, prostate cancer, ovarian carcinoma, 
and cholangiocarcinoma. With declining costs 
and more accessible technology, the next five 
years will likely see an increase in the 
accumulation of cancer sequencing data, as 
well as its convergence with epigenomic, 
proteomic, and genomic data as well as protein 
structural information. In terms of treatment, 
various clinical genomic studies that 
incorporate, RNA seq, WGS, MR-NGS and 
serial CGs detection raise high hopes for 
personalised and precise treatment of 
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individual pancreatic cancer patients. Creation 
of biologic and small molecule therapeutics, 
paralleling the previous year's rise in 
sequencing data we hope by the means of these 
researches from the last five-year, Future 
research would be able to attract a larger 
number of patients using biomarker-driven 
trials and a better understanding of genomic 
variation as biomarker-driven trials become 
more effective. Restricted, selective 
sequencing using tumor-specific gene panels 
that have been rationally engineered will prove 
beneficial. 
 
Acknowledgement: 
None stated 
 
Conflicts of interest: Authors declared No 
conflict of interest. 
 
REFERENCES: 
1. Afgan, E., Baker, D., Batut, B., 

van den Beek, M., Bouvier, D., Čech, M., 
Chilton, J., Clements, D., Coraor, N., 
Grüning, B. A., Guerler, A., Hillman-
Jackson, J., Hiltemann, S., Jalili, V., 
Rasche, H., Soranzo, N., Goecks, J., 
Taylor, J., Nekrutenko, A., & 
Blankenberg, D. (2018). The Galaxy 
platform for accessible, reproducible and 
collaborative biomedical analyses: 2018 
update. Nucleic Acids Research, 46(W1), 
W537–W544. 
https://doi.org/10.1093/nar/gky379 

2. Bailey, P., Chang, D. K., Nones, K., Johns, 
A. L., Patch, A.-M., Gingras, M.-C., 
Miller, D. K., Christ, A. N., Bruxner, T. J. 
C., Quinn, M. C., Nourse, C., Murtaugh, 
L. C., Harliwong, I., Idrisoglu, S., 
Manning, S., Nourbakhsh, E., Wani, S., 
Fink, L., Holmes, O., … Grimmond, S. M. 
(2016). Genomic analyses identify 
molecular subtypes of pancreatic cancer. 
Nature, 531(7592), 47–52. 
https://doi.org/10.1038/nature16965 

3. Bennett, S. (2004). Solexa Ltd. 
Pharmacogenomics, 5(4), 433–438. 
https://doi.org/10.1517/14622416.5.4.433 

4. Brauswetter, D., Gurbi, B., Varga, A., 
Várkondi, E., Schwab, R., Bánhegyi, G., 
Fábián, O., Kéri, G., Vályi-Nagy, I., & 
Peták, I. (2017). Molecular subtype 
specific efficacy of MEK inhibitors in 
pancreatic cancers. PLOS ONE, 12(9), 
e0185687. 
https://doi.org/10.1371/journal.pone.01856
87 

5. Cantarel, B. L., Weaver, D., McNeill, N., 
Zhang, J., Mackey, A. J., & Reese, J. 
(2014). BAYSIC: a Bayesian method for 
combining sets of genome variants with 
improved specificity and sensitivity. BMC 
Bioinformatics, 15(1), 104. 
https://doi.org/10.1186/1471-2105-15-104 

6. Carrot-Zhang, J., & Majewski, J. (2017). 
LoLoPicker: detecting low allelic-fraction 
variants from low-quality cancer samples. 
Oncotarget, 8(23), 37032–37040. 
https://doi.org/10.18632/oncotarget.16144 

7. Casolino, R., Paiella, S., Azzolina, D., 
Beer, P. A., Corbo, V., Lorenzoni, G., 
Gregori, D., Golan, T., Braconi, C., 
Froeling, F. E. M., Milella, M., Scarpa, A., 
Pea, A., Malleo, G., Salvia, R., Bassi, C., 
Chang, D. K., & Biankin, A. V. (2021). 
Homologous Recombination Deficiency in 
Pancreatic Cancer: A Systematic Review 
and Prevalence Meta-Analysis. Journal of 
Clinical Oncology, 39(23), 2617–2631. 
https://doi.org/10.1200/JCO.20.03238 

8. Choi, M. H., Mejlænder-Andersen, E., 
Manueldas, S., El Jellas, K., Steine, S. J., 
Tjensvoll, K., Sætran, H. A., Knappskog, 
S., Hoem, D., Nordgård, O., Hovland, R., 
& Molven, A. (2019). Mutation analysis 
by deep sequencing of pancreatic juice 
from patients with pancreatic ductal 
adenocarcinoma. BMC Cancer, 19(1), 11. 
https://doi.org/10.1186/s12885-018-5195-
7 

9. Christoforides, A., Carpten, J. D., Weiss, 
G. J., Demeure, M. J., Von Hoff, D. D., & 
Craig, D. W. (2013). Identification of 
somatic mutations in cancer through 
Bayesian-based analysis of sequenced 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     57 

genome pairs. BMC Genomics, 14(1), 302. 
https://doi.org/10.1186/1471-2164-14-302 

10. Cicenas, J., Kvederaviciute, K., 
Meskinyte, I., Meskinyte-Kausiliene, E., 
Skeberdyte, A., & Cicenas, J. (2017). 
KRAS, TP53, CDKN2A, SMAD4, 
BRCA1, and BRCA2 Mutations in 
Pancreatic Cancer. Cancers, 9(12), 42. 
https://doi.org/10.3390/cancers9050042 

11. Connor, A. A., Denroche, R. E., Jang, G. 
H., Timms, L., Kalimuthu, S. N., Selander, 
I., McPherson, T., Wilson, G. W., Chan-
Seng-Yue, M. A., Borozan, I., Ferretti, V., 
Grant, R. C., Lungu, I. M., Costello, E., 
Greenhalf, W., Palmer, D., Ghaneh, P., 
Neoptolemos, J. P., Buchler, M., … 
Gallinger, S. (2017). Association of 
Distinct Mutational Signatures With 
Correlates of Increased Immune Activity 
in Pancreatic Ductal Adenocarcinoma. 
JAMA Oncology, 3(6), 774. 
https://doi.org/10.1001/jamaoncol.2016.39
16 

12. Cotterchio, M., Lowcock, E., Bider-
Canfield, Z., Lemire, M., Greenwood, C., 
Gallinger, S., & Hudson, T. (2015). 
Association between Variants in Atopy-
Related Immunologic Candidate Genes 
and Pancreatic Cancer Risk. PLOS ONE, 
10(5), e0125273. 
https://doi.org/10.1371/journal.pone.01252
73 

13. Cummings, C., Peters, E., Lacroix, L., 
Andre, F., & Lackner, M. (2016). The 
Role of Next-Generation Sequencing in 
Enabling Personalized Oncology Therapy. 
Clinical and Translational Science, 9(6), 
283–292. https://doi.org/10.1111/cts.12429 

14. Dennaoui, R., Shrestha, H., & Wagner, K.-
U. (2021). Models of pancreatic ductal 
adenocarcinoma. Cancer and Metastasis 
Reviews, 40(3), 803–818. 
https://doi.org/10.1007/s10555-021-
09989-9 

15. Deshpande, A., Lang, W., McDowell, T., 
Sivakumar, S., Zhang, J., Wang, J., San 
Lucas, F. A., Fowler, J., Kadara, H., & 
Scheet, P. (2018). Strategies for 

identification of somatic variants using the 
Ion Torrent deep targeted sequencing 
platform. BMC Bioinformatics, 19(1), 5. 
https://doi.org/10.1186/s12859-017-1991-
3 

16. do Valle, Í. F., Giampieri, E., Simonetti, 
G., Padella, A., Manfrini, M., Ferrari, A., 
Papayannidis, C., Zironi, I., Garonzi, M., 
Bernardi, S., Delledonne, M., Martinelli, 
G., Remondini, D., & Castellani, G. 
(2016). Optimized pipeline of MuTect and 
GATK tools to improve the detection of 
somatic single nucleotide polymorphisms 
in whole-exome sequencing data. BMC 
Bioinformatics, 17(S12), 341. 
https://doi.org/10.1186/s12859-016-1190-
7 

17. Downward, J. (2003). Targeting RAS 
signalling pathways in cancer therapy. 
Nature Reviews Cancer, 3(1), 11–22. 
https://doi.org/10.1038/nrc969 

18. Doyle, A., Kubler, M. M., Harris, A. C., 
López, A., Govindaraj, P., Prins, P., & 
Weinberg, B. A. (2019). The impact of 
CDKN2A mutations on overall survival in 
pancreatic adenocarcinoma. Journal of 
Clinical Oncology, 37(4_suppl), 278–278. 
https://doi.org/10.1200/JCO.2019.37.4_su
ppl.278 

19. Dunn, T., Berry, G., Emig-Agius, D., 
Jiang, Y., Lei, S., Iyer, A., Udar, N., 
Chuang, H.-Y., Hegarty, J., Dickover, M., 
Klotzle, B., Robbins, J., Bibikova, M., 
Peeters, M., & Strömberg, M. (2019). 
Pisces: an accurate and versatile variant 
caller for somatic and germline next-
generation sequencing data. 
Bioinformatics, 35(9), 1579–1581. 
https://doi.org/10.1093/bioinformatics/bty
849 

20. Fang, L. T., Afshar, P. T., Chhibber, A., 
Mohiyuddin, M., Fan, Y., Mu, J. C., 
Gibeling, G., Barr, S., Asadi, N. B., 
Gerstein, M. B., Koboldt, D. C., Wang, 
W., Wong, W. H., & Lam, H. Y. K. 
(2015). An ensemble approach to 
accurately detect somatic mutations using 
SomaticSeq. Genome Biology, 16(1), 197. 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     58 

https://doi.org/10.1186/s13059-015-0758-
2 

21. Finishing the euchromatic sequence of the 
human genome. (2004). Nature, 
431(7011), 931–945. 
https://doi.org/10.1038/nature03001 

22. Fischer, C. G., & Wood, L. D. (2018). 
From somatic mutation to early detection: 
insights from molecular characterization of 
pancreatic cancer precursor lesions. The 
Journal of Pathology, 246(4), 395–404. 
https://doi.org/10.1002/path.5154 

23. Freedman, A. N., Klabunde, C. N., Wiant, 
K., Enewold, L., Gray, S. W., Filipski, K. 
K., Keating, N. L., Leonard, D. G. B., 
Lively, T., McNeel, T. S., Minasian, L., 
Potosky, A. L., Rivera, D. R., Schilsky, R. 
L., Schrag, D., Simonds, N. I., Sineshaw, 
H. M., Struewing, J. P., Willis, G., & de 
Moor, J. S. (2018). Use of Next-
Generation Sequencing Tests to Guide 
Cancer Treatment: Results From a 
Nationally Representative Survey of 
Oncologists in the United States. JCO 
Precision Oncology, 2, 1–13. 
https://doi.org/10.1200/PO.18.00169 

24. Guo, S., Shi, X., Shen, J., Gao, S., Wang, 
H., Shen, S., Pan, Y., Li, B., Xu, X., Shao, 
Z., & Jin, G. (2020). Preoperative 
detection of KRAS G12D mutation in 
ctDNA is a powerful predictor for early 
recurrence of resectable PDAC patients. 
British Journal of Cancer, 122(6), 857–
867. https://doi.org/10.1038/s41416-019-
0704-2 

25. Hansen, N. F., Gartner, J. J., Mei, L., 
Samuels, Y., & Mullikin, J. C. (2013). 
Shimmer: detection of genetic alterations 
in tumors using next-generation sequence 
data. Bioinformatics, 29(12), 1498–1503. 
https://doi.org/10.1093/bioinformatics/btt1
83 

26. Hayashi, H., Kohno, T., Ueno, H., 
Hiraoka, N., Kondo, S., Saito, M., 
Shimada, Y., Ichikawa, H., Kato, M., 
Shibata, T., Morizane, C., Sakamoto, Y., 
Shimada, K., Komatsu, Y., Sakamoto, N., 
& Okusaka, T. (2017). 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, 46(3), 335–340. 
https://doi.org/10.1097/MPA.0000000000
000760 

27. Hentze, J. L., Høgdall, C., Kjær, S. K., 
Blaakær, J., & Høgdall, E. (2017). 
Searching for new biomarkers in ovarian 
cancer patients: Rationale and design of a 
retrospective study under the Mermaid III 
project. Contemporary Clinical Trials 
Communications, 8, 167–174. 
https://doi.org/10.1016/j.conctc.2017.10.0
03 

28. Hlavac, V., Mohelnikova-Duchonova, B., 
Lovecek, M., Ehrmann, J., Brynychova, 
V., Kolarova, K., & Soucek, P. (2020). 
Targeted Sequencing of Pancreatic 
Adenocarcinomas from Patients with 
Metachronous Pulmonary Metastases. 
Genes, 11(12), 1391. 
https://doi.org/10.3390/genes11121391 

29. Hosoda, W., Chianchiano, P., Griffin, J. F., 
Pittman, M. E., Brosens, L. A., Noë, M., 
Yu, J., Shindo, K., Suenaga, M., Rezaee, 
N., Yonescu, R., Ning, Y., Albores-
Saavedra, J., Yoshizawa, N., Harada, K., 
Yoshizawa, A., Hanada, K., Yonehara, S., 
Shimizu, M., … Wood, L. D. (2017). 
Genetic analyses of isolated high-grade 
pancreatic intraepithelial neoplasia (HG-
PanIN) reveal paucity of alterations in 
TP53 and SMAD4. The Journal of 
Pathology, 242(1), 16–23. 
https://doi.org/10.1002/path.4884 

30. Hosoda, W., Sasaki, E., Murakami, Y., 
Yamao, K., Shimizu, Y., & Yatabe, Y. 
(2015). GNAS mutation is a frequent event 
in pancreatic intraductal papillary 
mucinous neoplasms and associated 
adenocarcinomas. Virchows Archiv, 
466(6), 665–674. 
https://doi.org/10.1007/s00428-015-1751-
6 

31. Jain, M., Koren, S., Miga, K. H., Quick, J., 
Rand, A. C., Sasani, T. A., Tyson, J. R., 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     59 

Beggs, A. D., Dilthey, A. T., Fiddes, I. T., 
Malla, S., Marriott, H., Nieto, T., O’Grady, 
J., Olsen, H. E., Pedersen, B. S., Rhie, A., 
Richardson, H., Quinlan, A. R., … Loose, 
M. (2018). Nanopore sequencing and 
assembly of a human genome with ultra-
long reads. Nature Biotechnology, 36(4), 
338–345. https://doi.org/10.1038/nbt.4060 

32. Jones, D., Raine, K. M., Davies, H., 
Tarpey, P. S., Butler, A. P., Teague, J. W., 
Nik‐Zainal, S., & Campbell, P. J. (2016). 
cgpCaVEManWrapper: Simple Execution 
of CaVEMan in Order to Detect Somatic 
Single Nucleotide Variants in NGS Data. 
Current Protocols in Bioinformatics, 
56(1). https://doi.org/10.1002/cpbi.20 

33. Jones, S., Anagnostou, V., Lytle, K., 
Parpart-Li, S., Nesselbush, M., Riley, D. 
R., Shukla, M., Chesnick, B., Kadan, M., 
Papp, E., Galens, K. G., Murphy, D., 
Zhang, T., Kann, L., Sausen, M., Angiuoli, 
S. V., Diaz, L. A., & Velculescu, V. E. 
(2015). Personalized genomic analyses for 
cancer mutation discovery and 
interpretation. Science Translational 
Medicine, 7(283). 
https://doi.org/10.1126/scitranslmed.aaa71
61 

34. Kalatskaya, I., Trinh, Q. M., Spears, M., 
McPherson, J. D., Bartlett, J. M. S., & 
Stein, L. (2017). ISOWN: accurate somatic 
mutation identification in the absence of 
normal tissue controls. Genome Medicine, 
9(1), 59. https://doi.org/10.1186/s13073-
017-0446-9 

35. Kamps, R., Brandão, R., Bosch, B., 
Paulussen, A., Xanthoulea, S., Blok, M., & 
Romano, A. (2017). Next-Generation 
Sequencing in Oncology: Genetic 
Diagnosis, Risk Prediction and Cancer 
Classification. International Journal of 
Molecular Sciences, 18(2), 308. 
https://doi.org/10.3390/ijms18020308 

36. Kassahn, K. S., Holmes, O., Nones, K., 
Patch, A.-M., Miller, D. K., Christ, A. N., 
Harliwong, I., Bruxner, T. J., Xu, Q., 
Anderson, M., Wood, S., Leonard, C., 
Taylor, D., Newell, F., Song, S., Idrisoglu, 

S., Nourse, C., Nourbakhsh, E., Manning, 
S., … Pearson, J. V. (2013). Somatic Point 
Mutation Calling in Low Cellularity 
Tumors. PLoS ONE, 8(11), e74380. 
https://doi.org/10.1371/journal.pone.00743
80 

37. Kim, S., Jeong, K., Bhutani, K., Lee, J., 
Patel, A., Scott, E., Nam, H., Lee, H., 
Gleeson, J. G., & Bafna, V. (2013). 
Virmid: accurate detection of somatic 
mutations with sample impurity inference. 
Genome Biology, 14(8), R90. 
https://doi.org/10.1186/gb-2013-14-8-r90 

38. Koboldt, D. C., Zhang, Q., Larson, D. E., 
Shen, D., McLellan, M. D., Lin, L., Miller, 
C. A., Mardis, E. R., Ding, L., & Wilson, 
R. K. (2012). VarScan 2: Somatic 
mutation and copy number alteration 
discovery in cancer by exome sequencing. 
Genome Research, 22(3), 568–576. 
https://doi.org/10.1101/gr.129684.111 

39. Kyrochristos, I., Glantzounis, G., Ziogas, 
D., Gizas, I., Schizas, D., Lykoudis, E., 
Felekouras, E., Machairas, A., Katsios, C., 
Liakakos, T., Cho, W., & Roukos, D. 
(2017). From Clinical Standards to 
Translating Next-Generation Sequencing 
Research into Patient Care Improvement 
for Hepatobiliary and Pancreatic Cancers. 
International Journal of Molecular 
Sciences, 18(1), 180. 
https://doi.org/10.3390/ijms18010180 

40. Lai, Z., Markovets, A., Ahdesmaki, M., 
Chapman, B., Hofmann, O., McEwen, R., 
Johnson, J., Dougherty, B., Barrett, J. C., 
& Dry, J. R. (2016). VarDict: a novel and 
versatile variant caller for next-generation 
sequencing in cancer research. Nucleic 
Acids Research, 44(11), e108–e108. 
https://doi.org/10.1093/nar/gkw227 

41. Larson, D. E., Harris, C. C., Chen, K., 
Koboldt, D. C., Abbott, T. E., Dooling, D. 
J., Ley, T. J., Mardis, E. R., Wilson, R. K., 
& Ding, L. (2012). SomaticSniper: 
identification of somatic point mutations in 
whole genome sequencing data. 
Bioinformatics, 28(3), 311–317. 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     60 

https://doi.org/10.1093/bioinformatics/btr6
65 

42. Li, H. (2011). A statistical framework for 
SNP calling, mutation discovery, 
association mapping and population 
genetical parameter estimation from 
sequencing data. Bioinformatics, 27(21), 
2987–2993. 
https://doi.org/10.1093/bioinformatics/btr5
09 

43. Liu, L., Li, Y., Li, S., Hu, N., He, Y., 
Pong, R., Lin, D., Lu, L., & Law, M. 
(2012). Comparison of Next-Generation 
Sequencing Systems. Journal of 
Biomedicine and Biotechnology, 2012, 1–
11. https://doi.org/10.1155/2012/251364 

44. Liu, Y., Deguchi, Y., Wei, D., Liu, F., 
Moussalli, M. J., Deguchi, E., Li, D., 
Wang, H., Valentin, L. A., Colby, J. K., 
Wang, J., Zheng, X., Ying, H., Gagea, M., 
Ji, B., Shi, J., Yao, J. C., Zuo, X., & 
Shureiqi, I. (2022). Rapid acceleration of 
KRAS-mutant pancreatic carcinogenesis 
via remodeling of tumor immune 
microenvironment by PPARδ. Nature 
Communications, 13(1), 2665. 
https://doi.org/10.1038/s41467-022-
30392-7 

45. Liu, Y., Loewer, M., Aluru, S., & Schmidt, 
B. (2016). SNVSniffer: an integrated caller 
for germline and somatic single-nucleotide 
and indel mutations. BMC Systems 
Biology, 10(S2), 47. 
https://doi.org/10.1186/s12918-016-0300-
5 

46. Lowery, M. A., Jordan, E. J., Basturk, O., 
Ptashkin, R. N., Zehir, A., Berger, M. F., 
Leach, T., Herbst, B., Askan, G., Maynard, 
H., Glassman, D., Covington, C., Schultz, 
N., Abou-Alfa, G. K., Harding, J. J., 
Klimstra, D. S., Hechtman, J. F., Hyman, 
D. M., Allen, P. J., … O’Reilly, E. M. 
(2017). Real-Time Genomic Profiling of 
Pancreatic Ductal Adenocarcinoma: 
Potential Actionability and Correlation 
with Clinical Phenotype. Clinical Cancer 
Research, 23(20), 6094–6100. 

https://doi.org/10.1158/1078-0432.CCR-
17-0899 

47. Lukas, J., Parry, D., Aagaard, L., Mann, D. 
J., Bartkova, J., Strauss, M., Peters, G., & 
Bartek, J. (1995). Retinoblastoma-protein-
dependent cell-cycle inhibition by the 
tumour suppressor p16. Nature, 
375(6531), 503–506. 
https://doi.org/10.1038/375503a0 

48. Luo, C., Tsementzi, D., Kyrpides, N., 
Read, T., & Konstantinidis, K. T. (2012). 
Direct Comparisons of Illumina vs. Roche 
454 Sequencing Technologies on the Same 
Microbial Community DNA Sample. PLoS 
ONE, 7(2), e30087. 
https://doi.org/10.1371/journal.pone.00300
87 

49. Malgerud, L., Lindberg, J., Wirta, V., 
Gustafsson-Liljefors, M., Karimi, M., 
Moro, C. F., Stecker, K., Picker, A., 
Huelsewig, C., Stein, M., Bohnert, R., Del 
Chiaro, M., Haas, S. L., Heuchel, R. L., 
Permert, J., Maeurer, M. J., Brock, S., 
Verbeke, C. S., Engstrand, L., … Löhr, J.-
M. (2017). Bioinformatory-assisted 
analysis of next-generation sequencing 
data for precision medicine in pancreatic 
cancer. Molecular Oncology, 11(10), 
1413–1429. https://doi.org/10.1002/1878-
0261.12108 

50. Malvi, D., Vasuri, F., Maloberti, T., Sanza, 
V., De Leo, A., Fornelli, A., Masetti, M., 
Benini, C., Lombardi, R., Offi, M. F., Di 
Marco, M., Ravaioli, M., Fiorino, S., 
Franceschi, E., Brandes, A. A., Jovine, E., 
D’Errico, A., Tallini, G., & de Biase, D. 
(2022). Molecular Characterization of 
Pancreatic Ductal Adenocarcinoma Using 
a Next-Generation Sequencing Custom-
Designed Multigene Panel. Diagnostics, 
12(5), 1058. 
https://doi.org/10.3390/diagnostics120510
58 

51. Margulies, M., Egholm, M., Altman, W. 
E., Attiya, S., Bader, J. S., Bemben, L. A., 
Berka, J., Braverman, M. S., Chen, Y.-J., 
Chen, Z., Dewell, S. B., Du, L., Fierro, J. 
M., Gomes, X. V., Godwin, B. C., He, W., 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     61 

Helgesen, S., Ho, C. H., Irzyk, G. P., … 
Rothberg, J. M. (2005). Genome 
sequencing in microfabricated high-
density picolitre reactors. Nature, 
437(7057), 376–380. 
https://doi.org/10.1038/nature03959 

52. Maxam, A. M., & Gilbert, W. (1977). A 
new method for sequencing DNA. 
Proceedings of the National Academy of 
Sciences, 74(2), 560–564. 
https://doi.org/10.1073/pnas.74.2.560 

53. Metzker, M. L. (2010). Sequencing 
technologies — the next generation. 
Nature Reviews Genetics, 11(1), 31–46. 
https://doi.org/10.1038/nrg2626 

54. Mohan, S., Ayub, M., Rothwell, D. G., 
Gulati, S., Kilerci, B., Hollebecque, A., 
Sun Leong, H., Smith, N. K., Sahoo, S., 
Descamps, T., Zhou, C., Hubner, R. A., 
McNamara, M. G., Lamarca, A., Valle, J. 
W., Dive, C., & Brady, G. (2019). 
Analysis of circulating cell-free DNA 
identifies KRAS copy number gain and 
mutation as a novel prognostic marker in 
Pancreatic cancer. Scientific Reports, 9(1), 
11610. https://doi.org/10.1038/s41598-
019-47489-7 

55. Müller, S., Raulefs, S., Bruns, P., Afonso-
Grunz, F., Plötner, A., Thermann, R., 
Jäger, C., Schlitter, A. M., Kong, B., 
Regel, I., Roth, W. K., Rotter, B., 
Hoffmeier, K., Kahl, G., Koch, I., Theis, F. 
J., Kleeff, J., Winter, P., & Michalski, C. 
W. (2015). Next-generation sequencing 
reveals novel differentially regulated 
mRNAs, lncRNAs, miRNAs, sdRNAs and 
a piRNA in pancreatic cancer. Molecular 
Cancer, 14(1), 94. 
https://doi.org/10.1186/s12943-015-0358-
5 

56. Notta, F., Chan-Seng-Yue, M., Lemire, 
M., Li, Y., Wilson, G. W., Connor, A. A., 
Denroche, R. E., Liang, S.-B., Brown, A. 
M. K., Kim, J. C., Wang, T., Simpson, J. 
T., Beck, T., Borgida, A., Buchner, N., 
Chadwick, D., Hafezi-Bakhtiari, S., Dick, 
J. E., Heisler, L., … Gallinger, S. (2016). 
A renewed model of pancreatic cancer 

evolution based on genomic rearrangement 
patterns. Nature, 538(7625), 378–382. 
https://doi.org/10.1038/nature19823 

57. Radenbaugh, A. J., Ma, S., Ewing, A., 
Stuart, J. M., Collisson, E. A., Zhu, J., & 
Haussler, D. (2014). RADIA: RNA and 
DNA Integrated Analysis for Somatic 
Mutation Detection. PLoS ONE, 9(11), 
e111516. 
https://doi.org/10.1371/journal.pone.01115
16 

58. Rimmer, A., Phan, H., Mathieson, I., Iqbal, 
Z., Twigg, S. R. F., Wilkie, A. O. M., 
McVean, G., & Lunter, G. (2014). 
Integrating mapping-, assembly- and 
haplotype-based approaches for calling 
variants in clinical sequencing 
applications. Nature Genetics, 46(8), 912–
918. https://doi.org/10.1038/ng.3036 

59. Saha, G., Singh, R., Mandal, A., Das, S., 
Chattopadhyay, E., Panja, P., Roy, P., 
DeSarkar, N., Gulati, S., Ghatak, S., 
Ghosh, S., Banerjee, S., Roy, B., Ghosh, 
S., Chaudhuri, D., Arora, N., Biswas, N. 
K., & Sikdar, N. (2020). A novel hotspot 
and rare somatic mutation p.A138V, at 
TP53 is associated with poor survival of 
pancreatic ductal and periampullary 
adenocarcinoma patients. Molecular 
Medicine, 26(1), 59. 
https://doi.org/10.1186/s10020-020-
00183-1 

60. Sanger, F., & Coulson, A. R. (1975). A 
rapid method for determining sequences in 
DNA by primed synthesis with DNA 
polymerase. Journal of Molecular Biology, 
94(3), 441–448. 
https://doi.org/10.1016/0022-
2836(75)90213-2 

61. Saunders, C. T., Wong, W. S. W., Swamy, 
S., Becq, J., Murray, L. J., & Cheetham, R. 
K. (2012). Strelka: accurate somatic small-
variant calling from sequenced tumor–
normal sample pairs. Bioinformatics, 
28(14), 1811–1817. 
https://doi.org/10.1093/bioinformatics/bts2
71 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     62 

62. Schadt, E. E., Turner, S., & Kasarskis, A. 
(2010). A window into third-generation 
sequencing. Human Molecular Genetics, 
19(R2), R227–R240. 
https://doi.org/10.1093/hmg/ddq416 

63. Sengupta, S., Gulukota, K., Zhu, Y., Ober, 
C., Naughton, K., Wentworth-Sheilds, W., 
& Ji, Y. (2016). Ultra-fast local-haplotype 
variant calling using paired-end DNA-
sequencing data reveals somatic 
mosaicism in tumor and normal blood 
samples. Nucleic Acids Research, 44(3), 
e25–e25. 
https://doi.org/10.1093/nar/gkv953 

64. Shen, G. Q., Aleassa, E. M., Walsh, R. M., 
& Morris-Stiff, G. (2019). Next-
Generation Sequencing in Pancreatic 
Cancer. Pancreas, 48(6), 739–748. 
https://doi.org/10.1097/MPA.0000000000
001324 

65. Shen, G.-Q., Aleassa, E. M., Walsh, R. M., 
& Morris-Stiff, G. (2019). Next-
Generation Sequencing in Pancreatic 
Cancer. Pancreas, 48(6), 739–748. 
https://doi.org/10.1097/MPA.0000000000
001324 

66. Shindo, K., Yu, J., Suenaga, M., 
Fesharakizadeh, S., Cho, C., Macgregor-
Das, A., Siddiqui, A., Witmer, P. D., 
Tamura, K., Song, T. J., Navarro Almario, 
J. A., Brant, A., Borges, M., Ford, M., 
Barkley, T., He, J., Weiss, M. J., 
Wolfgang, C. L., Roberts, N. J., … 
Goggins, M. (2017). Deleterious Germline 
Mutations in Patients With Apparently 
Sporadic Pancreatic Adenocarcinoma. 
Journal of Clinical Oncology, 35(30), 
3382–3390. 
https://doi.org/10.1200/JCO.2017.72.3502 

67. Sibinga Mulder, B. G., Mieog, J. S. D., 
Handgraaf, H. J. M., Farina Sarasqueta, A., 
Vasen, H. F. A., Potjer, T. P., 
Swijnenburg, R.-J., Luelmo, S. A. C., 
Feshtali, S., Inderson, A., Vahrmeijer, A. 
L., Bonsing, B. A., van Wezel, T., & 
Morreau, H. (2017). Targeted next-
generation sequencing of FNA-derived 
DNA in pancreatic cancer. Journal of 

Clinical Pathology, 70(2), 174–178. 
https://doi.org/10.1136/jclinpath-2016-
203928 

68. Siegel, R. L., Miller, K. D., Fuchs, H. E., 
& Jemal, A. (2021). Cancer Statistics, 
2021. CA: A Cancer Journal for 
Clinicians, 71(1), 7–33. 
https://doi.org/10.3322/caac.21654 

69. Smith, K. S., Yadav, V. K., Pei, S., 
Pollyea, D. A., Jordan, C. T., & De, S. 
(2016). SomVarIUS: somatic variant 
identification from unpaired tissue 
samples. Bioinformatics, 32(6), 808–813. 
https://doi.org/10.1093/bioinformatics/btv
685 

70. Spinella, J.-F., Mehanna, P., Vidal, R., 
Saillour, V., Cassart, P., Richer, C., 
Ouimet, M., Healy, J., & Sinnett, D. 
(2016). SNooPer: a machine learning-
based method for somatic variant 
identification from low-pass next-
generation sequencing. BMC Genomics, 
17(1), 912. 
https://doi.org/10.1186/s12864-016-3281-
2 

71. Takano, S., Fukasawa, M., Kadokura, M., 
Shindo, H., Takahashi, E., Hirose, S., 
Maekawa, S., Mochizuki, K., Kawaida, H., 
Itakura, J., Katoh, R., Fujii, H., Sato, T., & 
Enomoto, N. (2017). Next-Generation 
Sequencing Revealed TP53 Mutations to 
Be Malignant Marker for Intraductal 
Papillary Mucinous Neoplasms That Could 
Be Detected Using Pancreatic Juice. 
Pancreas, 46(10), 1281–1287. 
https://doi.org/10.1097/MPA.0000000000
000931 

72. Thomas, R. K., Baker, A. C., DeBiasi, R. 
M., Winckler, W., LaFramboise, T., Lin, 
W. M., Wang, M., Feng, W., Zander, T., 
MacConaill, L. E., Lee, J. C., Nicoletti, R., 
Hatton, C., Goyette, M., Girard, L., 
Majmudar, K., Ziaugra, L., Wong, K.-K., 
Gabriel, S., … Garraway, L. A. (2007). 
High-throughput oncogene mutation 
profiling in human cancer. Nature 
Genetics, 39(3), 347–351. 
https://doi.org/10.1038/ng1975 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     63 

73. Usuyama, N., Shiraishi, Y., Sato, Y., 
Kume, H., Homma, Y., Ogawa, S., 
Miyano, S., & Imoto, S. (2014). HapMuC: 
somatic mutation calling using 
heterozygous germ line variants near 
candidate mutations. Bioinformatics, 
30(23), 3302–3309. 
https://doi.org/10.1093/bioinformatics/btu
537 

74. van Dijk, E. L., Jaszczyszyn, Y., Naquin, 
D., & Thermes, C. (2018). The Third 
Revolution in Sequencing Technology. 
Trends in Genetics, 34(9), 666–681. 
https://doi.org/10.1016/j.tig.2018.05.008 

75. Vijayvergia, N., & Cohen, S. J. (2016). 
Personalized medicine in sporadic 
pancreatic cancer without homologous 
recombination-deficiency: are we any 
closer? Journal of Gastrointestinal 
Oncology, 7(5), 727–737. 
https://doi.org/10.21037/jgo.2016.08.01 

76. Vila-Navarro, E., Vila-Casadesús, M., 
Moreira, L., Duran-Sanchon, S., Sinha, R., 
Ginés, À., Fernández-Esparrach, G., 
Miquel, R., Cuatrecasas, M., Castells, A., 
Lozano, J. J., & Gironella, M. (2017). 
MicroRNAs for Detection of Pancreatic 
Neoplasia. Annals of Surgery, 265(6), 
1226–1234. 
https://doi.org/10.1097/SLA.00000000000
01809 

77. Waddell, N., Pajic, M., Patch, A.-M., 
Chang, D. K., Kassahn, K. S., Bailey, P., 
Johns, A. L., Miller, D., Nones, K., Quek, 
K., Quinn, M. C. J., Robertson, A. J., 
Fadlullah, M. Z. H., Bruxner, T. J. C., 
Christ, A. N., Harliwong, I., Idrisoglu, S., 
Manning, S., Nourse, C., … Grimmond, S. 
M. (2015). Whole genomes redefine the 
mutational landscape of pancreatic cancer. 
Nature, 518(7540), 495–501. 
https://doi.org/10.1038/nature14169 

78. Wang, W., Wang, P., Xu, F., Luo, R., 
Wong, M. P., Lam, T.-W., & Wang, J. 
(2014). FaSD-somatic: a fast and accurate 
somatic SNV detection algorithm for 
cancer genome sequencing data. 
Bioinformatics, 30(17), 2498–2500. 

https://doi.org/10.1093/bioinformatics/btu
338 

79. Wilm, A., Aw, P. P. K., Bertrand, D., Yeo, 
G. H. T., Ong, S. H., Wong, C. H., Khor, 
C. C., Petric, R., Hibberd, M. L., & 
Nagarajan, N. (2012). LoFreq: a sequence-
quality aware, ultra-sensitive variant caller 
for uncovering cell-population 
heterogeneity from high-throughput 
sequencing datasets. Nucleic Acids 
Research, 40(22), 11189–11201. 
https://doi.org/10.1093/nar/gks918 

80. Witkiewicz, A. K., McMillan, E. A., 
Balaji, U., Baek, G., Lin, W.-C., Mansour, 
J., Mollaee, M., Wagner, K.-U., Koduru, 
P., Yopp, A., Choti, M. A., Yeo, C. J., 
McCue, P., White, M. A., & Knudsen, E. 
S. (2015). Whole-exome sequencing of 
pancreatic cancer defines genetic diversity 
and therapeutic targets. Nature 
Communications, 6(1), 6744. 
https://doi.org/10.1038/ncomms7744 

81. Xu, M., Fujita, D., & Hanagata, N. (2009). 
Perspectives and Challenges of Emerging 
Single-Molecule DNA Sequencing 
Technologies. Small, 5(23), 2638–2649. 
https://doi.org/10.1002/smll.200900976 

82. Yokose, T., Kitago, M., Matsuda, S., 
Sasaki, Y., Masugi, Y., Nakamura, Y., 
Shinoda, M., Yagi, H., Abe, Y., Oshima, 
G., Hori, S., Yusuke, F., Nakano, Y., 
Endo, Y., Abe, K., Tokino, T., & 
Kitagawa, Y. (2020). Combination of 
KRAS and SMAD4 mutations in 
formalin‐fixed paraffin‐embedded tissues 
as a biomarker for pancreatic cancer. 
Cancer Science, 111(6), 2174–2182. 
https://doi.org/10.1111/cas.14425 

83. Zhang, J., Baran, J., Cros, A., Guberman, 
J. M., Haider, S., Hsu, J., Liang, Y., 
Rivkin, E., Wang, J., Whitty, B., Wong-
Erasmus, M., Yao, L., & Kasprzyk, A. 
(2011). International Cancer Genome 
Consortium Data Portal--a one-stop shop 
for cancer genomics data. Database, 
2011(0), bar026–bar026. 
https://doi.org/10.1093/database/bar026 



Advances in Next-generation Sequencing Technology: A powerful tool for early detection of somatic mutations in Pancreatic Cancer 
 

Shakti Sahi, et al.                                                                                                                                     64 

84. Zhang, X., Mao, T., Zhang, B., Xu, H., 
Cui, J., Jiao, F., Chen, D., Wang, Y., Hu, 
J., Xia, Q., Ge, W., Li, S., Yue, M., Ma, J., 
Yao, J., Wang, Y., Wang, Y., Shentu, D., 
Zhang, X., … Wang, L. (2022). 
Characterization of the genomic landscape 
in large-scale Chinese patients with 
pancreatic cancer. EBioMedicine, 77, 
103897. 
https://doi.org/10.1016/j.ebiom.2022.1038
97 

85. Zhu, X., Peng, S., Liu, S., Cui, Y., Gu, X., 
Gao, M., Fang, L., & Fang, X. (2015). A 
Massively Parallel Computational Method 
of Reading Index Files for SOAPsnv. 
Interdisciplinary Sciences: Computational 
Life Sciences, 7(4), 397–404. 
https://doi.org/10.1007/s12539-015-0123-
x 

 
 
 


