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Abstract. Background: Gallbladder carcinoma (GBC) is a
subtype of biliary tract malignancy with poor prognosis and high
fatality rate. The present study was designed to uncover somatic
and rare germline mutations in GBC to reveal the disease
biology and understand the clinical importance of mutation
profile in terms of prognostics and actionability. Materials and
Methods: We performed ultra-deep sequencing across 409
cancer-related genes in 11 GBC patients of North-Indian
descent. NGS data analysis was performed using lon Reporter
and several other publicly available resources and databases.
Results: We identified 184 nonsynonymous somatic and 60 rare
germline mutations in bona-fide cancer drivers such as SMAD
family member 4 (SMAD4), lysine methyltransferase 2C
(KMT2C), and tumor protein p53 (TP53). All the early-onset
cases or hypermutated cases harbored mutation(s) in critical
DNA-repair genes. Additionally, we detected 9 novel genes with
high-impact somatic mutations in GBC. Conclusion: Our results
indicated the significance of inherited rare germline mutations
in DNA-repair pathway genes in addition to acquired somatic
mutations in GB carcinogenesis.

Gallbladder carcinoma (GBC) is a type of biliary tract cancer,
characterized by rapid progression and high mortality.
Significant risk factors for GBC include presence of
gallstones, chronic inflammation, anomalous pancreatobiliary
ductal junctions, advancing age and female gender (1).
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Incidence and prevalence of GBC exhibit remarkable ethnic
and geographical variability. This variability has been
attributed to genetic predisposition and lifestyle habits or
environmental exposure. The high incidence of GBC in the
Indo-Gangetic belt and its poorly characterized molecular
pathology have resulted in its reputation as an enigmatic
Indian carcinoma (2). Until 2010, the genomic studies of GBC
were limited to scanning a few common mutations in well-
known cancer-associated genes such as tumor protein p53
(TP53) and KRAS proto-oncogene, GTPase (KRAS) (3-5).
Advancements in massively parallel sequencing technology,
or next-generation sequencing (NGS), have propelled the area
of cancer genomics and have greatly improved the
understanding of tumorigenesis and tumor evolution linked
with disease progression (6, 7). Application of NGS provides
a means of high-throughput identification of cancer drivers
and other genes that may be clinically relevant and or
actionable for precision medicine (6). During the past decade,
several large-scale cancer mutational landscape studies have
contributed to the understanding of the existence of clonal
variability within and across tumors in various common
cancer types (8). However, GBC remains one of the
understudied cancer types, with only a few studies on a
limited number of samples (9-11). These studies and previous
candidate gene-sequencing investigations indicate that GBC
tumors from patients from different geographic regions may
have different genetic architectures, suggesting the need for
mutation exploration using a high-throughput NGS approach
from varied populations (5, 12).

The current treatment for patients with GBC is operative
resection. However, resection is limited to cases that present
at an early stage. GBCs which have progressed are largely
incurable and the treatment mostly relies on focal radiation
therapy and/or generic chemotherapy (12). The overall
survival rate for patients with advanced GBC (stage 3 and 4)
is very poor, and fewer than 10% survive for 5 years post
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diagnosis (13). Meanwhile, molecular and translational
research studies of other extensively studied cancers such as
breast, lung, melanoma, and leukemia, have shown that one
of the most prominent reasons for generic treatment failure
is the existence of molecular stratification across different
tumors (8). However, due to limited somatic and germline
mutational investigation in GBC, there is a gap in our
understanding of molecular pathobiology of these tumors.
Thus, GBC requires deep cancer genome excavation of
signature mutations, especially cancer-related genomic
regions, in order to understand genetic molecular
heterogeneity (activation or inactivation of genes due to
various mutations) and to define targetable molecular nodes
of the tumor. Further sequencing of more and more tumors
is of utmost importance in this field.

The present study was designed to uncover the spectrum
of somatic as well as rare germline mutations and to
understand disease biology and clinical importance of
mutation profile in terms of prognostics and actionability of
the detected mutation profile.

Materials and Methods

We recruited GBC cases only from the Indo-Gangetic region of
northern-India (one of the hot-spots of GBC incidence) in order to
study a cohort with similar lifestyle habits and exposures, and to
reduce ethnicity-associated stratification across the samples. We
then explored mutational profile of primary GB carcinomas through
massively parallel sequencing with the AmpliSeq comprehensive
cancer panel. This gene panel targets the exons of 409 oncogenes
and tumor suppressor genes that are frequently mutated in various
cancer types. It has been designed to simultaneously investigate the
coding DNA sequences across multiple gene families that have been
implicated in other cancer types.

Tissue selection and DNA extraction. The study was carried out in
accordance with relevant guidelines and regulations, following
approval by the ethical committee (code: 2012-169-EMP-66) of
Sanjay Gandhi Post Graduate Institute of Medical Sciences
(SGPGIMS) Lucknow, India. The informed consent was obtained
from all the patients to be included in the study. Hematoxylin and
eosin stained tissue sections of formalin-fixed paraffin-embedded
(FFPE) or fresh tumor samples were reviewed by two pathologists.
The tumor area was selected and marked. Only specimens with a
minimum of 90% tumor content were selected for this study. Areas
with a high degree of necrosis and intra-tumoral fibrosis were
excluded from the study. Unstained tissue sections (5 um-thick)
were cut and deparaffinized and tumor tissue specimen was scarped
for DNA extraction. Normal DNA was obtained from healthy tissue
surrounding tumors or blood samples. Blood DNA was extracted by
Qiagen blood extraction kit (Qiagen, Hilden, Germany). DNA was
extracted using QIAamp DNA FFPE Tissue Kit (Qiagen). The Qubit
DNA HS assay kit was used to quantify purified DNA.

Library preparation for lon Proton sequencing. Library preparation

for the comprehensive cancer panel was performed following the
Ton Torrent Ampliseq Comprehensive Cancer Panel (Thermo Fisher
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Scientific, MA, USA) as per the manufacturer’s instructions.
Sample barcoding was accomplished using Ion Xpress Barcode
Adapter 1-96 kit (Thermo Fisher Scientific). The library prepared
in each pool was quantified using a 2100 Bioanalyzer System
(Agilent Technologies, South Clara, CA, USA). To clonally
amplify the 409-gene panel DNA library on Ion Spheres (Thermo
Fisher Scientific), emulsion polymerase chain reaction (PCR) was
performed using Ion PI Template OT2 kit v2 and Ion One Touch 2
system (Thermo Fisher Scientific) as per the manufacturer’s
instructions.

Sequencing data analysis using lon Proton. ldentification of
sequence variants was performed using Ion Reporter Software
Version 4.6 (Thermo Fisher Scientific). Human genome build 19
(hg19 or GRCh37) was used as the reference for alignment of the
sequencing reads. After alignment, variant calling was performed
using AmpliSeq CCP tumor-normal pair pipeline. Somatic single
nucleotide variants (SNVs) having functional effect (frameshift
insertion, stoploss, frameshift deletion, missense, frameshift block
substitution, nonsense) with filtered coverage =50 reads and
alternate allele reads count =10 were used as thresholds for filtering.
Considering the risk of deamination-mediated genomic alterations,
we removed the variants having alternative allelic frequency <0.05
and alternative allele supporting reads <50 in C>T and G>A
mutations from the FFPE samples (presence of low frequency
alternative allele in normal (germline) sample considered strongest
red flag for removal as well).

For filtering germline variants, we utilized variant calls from
blood and non-tumor control samples. We applied the above-
mentioned filters in addition to population variant allelic frequency
(<0.001%) from the ExAC database (http://exac.broadinstitute.org/)
and SIFT (http://sift.jcvi.org/) and PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/) score (0.0<SIFT<0.05 OR 0.85<PolyPhen<1.0)
(14-16). The read alignment and sequence variants were confirmed
against the reference genome utilizing the Integrative Genomics
Viewer (IGV) (17). Strand biases and sequencing errors were also
considered to detect reliable sequence variants.

Deleteriousness assessment of variants. There are several tools to
predict the deleterious impact of variant in different diseases. Many
of them are enlisted by the American College of Medical Genetics
and Genomics (ACMG) in its recommendations for pathogenicity
detection documents (18). All the predictive tools have issues of low
specificity and prediction of several false-positives. Even the larger
consortiums such as the International Cancer Genome Consortium
(ICGC) and the Cancer Genome Atlas (TCGA) follow deleterious
calls following the outcome of predictors. The ACMG has stringent
recommendations for calling a variant clinically “pathogenic” or
“likely pathogenic”. In this study, deleteriousness of a mutation or
variant was assessed based on sequential decision through several
definitive and predictive analyses. Weight was given to the
availability of references in deleterious mutation information bases
such as HGMD (www.biobase-international.com/hgmd), and
ClinVar annotations (19, 20). General population frequency
estimates of the mutations were referred from ExAC and 1000
genome database (21). We assessed the variants for their truncating
amino acid product and thus loss or alteration of functional domains
which makes them candidates for deleterious variant classification.
Assessment of missense mutations was achieved through several
stepwise predictive steps. Initial screens for relatively rare variants
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Table 1. Details of the gallbladder carcinoma cases sequenced for the
study.

Sample Tumor Control Age, Gender Stage
name source years

S1 FFPE Blood 62 Male 1A
S2 FFPE Blood 55 Female 1B
S3 FFPE FFPE 62 Female 1B
S4 FFPE FFPE 54 Male 1IB
S5 FFPE FFPE 40 Female 1IB
S6 FFPE FFPE 46 Female 1IB
S7 FFPE FFPE 62 Female 1B
S8 Fresh Blood 38 Female 1B
S9 Fresh Blood 80 Female 11B
S10 Fresh Blood 40 Female 1A
S11 Fresh Blood 35 Female 1A

were carried out through PolyPhen-2 and SIFT recommended cut
offs. Using Panther (http://www.pantherdb.org/pathway/) and
MutPred (http://mutpred.mutdb.org/), we predicted the possible
impact of a SNV on some of the 3D structural features of the
protein and tried to predict potential candidates of deleterious
mutations and classified them as “likely deleterious” (22, 23).

Results

Characteristic profile of the study subjects. After obtaining
written informed consent, blood, adjacent non-cancerous and
tumor tissues were collected from 11 patients with GBC who
underwent a comprehensive staging and curative resection at
SGPGIMS, Lucknow, India. Data on demography, risk
factors, clinical, radiological and histopathological features,
and disease status at follow-up were collected. The
characteristics of patients with GBC included in this study
are listed in Table I.

Targeted deep sequencing. We performed ultra-deep
sequencing of 409 cancer related protein coding genes in 11
patients with GBC including tumor tissues (seven FFPE
preserved and four fresh frozen) and the respective paired-
normal or non-neoplastic tissues or blood (Table I). The
extracted DNA from tumor tissues and normal samples were
used to prepare an amplicon-based targeted library (Ion
Torrent Ampliseq Comprehensive Cancer Panel). The Ion
proton sequencing yielded sequencing depth ~1365X on
average (range, 582X- 2154X) (Table II). Somatic variants
were identified by comparing paired normal and tumor
tissues; variants calls were performed on Ion Reporter by
launching AmpliSeq CCP tumor-normal pair variant analysis
pipeline. Confident variant calls were made using cascades
of Ion Reporter filters.

Table II. Read coverage statistics.

Sample Mapped reads On-target (%) Mean-depth
SIT; S1C 30,583,827; 31,631,168  98.72; 98.52 1861; 1929
S2T; S2C 23,958,744; 25,061,701  98.17; 99.36 1449; 1582
S3T; S3C 21,780,463; 19,303548  98.52; 97.52 1360; 1166
S4T; S4C 13,423,734; 9,550,125 99.05;99.26  819.1;591.5
S5T; S5C 20,102,898; 12,904,793 98.8;97.25 1263; 776.1
S6T; S6C 35,730,351; 19,507,501  98.73;97.36  2154; 1125
S7T; S7C 27,986,063; 10,292,813  98.79;96.32  1628; 582.3
S8T; S8C 28,426,384; 26,715,180  99.12; 99.06 1815; 1701
S9T; S9C 14,827,122; 24,247,175  99.18;99.23  953.6; 1557
S10T; S10C  20,112,570; 28,728,002  99.35; 99.33 1300; 1845
S11T; S11C  18,810,547; 21,033,574  99.32; 99.36 1211; 1351

We identified 184 somatic point mutations in cancer-
related genes (172 unique mutation loci) after quality
assessment. Among these 184 somatic SNVs, 180 were
missense, three nonsense and one splice site/regulatory
mutations. Functional annotations of genetic variants from
public databases such as COSMIC, and dbSNP were provided
by the Ion Reporter data analysis workflow (24).We removed
two samples (samples S6 and S7) from downstream analysis
for uneven coverage issues, finally reporting 182 confident
high-quality nonsynonymous somatic mutations in 170
unique loci (Figures 1 and 2); 126 transitions (C>T=48,
T>C=23, G>A=38, A>G=17) and 56 transversions (A>C=6,
C>A=12, A>T=6, T>A=3, G>T=7, T>G=7, G>C=6, C>G=9).
C>T/G>A substitutions followed by T>C/ A>G represented
the dominant somatic transition substitution for GBCs; we
observed a higher proportion of transition (69.23%) compared
to transversion (30.77%) events in the enriched targeted
region of sequencing (after deamination filter).

Somatic mutation spectra across samples. Mutation load
and spectrum of mutations across samples varied
considerably, representing intertumoral heterogeneity in
GBCs. Although most of the FFPE samples suffered overall
low detectability of mutations (four per sample), sample S5
was an exception (Figures 1 and 2). Fresh samples (S8-S11)
had much better and even coverage across their normal and
diseased tissues and had on average higher numbers of
detected mutations (average 27 mutations per sample).
Although sample 5 had DNA of FFPE origin, it was
observed to have a higher number of identified mutations
(n=58) and thus qualified as a representative- of hyper-
mutator phenotype (Figures 1 and 2). In contrast, samples 6
and 7 were observed to carry only one detectable somatic
mutation each [lysine acetyltransferase 6B (KAT6B) and
cold-shock domain containing el (CSDEI) mutation,
respectively]. Tumor S5 was found to harbor deleterious/
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Figure 1. Frequently mutated genes and sample-wise mutation frequency in gallbladder cancer. Genes are arranged according to the total number
of mutations per samples. Oncoplot shows the numbers of mutations per sample represented through different colors. Color keys are provided in
top left panel. Samples are not arranged according to number of mutations. We did not detect good quality high-impact somatic mutation in S7.
The bar plot at the top depicts the total number of detected somatic mutations.

likely deleterious mutations in DNA-repair pathway genes
such as poly ADP ribose protein 1 (PARPI), Fanconi anemia
complementation group A (FANCA) and x-ray repair cross
complementing 2 (XRCC2) (Figures 2 and 3). A mutation in
folliculin (FLCN) in the same tumor may also be linked
with the hyper-mutator phenotype. We were able to identify
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31 and 30 somatic mutations in two other well-covered
samples (samples S9 and S10 respectively). The number of
mutations in S9 and S10 were clearly higher than mutations
in two other well-covered samples, S8 and S11. The higher
frequency of mutations in sample S10 can be linked to the
mutations in several DNA repair-associated genes such as
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Figure 2. Distribution of private somatic mutations in different genes across gallbladder cancer tumors. Oncoplot presents genes which were mutated
in only one sample. Numbers of mutations per sample are represented through different colors. Color keys are provided in the left panel. Samples
are arranged according the frequency of mutations in each gene. Singleton mutations were most frequent in sample S5 followed by samples S10,
S11, S8 and S9. The bar plot at the top depicts the total number of detected somatic mutations. S6 had no exclusive mutation.

MutL homolog 1 (MLHI) and PMS1 homolog 1, mismatch
repair system component (PMSI). Sample S10 also
harbored mutations in poly(ADP-ribose) polymerase 1
(PARPI), FANCA (3° UTR) and FANCD?2 genes, whereas in

sample S9, we detected a heterozygous but likely
deleterious 7P53 germline mutation (25).

Biological relevance of somatic mutation profiles. We
selected 409 genes implicated in various cancer types. Instead
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somatic mutations detected.

of using statistical pathway enrichment, we looked for
pathway annotations of different mutated genes using Ion
Reporter’s pathway annotation track and cross-validated them
using independent annotation tools. Based on our results, we
assessed 39 high-impact mutations in 28 genes. The list of
high-impact variants is presented in Figure 3, and Table III.
High-impact mutations are either present in strategic regions
of functional domains, or affect accessibility of functional
domains. We found somatic mutations in genes mostly
belonging to cell cycle, apoptosis [i.e. B-cell CLL/lymphoma
9 (BCL9), cyclin-dependent kinase inhibitor 2A (CDKN2A),
DNA damage and repair (i.e. PARPI, XRCC2, MLH]I), and
chromatin binding and remodeling [i.e. KDM5C, PR/SET
domain 1 (PRDMI] pathways. Some of the cancer
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predisposition genes [i.e. FLCN in S5, FANCA in S5 and S10,
RecQ Like Helicase 4 (RECQL4) in S1 and S8] were also
found to be somatically mutated in a few samples. We also
detected somatic mutations in key genes from WNT [e.g.
adenomatosis polyposis coli tumor suppressor (APC),
transcription factor 7 like 1 (TCF7L1)] and NOTCH
signaling (NOTCH2, NOTCH4) pathways. Although we
adopted a universal cancer gene panel for sequencing, we
observed enrichment of a few key -cancer-associated
biological pathways even in our set of nine GBC tumors,
indicating relevance of these pathways in GBC pathogenesis.
Targetable mutated genes. Like several other mutation or
variant excavation studies, our goal was to assess the gene
mutation architectures of these nine GBC cases to identify
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Table III. List of high impact somatic mutations. Novel mutations (bold) are high impact somatic mutations in the genes that have not been reported
to be mutated in gallbladder carcinoma in the COSMIC (version79) database.

Case number* Gene Location Coding Transcript Amino acid change
S5 APC Exonic c.311C>G NM_000038.5 p-Ser104Ter
S8 BCL9 Exonic c.2651A>G NM_004326.3 p-Lys884Arg
S10 BCLY Exonic ¢.3325A>G NM_004326.3 p-Met1109Val
S10 CARDI1 Exonic c.181C>T NM_032415.5 p-.Leu61Phe
S5 CDKN2A Exonic c.322G>A NM_000077 .4 p-Asp108Asn
S7 CSDEI Exonic ¢.35G>T NM_002524 4, p.Gly12Val
S5, S8 CYP2C19 Exonic c518C>T NM_000769.1 p.Alal73Val
S11 CYP2D6 Exonic c.77G>A NM_000106.5 p.Arg26His
S10 ERBB3 Exonic ¢.310G>T NM_001982.3 p-Vall04Leu
S11 ESRI Exonic c.229G>A NM_001122740.1 p.Gly77Ser
S2 ETV1 Exonic c.343G>A NM_001163147.1 p.Glull5Lys
S5 FLCN Exonic ¢.580C>T NM_144997.5 p-Argl94Trp
S8 IGFIR Exonic c.772G>A NM_000875.3 p-Gly258Ser
S5 1L2 Exonic ¢.302G>C NM_000586.3 p-ArglO1Thr
S5 KMT2C Exonic ¢c.8695C>T NM_170606.2 p-GIn2899Ter
S5 KMT2C Exonic c.8695C>T NM_170606.2 p.GIn2899Ter
S5 LRPIB Exonic c.12782G>T NM_018557.2 p.Gly4261Val
S9 LRPIB Exonic c.10332G>T NM_018557.2 p-Lys3444Asn
S11 LRPIB Exonic ¢.536G>A NM_018557.2 p-Ser179Asn
S10 MLHI Exonic c.976G>A NM_000249.3 p-Val326Met
S11 NLRP1 Exonic c.2179A>G NM_033004.3 p-Asn727Asp
S11 NOTCH4 Exonic c.1045G>A NM_004557.3 p.Gly349Ser
S8 PIK3CG Exonic c.400C>A NM_002649.3 p.Glnl134Lys
S4 PPARG Exonic c.1433T>G NM_015869 .4 p.Val478Gly
S1 RECQL4 Exonic c.2140G>A NM_004260.3 p.Glu714Lys
S5 ROS1 Exonic c.6377G>A NM_002944.2 p-Arg2126Gln
S2 SMAD4 Exonic c.1052A>G NM_005359.5 p.Asp351Gly
S10 SMAD4 Exonic c.1333C>T NM_005359.5 p.Arg445Ter
S5 SMAD4 Exonic c.1627A>G NM_005359.5 p-Met543Val
S5 SYNEI Exonic ¢.16009T>C NM_182961.3 p-Cys5337Arg
S11 TGM7 Exonic ¢.1936G>A NM_052955.2 p.Glu646Lys
S1 TP53 Exonic c.747G>C NM_000546.5 p.Arg249Ser
S5 P53 Splice site NM_000546.5

S5 USP9X Exonic ¢.2239G>A NM_001039590.2 p-Val747Met
S5 TLR4 Exonic c.896A>G NM_138554.4 p-Asp299Gly

nodal molecular switches that might be considered as
effective  potential  therapeutic  targets. Thorough
understanding of the altered molecular hierarchy would
theoretically help in defining case-specific effective
therapeutic strategies. To accomplish this, we intersected the
existing targetable list with our functionally relevant
observations (mutations). We considered several different
databases including ClinicalTrials.gov, My Cancer Genome
Clinical Trials, DrugBank, My Cancer Genome, and TDG
clinical trial, which aggregate information on clinically
approved drugs as well as several novel agents under clinical
trial. In this study, we identified 16 potential druggable genes
and 17 clinically actionable genes in GBC (Figure 3).
However, in the case of sample S3, we failed to find any
high-impact actionable mutation.

Spectrum of deleterious germline variants. In the light of
Knudson’s two-hit hypothesis and recent cancer genomics
studies, the importance of inherited germline mutations in
carcinogenesis has become clearer (27-29). Instead of entire
profile of germline variants, we restricted our study only to
rare and deleterious germline mutations. Population allelic
frequencies were extracted from dbSNP (version 138), ExXAC
and 1000 Genomes database. We also looked for known
deleterious missense mutations in ClinVar. Initially, a total
102 high quality variants were detected in 51 unique genes.
Information from several databases including Pfam was also
consulted followed by lenient adoption of ACMG
recommendations to narrow down to 60 candidate unique
germline mutations in 46 different genes (Table IV) (30). In
this study, we tagged mutations as deleterious or likely
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deleterious, instead of pathogenic or likely pathogenic
mutations. Most of the detected deleterious or likely
deleterious mutations were never observed to have a second
hit in any of the studied tumor tissues. An exception was
noticed with et methylcytosine dioxygenase 1 (TETI) gene,
which is associated with the myeloproliferative phenotype of
different hematologic cancers. Loss of TET! is known to be
associated with aberrant hypermethylation in liver tumors
leading to disrupted expression homeostasis (31). The impact
of two TETI mutations in a sample (two hits) was reflected
through early age of disease onset of this patient (S6, age at
diagnosis: 46 years). In sample S12, two genes [mucin 1, cell
surface associated (MUCI) and protein kinase, DNA-
activated, catalytic polypeptide (PRKDC)] had mutations in
two loci each. Interestingly, the age at diagnosis of this
patient was 38 years (Table I).

Discussion

This is one of the first studies from Northern-India (a GBC
incidence hotspot) performing a high-throughput sequencing
based exploration of the GBC mutation profile. Instead of
performing exome- or genome-wide horizontal mutation
excavation, we restricted our study only to the regions/genes
of common genomic aberrations to take advantage of targeted
sequencing approaches including higher depth of coverage to
rarer mutation detection with greater confidence. Many of the
driver events, as well as several tumor progression events,
were easily tagged with biological pathways associated with
409 cancer genes analyzed in the present study. The somatic
mutation spectrum in our study is dominated by C>T/G>A
transition substitutions, which is consistent with three other
GBC exome sequencing studies (9-11). Transitions are also
common in all other common cancer types (6).

With our focused ultra-deep sequencing, we have identified
several novel mutations in GBC shedding light on molecular
pathobiological understanding of this disease (Table I). We
identified loss of function (LOF) mutations in some of the
genes such as SMAD4 and APC that were already known for
their implications as drivers in other cancer types (32, 33).
On the other hand, we also predicted a gain of function due
to hypermethylation of the ETS variant 1 (ETVI) gene. Being
a transcription factor, such hypermethylation of ETVI may
impact its downstream transcriptome profile in tumor tissue.
ETVI hypermethylation in prostate cancer, for example, is
suggested to have a link with disease progression and
aggressiveness of the cancer (34). All detected novel
mutations were nonrecurring (appeared once only) in our
studied set of tumor samples and all of them were assessed
as high-impact mutations in genes that are already well
known for their implications in other cancer types. Although
the limited number of samples in our study prevents us from
making any definitive inference to enlist these mutations as
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Table IV. Genes harboring rare germline variants in gallbladder
carcinoma cases.

Sample Gene

S1 CYP2C19

S2 ADAMTS20, ALK, IGFIR, JAKI, LIFR, MAGII, NIN,
NOTCH2, PKHDI1, PRKDC, SAMD9Y

S4 ADAMTS20, FGFRI

S5 ARID2, FLT4, KMT2D, RET, SETD2, SYNE1, UGTIAI

S6 CBL, GNAS, RNF213, ROS1, TETI

S7 JAKI, PRKDC, SETD2, SMUG1

S8 BCR, EPHBI, ERCC2, FLT3, KMT2C, MUC1, MUCI,
MYH9, PIK3CB, PRKDC, PRKDC, RNF213, TCF3

S9 AKT3, CARDI11, NOTCH2, TP53

S10 ADAMTS20, BCL6, BIVM-ERCCS, CSMD3, RNF213,
SYNEI, TGM7

S11 FANCG, LRPIB, PKHDI, RAD50

causal to GBC carcinogenesis; considering their significance
in other cancer types these gene sets are candidates for further
investigation in this specific cancer type.

Like many other studies with common cancer types, we
observed high-impact somatic mutations in several well-
known oncogenes such as BCLIIB, ETVI and tumor
suppressor genes like T7P53 and SMAD4 in GBC (35).
Considering the low sample size and heterogeneous nature
of carcinoma samples, we kept our focus on the mutation
load of every individual tumor sample. The observed somatic
mutation frequency per megabase of covered targeted
genome seems to be exceptionally high in some samples.
The definitive reason behind this observation may not be
clear. One reason could be the higher sequencing depth of
the cancer-related genes and thus greater sensitivity in
detecting rarer mutations. Evidently three out of the nine
samples qualified as hyper-mutated cases with a high burden
of somatic mutations. As a general finding, there was a large
difference in the number of mutations across the studied
tumors. Such a wide and highly variable range of mutation
load may partly be attributed to differences in the coverage
between fresh frozen and FFPE samples. FFPE samples tend
have lower number of mutations detected in these targeted
portions of the genome. On the other hand, even within the
fresh frozen tumor tissue set, we observed quite a large
variability in numbers of detected mutations. It may be
considered as a hint to the heterogeneous molecular
phenotype of the included GBC tumors. Our targeted
sequencing approach was able to reliably detect several
somatic mutations in well-known cancer driver genes in most
of the samples. In sample S4, we detected only two somatic
mutations in PPARG and NSDI genes. Although PPARG
gene mutation has a crucial supportive role in tumor
metabolism, these two mutations alone are not sufficient to
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explain GBC carcinogenesis. TP53 one of the most
frequently mutated genes in GBC and was detected in ~25%
of all studied GBC cases (9-11). Our study is not an
exception to that. We observed high-impact TP53 mutation
in two out of the 11 studied GBC cases.

Interestingly, the majority of the mutated genes in our
study were not reported by two earlier exome sequencing
studies with 9 and 32 GBC samples (9, 10). However, we
noted a remarkable overlap with the recently published study
(28 samples) on GBC mutation profile with three exceptions
(11). Three genes (KMT2C, phosphodiesterase 4D interacting
protein (PDE4DIP) and dihydropyrimidine dehydrogenase
(DYPD) were detected in more than one tumor in our study
but never appeared in the mutation profile reported by
Nakamura et al. (11). Some of the observed mutations are
novel in GBC (Table IIl). As per the cosmic database
(version 79) mutations in these genes have not previously
been reported in GBC (24). These mutations might have
been missed by previous sequencing studies because of their
relatively low depth of sequencing and/or due to recruitment
of patients from a totally different lifestyle exposure or these
events may be too rare in GBC. Nik-Zainal et al.
demonstrated that sub-clonal variants can be readily detected
with ultra-high coverage (188x) genome sequencing (36).
Our ultra-deep sequencing approach gave us an edge in
detecting subclonal variants with confidence.

In the early NGS era, the focus of most studies was to
identify and understand the spectrum of somatic mutations
in cancer (7, 35). Several cancer drivers and progression
markers were established in this way. More recently, the
cancer research field has begun to understand the importance
of rare deleterious germline variants in carcinogenesis and
progression (28, 29, 37). GBC is not among the most
heritable types of human cancer, although variability in its
ethnic and geographical incidence rates has been partly
associated with cancer predisposition (38-40). Recently, we
reported a genome-wide association study recruiting cases of
GBC, it outlined the contribution of common variants to
GBC predisposition. Northern Indians, especially women,
are one population with very high incidence rates
(21.5/100,000) and a very high variability in age of onset
(40). In this study, we excavated the rare germline variant
profile of these cases and detected deleterious or likely
deleterious rare germline point mutations following several
stringent filtering protocols. We observed the existence of
such deleterious mutations even in the two samples (S3 and
S6) whose somatic mutation profiles were filtered out of this
study due to certain unavoidable qualitative issues (such as
low and uneven sequencing coverage).

GBC has an incidence bias towards female gender (1).
This study had only two males and nine females. Sample S4
was from one of the two males, harboring a germline
deleterious mutation in genes ADAM metallopeptidase with

thrombospondin type 1 motif 2 (ADAMTS2) and fibroblast
growth factor receptor 1 (FGFRI). ADAMTS?2 is a key player
in angiogenesis and cancer development (41). Somatic
mutations in FGFRI have been reported in common types of
cancer, including its fusion genes in biliary tract cancer (11,
42). Thus, altered function of these genes might facilitate
tumor survival and may confer an increased metastatic
potential to this tumor. Among the other detected germline
mutated genes one notable gene was KMT2D also known as
MLL2, which encodes lysine-specific methyltransferase 2D,
and is also known for its role in neoplastic cell proliferation
(43, 44). The Sample S8 was also found to have double
germline hits in the onco-protein coding gene MUCI. We
identified one TP53 germline mutation in sample S9.
Interestingly the age at diagnosis of this patient was 80 years
(Table I). S9 tumor is one of most frequently mutated tumors
as per the detected somatic mutation profile. In addition, this
tumor harbored several high-impact somatic mutations in
genes such as fibronectin 1 (FNI), KMT2C, nuclear mitotic
apparatus protein 1 (NUMAI), and RECQL4. Possibly, the
advanced age of this patient together with the deleterious
mutation in TP53 gene contributed to the tumor’s hyper-
mutator phenotype.

It is known that deleterious mutations are extremely rare
in the normal population and even if it is present in an
individual, the most likely observed genotypes are
heterozygous. Our observations across germline targeted
genes are not an exception. Sample S11 was found to have
two germline heterozygous likely deleterious mutations
located in DNA repair-associated Fanconi anemia-related
genes FANCG and homologous recombination (HR)-
associated gene RAD50. RADS50 has been reported earlier in
breast cancer for its possible haploinsufficient impact in HR-
mediated DNA repair phenotype double-stranded break repair
(45). Since we did not notice any second hit on FANCG in
the tumor, this mutation likely conferred a disease risk rather
than acting as a driver. An exception to that is the germline
mutation of low-density lipoprotein receptor related protein
1b (LRPIB) in S11 which had a second hit in the tumor, thus
making it a possible candidate for LRPIB target therapy,
which is currently being studied (46).

S6 was another interesting sample harboring two germline
mutations in TETI gene, which is linked with hyper-
methylation-dependent breast cancer carcinogenesis. The
other two early onset samples (S8 and S9) were found to
harbor deleterious mutations in genes with high impact such
as ERCC2, FLT3, KMT2C, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit beta (PIK3CB),
SYNE] and transglutaminase 7 (TGM?7). One of these two
samples (S8) harbored hazard ratio-associated MREIIA
germline heterozygous mutation and double hits in the
PRKDC gene, which performs the role of non-homologous
end joining-mediated DNA repair (47). This consistent
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observation of mutations in DN A-repair pathway-associated
genes in all four early onset cases hints at the relevance of
DNA repair pathway in age of onset of GBC. Interestingly,
the same set of samples had also acquired a few somatic
mutations, which would directly or indirectly impact DNA
repair pathway homeostasis. Sample S10 also had mutations
in E1A binding protein P300 (EP300) and Erb-B2 receptor
tyrosine kinase 3 (ERBB3), whereas sample S11 was
observed to have mutations in FNI, NOTCH4, KMT2C
(histone methylation), NLRPI (inflammasome suppression)
and S8 tumor was somatically mutated in genes such as
RECQILA4 and PIK3CG. All these detected mutations in DNA
repair-associated genes point towards the significance of
DNA-repair pathways in GBC carcinogenesis.

In this first NGS study recruiting North-Indian patients
with GBC, we have shed light on the importance of
deleterious DNA-repair gene mutations in GB
carcinogenesis. Because of the nature of generated data, we
restricted our study to analyzing SNVs (somatic and
germline) and therefore this study unravels only one aspect
of the molecular alterations in gallbladder tumors. Other
exome-sequencing studies have, however suggested that
somatic single nucleotide mutations are major players in GB
carcinogenesis (9-11). Considering all somatic and germline
mutations together, we established a few highly aberrant
biological pathways including DNA double-strand break
repair, extracellular matrix maintenance, cellular
homeostasis-associated FGF signaling, NOTCH signaling,
loss of innate immunity or altered immunity-based immune
evasion, altered glucose metabolism, altered demethylase
activity and several growth signaling switches such as
erythropoietin-producing hepatoma (EPH) as some of the
most significantly disrupted pathways in GBC. We were able
to capture actionable molecular stratification even within
such a small number of cases. We predicted actionability in
about eight out of nine cases. Accounting for only three
molecular nodes, namely PIK3CG, TP53 and LRPIB, five
out of the nine cases could be considered as being clinical
actionable (Figure 3). This small-scale study puts forwards
the likely applicability of clinical targeted sequencing in
practice that could impact the treatment decisions for a large
number of patients with GBC. However, any definitive
inference would be possible only after large-scale studies.

In conclusion, it could be perceived that for future
precision medicine practice in GBC, not only the somatic
mutation profile, but the typing of germline mutations could
be highly informative both for a comprehensive
understanding of the disease biology and for recommendation
of effective therapeutic regimes. Despite our small sample
size, this study will assist the field to move one step forward
and guide us to design future studies to realize the extent to
which germline pathogenic mutations and DNA-repair gene
impairment impact global GBC pathobiology.
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