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1. INTRODUCTION  

Cancer is a disease of the genome. Recent developments in high-throughput genetic mutation 

profiling facilitate to do a comprehensive analysis of the cancer genome using next-

generation sequencing technologies[1]. Large-scale profiling projects have revealed a 

landscape of the cancer genome that includes a diverse variety of cancer genomic alterations 

such as point mutations, copy number variation, and translocations. Cancer genome and 

transcriptome sequencing have revealed additional clinically relevant novel gene fusions in 

solid tumors[2]. The developments in the technologies have helped to characterize exomes, 

genomes, and epigenomes of various cancers. Despite developments in next-generation 

sequencing technologies not much is understood regarding the rare cancer types such as 

biliary tract cancers due to its low prevalence in the western countries[3].  

Biliary tract cancers are a group of heterogeneous cancers that arise either in intra-or 

extrahepatic bile ducts or the gallbladder. These cancers are presented at late advanced stages 

hence have a poor prognosis. Among the biliary tract cancers, gallbladder cancer is one of the 

most aggressive cancer with poor prognosis. Surgical resection has been preferred as an 
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option for resectable gallbladder cancer and offers a potential cure. The major risk factor for 

gallbladder cancer is gallstones however there are other minor risk factors such as female 

gender, obesity, Salmonella infections, cholangitis and gallbladder polyps[4]. The median 

survival is less than a year and is less than 5%[4]. The adjuvant chemotherapy given to 

gallbladder cancer patients consists of gemcitabine and platinum-based therapy. There is 

enough evidence that suggests the resistance of the cancer type to cytotoxic agents [5, 6]. 

Hence there is an unmet need to identify potential targeted therapies in gallbladder cancer. In 

India, highest incidence has been reported in Delhi and Bhopal in women (6.6 and 5.2 per 

1,00,000 respectively) which is far more higher than south India(0.6 ï Chennai and 0.8 ï 

Bangalore)[7]. Comprehensive genomic characterization of gallbladder cancer in India is still 

dismal despite high prevalence. There are few candidate gene-based studies from India that 

have identified few targets but these targets are still not in clinical practice [8-10]. There are 

few reports from China and the west to characterize the gallbladder cancer genome using 

next-generation sequencing technologies [11-13]. However, the molecular mechanism of the 

cancer is still poorly understood. Hence more sequencing studies with larger number of 

samples are required to identify candidate targets in gallbladder cancer.  

Mutations in the EGFR family members ( EGFR, ERBB2, ERBB3 ) have been recently 

known to be altered at a frequency of 10-15% in gallbladder cancers and the signaling 

pathway has been shown to be altered in the pathogenesis of gallbladder cancer[11, 14] Some 

of these alterations  in the EGFR family  have already been shown to be sensitive to tyrosine 

kinase inhibitors in NSCLC and breast cancers[15, 16]. The EGFR receptor family consists 

of EGFR/ErbB1, ErbB2 (HER2), ErbB3 (HER3) and ERbB4 (HER4). All receptors except 

HER2 bind specific ligands via extracellular domain. Upon ligand binding, these receptors 

use HER2 as a preferential dimerization partner. Homo/Heterodimerization of receptors 

results in phosphorylation of residues in the intracellular domain resulting in activation of 

several signaling pathways such as Ras/Raf/MAPK and the PI3K-Akt pathways[17]. Reports 
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suggest that though EGF does not bind HER2, implying that EGFR may be involved in 

HER2 signal transduction. Oncogenic transformation by EGFR or HER2 requires high 

receptor expression while moderate levels are sufficient to cause transformation. Also, 

reports suggest that down-regulation of normally expressed EGFR suppressed the ability of 

overexpressed HER2 suggesting HER2 requires EGFR for sustained signaling and 

transforming potential [18]. This synergistic activity of EGFR-HER2 heterodimerization may 

be particularly significant as these receptors are upregulated concomitantly in breast and 

other tumors[19] [20-22]. Hence it is pivotal to study EGFR signaling in gallbladder cancer 

from the Indian gallbladder cancer perspective.    

Pathogenic infections have been associated with cancer worldwide. About 18-20% of the 

malignancies have been attributed to infections[23]. Among the infection-related cancers, 

cancers of the stomach, cervix, and liver detain the highest incidence figures and are largely 

attributable to Helicobacter pylori, human papillomaviruses and hepatitis B & C viruses 

respectively[24]. In the case of viruses as carcinogens, the critical part of the virus is 

integrated into the cancer cell resulting in the expression of viral oncogenes that disrupt cell 

cycle check-points, inhibit apoptosis and contribute to cell immortalization[25]. Other 

organisms such as H.pylori,  Fusobacterium the chronic persistent infection leads to 

inflammation which in turn lead to the release of chemokines, cytokines which can result in 

deregulation of the immune system and promote neovascularization[26, 27]. Among the 

various risk factors for gallbladder cancer infections with enteric organisms like  Salmonella 

typhi are of core importance. The presence of gallstones and the chronic typhoid carrier state 

might co-operate in the pathogenesis of gallbladder carcinoma, however, the cause and effect 

relationship is still needed to be ascertained. There is increasing evidence that products of 

degradation of bile salts by intestinal bacteria may contribute to tumorigenic process however 

exact causal role needs to be determined[28, 29]. A Recent report by Scanu et al provided a 

mechanistic role of chronic Salmonella infection in host triggering cell transformation 
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pathways [30]. Most of the studies have focussed on association studies with only the 

typhoidal Salmonella species while no systematic studies have been done to find the 

association of non-typhoidal species in gallbladder cancer. Few studies have shown the 

presence of H.pylori species in gallbladder samples by PCR-based methods however 

mechanistic studies are still dismal[31]. However large epidemiological studies and better 

detection methods at a higher resolution are needed to understand the role of H.pylori/S.typhi 

in gallbladder cancer.  

2. OBJECTIVES 

The objective of this research proposal is to identify novel oncogenic mutations and 

pathogenic sequences in gallbladder cancer using genomic approaches. The identification of 

such oncogenic mutations could be a useful step towards the development of novel targeted 

therapies. We intend to accomplish this objective as follows: 

1) Apply next-generation sequencing analysis of gallbladder cancer to identify pathogenic 

sequences in gallbladder cancer using computational subtraction method. 

2) Apply next-generation sequencing analysis of gallbladder cancer to identify genes whose 

somatic genomic alterations suggest the properties of driver oncogenes. In a more directed 

approach, we will sequence exome, from gallbladder tumors of Indian origin cases. 

3) We will test candidate oncogenes identified in Objective  2 by gain-of-function assays for 

cellular transformation and activation of known oncogenic signaling pathways.  

Objective 1- Apply next-generation sequencing analysis of gallbladder cancer to identify 

pathogenic sequences in gallbladder cancer using computational subtraction method. 

Specific objective 1a: Detection of Salmonella sequences from exome sequencing data. 
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Epidemiological findings support and indicate the association of Salmonella with gallbladder 

cancer. However, the reports exist only for the typhoidal Salmonella, while no reports exist 

for the association of non-typhoidal Salmonella with gall bladder cancer which has been 

associated only with a systemic illness that triggers an inflammatory response. So we propose 

to identify the presence of Salmonella sequences in gallbladder exome sequencing data using 

HPVDetector [32] with the addition of Salmonella genome as a reference genome in addition 

to HPV genome. 

Whole exome data for these 26 samples were analyzed to detect Salmonella traces using 

HPVDetector pipeline, modified to include additional genome sequence of 6 common 

Salmonella isolates. The computational approach, in brief, subtracts all reads that align with 

the human genome and aligns remaining reads to HPV and Salmonella reference database 

from NCBI. While HPV16 was detected in 1 gallbladder sample, Salmonella isolates were 

found across multiple samples: S. typhi Ty2 (3 samples), S. typhi CT18 (6 samples), S. 

typhimurium LT2 (10 samples), S. choleraesuis SCB67 (5 samples), S. paratyphi TCC (3 

samples), and S. paratyphi SPB7 (7 samples). In total, Salmonella reads were found in 19 of 

26 gallbladder tissues (tumor as well as adjacent normal tissues).Typhoidal Salmonella 

species were present in 11 of 26 gallbladder cancer samples, consistent with as known earlier. 

In addition, we present the first evidence to support the association of even non-typhoidal 

Salmonella species in 12 of 26 gallbladder cancer with 6 samples co-infected with typhoidal 

and non-typhoidal isolates. To test the specificity of our assay we re-analysed the whole 

exome data by taking the reverse of the exome data and did not find any spurious Salmonella 

reads. To test the sensitivity of the assay, we downsampled our raw fastq data from 100X to 

1X of one of the sample using Downsample Sam (http://broadinstitute.github.io/picard/),  the 

function of Picard Toolkit. Distinct Salmonella reads were detected at as low as 10X whole 

exome coverage that increased linearly. 
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Specific objective 1b: Validation of Salmonella sequences identified from exome sequencing 

data. 

Confirmation of the true identity of Salmonella sequences identified using HPVDetector by 

PCR amplification of read sequences from tumor samples and further to be confirmed by 

Sanger sequencing. 

Further, we confirmed the presence of Salmonella sequences using PCR by amplifying 150bp 

read sequence from 4 samples and Sanger sequencing to validate the true identity of 

sequences discovered by reference modified HPVDetector. 

2) Apply next-generation sequencing analysis of gallbladder cancer to identify genes whose 

somatic genomic alterations suggest the properties of driver oncogenes. In a more directed 

approach, we will sequence exome, from gallbladder tumors of Indian origin cases. 

 Specific objective 2a -Exome sequencing of gallbladder tumor samples  

Sample collection - We collected 26 fresh frozen gallbladder tumor samples for whole exome 

sequencing and 98 FFPE samples for extended validation. We extracted DNA from fresh 

frozen samples and processed for whole exome sequencing. Out of 98 FFPE blocks, 27 FFPE 

blocks were suitable for our study.  

Whole exome sequencing and analysis- 

To investigate the somatic mutation spectrum of Indian gall bladder cancer genome we have 

analyzed 17 tumors (10 tumor-matched normal paired and 7 unpaired tumors using whole 

exome sequencing approach. The average coverage for sequencing these samples was 

around >100X which was suitable for variant calling. Using various steps of filtering in 

bioinformatics pipeline, we identify 383 somatic alterations across 17 tumors, which includes 

an average 112 synonymous, 245 missense, 8 nonsense, 8 indels and 8 splice site changes. 

The average mutation rate considering the paired tumors is about 7.7 mutations/Mb. We 
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further extended the analysis by comparing our study with COSMIC (Catalogue of somatic 

alterations in cancer ï Gallbladder cancer) and recent exome sequencing in gall bladder 

cancer.[11]  We identified 18 genes that were common in our study and these studies. We 

found TP53 (35.2%), ERBB2 (17.6%), SF3B1 (17.6%), ATM (17.6%) and AKAP11 (17.6%) 

mutations in more than two samples. We validated some of the alterations identified in TP53, 

ERBB2, ERBB3, SMAD4 and CTNNB1 In the recent exome study ERBB pathway related 

genes were significantly mutated[11], we extended the discovery of three different activating 

mutations of ERBB2 and single mutation in ERBB3 in our study to an independent validation 

sample set of 27 FFPE (Formalin fixed paraffin embedded tissues) tumor-samples. We 

validated 1/3 of the ERBB2 alterations identified by exome sequencing in the independent set 

of samples by Sanger sequencing. Out of the two kinase domain mutations of ERBB2, V777L 

was recurrently mutated in 6 out of 44 samples(13% overall mutation frequency ) while 

I767M was found only in a single sample. ERBB2 (V777L and I767M) has been shown to be 

activating in ERBB2 amplification negative breast cancer cell lines and NIH3T3 cell line by 

colony forming and 3D matrigel assays. A recent report with 9 gall bladder cancer patients 

identified one patient with the ERBB2 V777L mutation who showed  a mixed response to 

lapatinib[14]. We identified a C-terminal novel alteration in ERBB3 (ERBB3 R1127H) which 

is not reported in the literature and it further warrants functional validation. To gain insight 

into the mutation spectrum of gallbladder cancer cell lines, we performed whole exome 

sequencing of 5 gallbladder cancer cell lines(OCUG1, NOZ, G415, TGBC2TKB, and 

SNU308)  at an average coverage of >100X. Using several steps of filtering in exome 

sequencing pipeline we identified a total of 2154 alterations comprising of 1930 missense 

mutations, 65 nonsense mutations, 70 splice site mutations, 83 silent mutations, 4 start codon 

SNP and 2 Non-stop mutations. We did not observe any hotspot alteration in ERBB2 in any 

of the cell lines. We identified KRAS alterations KRAS G12V in the NOZ cell line and KRAS 

G13D in the G415 cells as opposed to primary tumors where we did not observe KRAS 
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alterations.  We identified a polymorphism in ERBB2 I655V in SNU308 which is a non-

activating alteration in ERBB2. We validated some of the variants identified in these cell lines 

by Sanger sequencing to confirm true positive variant discovery by whole exome sequencing. 

Specific objective 2b-Functional validation in gallbladder cancer cell lines  

To investigate the phosphorylation status of ERBB family of proteins in gallbladder cancer 

cell lines we used a Phospho-RTK array (R&D systems) which would identify the 

phosphorylation status of 49 RTKs in an array format spotted in duplicates on a nitrocellulose 

membrane using a pan anti-phospho-tyrosine antibody conjugated to horseradish peroxidase. 

Out of the four cell lines analyzed (OCUG1, G415, NOZ, and TGBC2TKB), we observed 

hyperphosphorylation of EGFR in all gallbladder cancer cell lines while the mild amount of 

phosphorylation of HER2 was observed in two of the cell lines. On treating these cell lines 

with an inhibitor such as BIBW-2992(a known ERBB2 and EGFR inhibitor) OCUG1 was 

found to be highly sensitive to BIBW-2992 than other cell lines in MTT based experiments. 

Further, we checked downstream components of ERBB2 in OCUG1, p-MAPK levels 

decreased with increased concentration of the drug. Soft agar colony formation also 

decreased with increased concentration of drug with maximum inhibition observed at 1 µM 

and 10µM. Also, wound healing assay in gallbladder cell lines (OCUG1, G415) indicated 

that cell migration was inhibited in presence of the inhibitor as compared to the control.  

We performed experiments in the presence and absence of EGF and treatment with the 

BIBW-2992. On treatment with BIBW-2992, in presence of EGF, there was the complete 

abolishment of p-MAPK levels indicating the cell proliferation was efficiently inhibited by 

BIBW-2992. Also, we checked p-EGFR and p-HER2 levels in the treated cells, we observed 

that there was the complete abolishment of phosphorylation of EGFR and HER2 in the 

treated cell lines. We performed stable knockdown of ERBB2 in OCUG1, G415, 

TGBC2TKB, and NOZ cells with five shRNA constructs.  Efficient knockdown was 
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observed with sh1, sh3, sh4 and sh5 as analyzed by western blot analysis. Soft agar colony 

formation assay of the knockdown clones in the three cell lines (OCUG1, G415, and 

TGBC2TKB) indicated that colony formation decreased in the shRNA clones as compared to 

scrambled control with the strongest inhibition observed in the sh1 and sh3 clone. However, 

NOZ cell line did not show much difference in soft agar colony formation assay. Growth 

curve analysis of shRNA clones in the three cells (OCUG1, G415, and TGBC2TKB) 

indicated that cell proliferation was affected in a time-dependent manner. However, NOZ 

cells did not show any much difference in the growth pattern in the knockdown clones. 

Invasive behavior of gallbladder cancer cells was reduced in the knockdown clone (sh1 clone) 

of OCUG1, G415, and NOZ as compared to the scrambled control indicated by Transwell 

cell Invasion assay. 

3. CONCLUSION  

Gall bladder cancer has the highest incidence among the biliary tract cancers. Despite this 

high incidence rate, coupled with a comparable mortality rate, the genomic causality 

underlying this disease remains unexplored. Using a highly sensitive methodology that 

resolves the genome of the disease at base pair resolution( whole exome sequencing), we set 

out to identify somatic aberrations (mutations and copy number) and infections using 

computational subtraction methods which may play a causal role in disease pathogenesis.  

We specifically identified recurrent, actionable HER2 alterations as well as copy number 

changes in EGFR which we show to be sensitive to a pan-HER2 inhibitor. We further 

observed a differential response of gallbladder cancer cell lines to the pan-HER2 inhibitor, 

which was primarily based on the presence of different KRAS mutations (codon 12 and codon 

13 alterations). Similar observations in colorectal cancer have been reported wherein patients 

with KRAS (G13D) mutations respond better to anti-EGFR therapy than KRAS (G12V) 

mutations. These findings may have a clinical relevance in gallbladder cancer and allow 
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patient stratification and could preclude gallbladder cancer patients from anti-EGFR therapy 

on the basis of KRAS mutational status. 

Further studies with larger number samples would be required to have greater insights into 

the mutation spectrum of Indian gallbladder cancer genome, and confirm these findings. Thus, 

our discovery introduces a hitherto unknown modality of targetted therapeutic intervention in 

this disease, which may change the current therapeutic regimen in gallbladder cancer, and 

introduce scope for precision medicine in the clinics for this dreaded disease. 

Additionally, using next-generation sequencing, we identified the presence of DNA 

sequences of infectious agents (non-typhoidal Salmonella) in gallbladder cancer patient tissue, 

which may be associated with disease progression. Our study identifies a new association of 

non-typhoidal Salmonella with gallbladder cancer. We propose a hypothesis that the presence 

of non-typhoidal Salmonella species in our study along with typhoidal species, provides the 

inflammatory stimulus required for carcinogenesis. Our study extends the current scope of 

treatment and provides a basis for treating the non-typhoidal species, along with typhoidal 

species, for reducing chronic infection due to Salmonella in gallbladder cancer.  Further, we 

observe co-occurrence of TP53 alterations and Salmonella infections in gallbladder cancer 

patients. Detection of the Salmonella bacteria using molecular approaches may allow better 

management of the disease in the current treatment regimen for gallbladder cancer. Further 

studies would be required to attribute causality of the disease to Salmonella infections in 

gallbladder cancer.   

Taken together, identification of EGFR family alterations and Salmonella infections in 

gallbladder cancer may allow better treatment and management of the disease.  
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SUMMARY  

 

Gallbladder cancer is a rare neoplasm. In India, gallbladder cancer is a major problem in the 

northern part of the country with its highest incidence of 22/1,00,000 women and risk factors 

such as gallstones, female gender, and genetic alterations. Genome-wide studies are far in 

dismal. There is an unmet need to understand the genomic landscape of Indian gallbladder 

cancer genome. I interrogated the coding region of gallbladder cancer genome of 27 

samples (10 paired and 7 unpaired tumors) using whole exome sequencing at an average 

coverage of 100X and above. First, I analyzed the exome sequencing data 

for identifying Salmonella sequences as well as the presence of 143 HPV types using 

computational subtraction based HPVDetector tool. I found an interesting association of 

typhoidal Salmonella strains in 11 of 26 gallbladder cancer samples and non-

typhoidal Salmonella species in 12 of 26 samples, 6 samples were co-infected with both. I 

observed co-occurrence of TP53 alterations in 4 of 16 Salmonella positive samples while I    

did not observe TP53 alterations in Salmonella negative samples. 

  

Secondly, my analysis of the whole exome data led to the identification of 383 somatic 

alterations across 17 tumors, which includes an average 112 synonymous, 245 missense, 

8 nonsense, 8 indels and 8 splice site changes. I found recurrent alterations in TP53, 

CTNNB1, SF3B1, ATM, AKAP11 and other genes by exome sequencing analysis. Of specific 

mention, my work has led to the discovery of a recurrent activating ERBB2 V777L mutation 

in 6 of 44 gallbladder cancer samples with an overall mutation frequency of 13%; 

along with KRAS G12V and G13D mutation in 2 of 4 gallbladder cancer cell lines. I 

demonstrated that treatment of these cells with either ERBB2-specific or EGFR-specific 

shRNA or with irreversible EGFR inhibitor BIBW-2992 inhibits transformation and survival 

along with migration and invasion characteristics of gallbladder cancer cells with wild-

type KRAS or those harboring KRAS(G13D) but not KRAS(G12V) mutation.  
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In overall, I present the first landscape of somatic alterations in Indian gallbladder cancer 

genome and identification of non-typhoidal Salmonella species along with co-occurrence 

of TP53 alterations that could aid in the treatment of gallbladder cancer. More importantly, 

my study implicates ERBB2 as a novel therapeutic target in gallbladder cancer, and puts 

forward the first evidence that the presence of KRAS G12V but not KRAS G13D mutation 

may preclude patients to respond to anti-EGFR treatment in gallbladder cancer, similar to the 

clinical algorithm commonly practiced to stratify patients for anti-EGFR treatment in 

colorectal cancer. 
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1. CHAPTER1: INTRODUCTION AND REVIEW OF LITERATURE  

 

1.1 Human cancer and genomics 

For the past two decades, we have witnessed a tremendous advancement in understanding of 

the pathogenesis of cancer. The process of carcinogenesis arises through a multistep, 

mutagenic process whereby cancer cells acquire common properties such as unlimited growth 

potential, self-sufficiency in growth signals, and resistance to antiproliferative cues and 

apoptotic cues[2]. Many of these traits have been bought by series of accumulating genetic 

alterations that involve gain-of-function mutations, amplification, and/or overexpression of 

key oncogenes together with the loss of function mutation, deletion and/or epigenetic 

silencing of key tumor suppressors[3]. 60% of cancer deaths are constituted by malignancies 

of five organs i.e. lung, liver, stomach, head & neck and colon worldwide [4]. India also 

matches the global pattern of these cancer types however there is a higher proportion of head 

& neck and cervical cancer in India (GLOBOCAN, 2012; http://globocan.iarc.fr). 

Chemotherapy, surgery, and radiation are the most common conventional treatment options 

available to the patients. However, with increasing resistance to conventional therapies, there 

is unmet need to identify molecular targets that could help in designing better treatment 

strategies for patients.  

The development of technologies in analyzing nucleic acids together with advanced 

computational approaches has facilitated the study of cancer in a way which was previously 

not possible[5]. Cancer is a disease of the genome characterized by a diversity of genetic and 

epigenetic alterations[6]. The early efforts in the cancer genome analysis have helped in 

identification of new targets for cancer therapy and new insights into the relationship between 

specific genetic mutations and their clinical response as well as new approaches for 

diagnosis[5, 7]. The rapid pace of development of sequencing technologies such as next-

generation sequencing technologies (NGS) has impacted the field of cancer genomics while 

dramatically reducing the cost of data production[6]. These developments have further 
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motivated largescale coordinated cancer genomic efforts (TCGA, ICGC) to perform 

comprehensive profiling of tumors and enable genome-informed personalized cancer 

medicine[8].  

 

1.2 Genomics of rare cancer types 

 

The large-scale genome characterization efforts have been focused on most common cancer 

types such as brain, lung, head and neck, breast and so on. Very few genomic efforts have 

been concentrated on rare cancer types. One of the rare cancer types is a group of cancers of 

the biliary tract that arise from the biliary epithelium. The biliary tract cancers are further 

classified into three major types as intrahepatic (intrahepatic cholangiocarcinoma), 

(extrahepatic cholangiocarcinoma) and gallbladder carcinoma. These cancers are generally 

very aggressive in nature. Patients present their cases in later stages and systematic 

chemotherapeutic regimens generally have dismal response rates. Hence, the treatment 

strategies are often palliative in nature[9]. Due to the rarity of these malignancies worldwide 

except for few regions, the treatment strategies for these cancers has been identical. With 

recent developments in the molecular techniques and NGS, it has been demonstrated that 

each tumor type has a unique genomic landscape[10]. Among the tumor types of the biliary 

tract, gallbladder cancer is one the most common and aggressive biliary tract cancer. The 

genomic landscape of gallbladder cancer is not well characterized[11]. As a result, 

identification of molecular targets may be important for genomics-guided precision medicine 

approaches as well as biomarker-driven clinical trial design. 

 

1.3 Gallbladder Cancer  

1.3.1 Definition and Epidemiology of GBC 

Gallbladder cancer is one of the most common malignancies of the biliary tract and is ranked 

fifth among the gastrointestinal cancers worldwide. Gallbladder cancer (GBC) is female 

gender biased and mostly affects at advanced ages[12, 13]. GBC is regarded as highly lethal 



INTRODUCTION AND REVIEW OF LITERATURE  

 

24 | P a g e 

 

diseases of the biliary tract with 5-year survival estimates less than 5%. The global 

occurrence of gallbladder cancer varies with different regions and ethnicities, reaching 

epidemic levels in some regions and ethnicities. The basis of this variability could be 

attributed to different geographical conditions, environmental exposures and genetic 

predisposition to carcinogenesis[1]. GBC develops over a period of 5 to 15 years with 

metaplasia to dysplasia, carcinoma-in-situ and then, invasive cancer. The prognosis of GBC 

is dismal and surgical resection is a current curative option for patients with GBC. However, 

less than 10% of the patients are presented at the resectable stage, while 50% of patients have 

lymph node metastasis[14]. Epidemiologically, mortality rates of gallbladder cancer are 

higher in countries with higher incidence.  

1.3.2 Epidemiology of gallbladder cancer 

Worldwide, higher rates of GBC are observed in Mapuche Indians of the Chile followed by 

North and South American Indians. Mortality rates are high in American Indians: 15.5 per 

100,000 women vs. 7.5 per 100,000 in men from La Paz, Bolivia and 11.3 per 100,000 in 

women vs. 4 per 100,000 in men from New Mexico. There are other high-risk areas include 

Eastern Europe (14/100,000 in Poland), Northern India (22.5/100,000 in Delhi), South 

Pakistan (11.3/100,000), Israel (5/100,000) and Japan (7/100,000). The incidence in China, 

I -Figure 1: Overall worldwide variation in incidence of gallbladder cancer. 

(Adapted from Wistuba et al., 2004 Nature reviews Cancer) The areas shown in green show 

very high incidences while the areas shown in purple indicate moderately high incidences [1] 
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especially in Shanghai, have doubled over the years[15]. GBC is relatively low in the United  

States and Mediterranean countries (UK, France, and Norway)[1, 16]. In the United States, 

Hispanic women and men have a higher incidence of GBC than non-Hispanic men[1].  

A retrospective study carried out in North Central India during 2007-2008 identified 

gallbladder cancer to be at a fourth position after head and neck, breast and cervical cancer. 

Within the Indian population highest incidence has been reported in northern cities(3.7 per 

100 000 for male and 8.9 per 100 000 for female and in Bhopal it is 1.6, 2.5 per 100 000 for 

male and female, respectively) as compared to  southern cities ( eg in Chennai, the incidence 

is 0.5 per 100 000 for male and 0.8 per 100 000 for 100 000 for female and in Bangalore, 

incidence for male is 0.6 per 100 000 and for female it is 0.7 per 100 000 population) female 

and in Bangalore, (incidence for male is 0.6 per 100 000 and for female it is 0.7 per 100 000 

population)[12, 17]. 

1.3.3 Unmet need to treat gallbladder cancer in India  

Gallbladder cancer is very common in the northern and north-eastern states of India. The 

mean survival rate with advanced stages of cancer is 6 months with a 5-year survival rate of 

less than 5%[1].  Since early diagnosis of the cancer is difficult, most of the gallbladder 

cancers (95%) are detected at advanced stages where curative resection is not possible. Of the 

remaining 5% who have stage I or II diseases, cholecystectomy is performed for symptomatic 

gallstones.  Chemotherapy and radiotherapy are given for unresectable cancers, however, the 

survival frequencies are low in such cases. Few studies from India have shown the 

association of ABC transporter genes like ABCB4, ABCB11, CYP7A1, ApoB, ApoE and LDL 

receptor polymorphisms in gallstone diseases is also implicated in gallbladder cancer[18].  

Gallstone disease with typhoidal infections is an important risk factor for gallbladder cancer, 

is also common in northern India[19]. However, secondary prevention by prophylactic 

cholecystectomy is controversial, as there is no evidence to support it[20]. There are different 

studies in India investigating the role of pesticides, trace elements, bacteria in bile, bile 
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composition, chronic typhoid carriage, hormonal factors, and genetic factors like KRAS 

alterations in the causation of gallbladder cancer[21-25].  However, these studies are limited 

by the fewer number of samples and systematic genome-wide studies are dismal. Lack of 

systematic clinical trials in India investigating the role of target therapies in gallbladder 

cancer.  Hence there is an unmet need to study the cancer type in a systematic and 

comprehensive at a genome-wide scale.  

1.3.4 Application of next generation sequencing in gallbladder cancer  

The recent developments in sequencing technologies have helped in molecular 

characterization of several rare cancer types. Biliary tract cancers are one of the rare cancer 

types which are comprised of intrahepatic cholangiocarcinoma, extrahepatic 

cholangiocarcinoma, and the gallbladder carcinoma. Genomic profiling of gallbladder 

cancers using mass spectrometry and targeted sequencing technologies identified mutations 

in IDH1 and TP53 as the most recurrently altered genes in gallbladder cancer[26]. Another 

comprehensive study of 57 samples by whole exome sequencing and ultra-deep sequencing 

of cancer-related genes  identified mutations in TP53(47%), KRAS(7.8%), ERBB2(9.8%), 

ERBB3(11.8%) and also the authors identified ERBB pathway as the most recurrently 

mutated pathway in gallbladder cancer affecting up to 36.8% of GBC samples. Further using 

multivariate analysis the authors show that the cases with ERBB pathway alterations have the 

worse prognosis[27]. Another study using ion torrent based amplicon sequencing of 46 genes 

in 9 gallbladder cancer samples identified one patient with activating ERBB2 alteration and 

rest of the other samples with ERBB2 amplification. Patient with the ERBB2 mutation had a 

mixed response to the pan-HER2 inhibitor[28]. Using targeted sequencing of 236 cancer-

related genes of 9 gallbladder cancer patients, recurrent mutations were observed in TP53, 

ARID1A, and KRAS. Transcriptome sequencing of 8 gallbladder cancer patients and 3 normal 

samples identified 519 genes to be differentially expressed and identified liver X receptors 

and farnesoid receptors to be top canonical pathways to be deregulated in gall bladder 
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cancer[29]. Another RNA-seq study of 3 tumors and adjacent normal samples identified 161 

differentially expressed genes and the authors observed enrichment of genes related to 

pathways such as cell cycle, enzyme modulators, and pathways in cancer[30]. Despite the 

higher prevalence in India, no genome-wide studies have been done using next-generation 

sequencing technologies.  

1.3.5 The landscape of known genomic alterations in gallbladder cancer.  

The most common alteration reported in gallbladder cancer which occurs earlier in the 

dysplasia to carcinoma sequence is p53 alterations. The most common alterations are in exon 

5 and exon 8. Most of the p53 alterations are missense alterations that increase the stability of 

the protein. The frequency of alterations reported is above 50%. Loss of heterozygosity of 

p53 occurred earlier and more frequently than protein overexpression[31]. The frequency of 

KRAS alterations is quite variable in gallbladder cancer ranging from 39-59%. Most of the 

KRAS alterations have been reported in codon 12. Higher frequency of KRAS alterations has 

been reported in patients having the anomalous junction of the pancreaticobiliary 

duct(APBDJ) suggesting reflux of pancreatic juice might contribute to carcinogenic process[1, 

31, 32]. Inactivation of CDKN2A has been observed in half of the GBC cases that occur by a 

combination of mutations, deletion, and abnormal hypermethylation.  Increased expression of 

CDK4 and cyclin D1 detected by immunostaining in 41-60% of samples has been noted in 

the progression of gallbladder cancer[33]. Cyclooxygenase 2 (COX2) overexpression has 

been observed to occur earlier in the cascade of gallbladder carcinogenesis[34]. Loss of 

heterozygosity and SNPs have been observed in DCC (deleted in colorectal carcinoma) gene 

in gallbladder cancer and are considered as an early event in the cascade of gallbladder 

carcinogenesis[35]. Reduction of FHIT (Fragile Histidine Triad) expression has been 

observed in the progression of gallbladder cancer from dysplasia to invasive carcinoma[36]. 

LOH of 3p and 9p has been related to the progression of gallbladder cancer. Also, increasing 

LOH proportions has been observed on chromosomes 3p, 9q, 8p, and 22q in normal, 
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dysplasia and malignant tissue[37]. Mismatch repair gene alterations are frequently reported 

in gallbladder cancer. High-frequency microsatellite instability (MIN-H) has been reported in 

early and late gallbladder cancers[31]. HER2 alterations have been reported in Chinese and 

Japanese population. Overexpression of HER2 has been reported in 30-60% of GBC cases 

and gene amplification is found in 70% of the cases[38]. In a mouse model system (BK5-

ERBB2 mice model) overexpression of HER2 in the basal layer of the biliary tract, 

epithelium leads to the development of gallbladder carcinoma by 3 months of age. However, 

the mouse gallbladder tumors were different from human tumors characterized by adenoma 

precursors and papillary structures that filled the gallbladder lumen[39].  Expression levels of 

HER2 varied depending on the increasing grade of the tumor.  

 

1.3.6 Targeted therapy in gallbladder cancer  

The conventional mode of treatment for gallbladder cancer is surgery for resectable cancers 

and there are gemcitabine and fluoropyrimidine-based chemotherapeutic regimens for 

unresectable cancers. Few reports have evaluated the effect of targeted therapies along with 

the conventional treatment. Some studies suggest the benefit from blockade of EGFR by oral 

tyrosine kinase inhibitor erlotinib or anti-EGFR monoclonal antibody cetuximab [40, 41]. 

Another study evaluated the benefit of the efficacy of bevacizumab, a monoclonal antibody 

targeting VEGF along with erlotinib in a phase II trial. Overall, there was a partial response 

among nine patients with six patients sustained beyond three weeks, and with an overall 

median response of 8.4 months. The other half of the patients had a stable disease[42]. 

Likewise, other inhibitors such as sunitinib and sorafenib have their modest benefit in biliary 

tract cancers[43, 44]. Hence, targeted therapy has shown some promise in gallbladder cancer, 

however with better screening of patients with alterations the response rates may be improved 

in the treatment of gallbladder cancer.   
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1.3.6 Risk factors for gallbladder cancer 

The major risk factors for gallbladder cancer are chronic inflammation, geographical and 

ethnic variation, increasing age, female gender, low socioeconomic status, genetic 

predisposition, infections, low cholecystectomy cases and exposure to certain chemicals. 

Some of the risk factors are discussed below: 

1.3.6.1 Gallstones and cholecystitis  

Gallstones are the major risk factor for gallbladder cancer accounting for 60-90% cases in 

different regions of the world. A very common phenomenon is chronic inflammation due to 

gallstone irritation of the gallbladder wall, which is observed in 85% of the cases. Patients 

with gallstone have a higher incidence of gallbladder cancer[15]. The association between 

with cholelithiasis and cancer may explain why female gender, multiparity and increased 

body mass indices (also a risk for gallstone formation) are associated with developing 

carcinoma of the gallbladder. The size of the gallstones (>3cm) and duration of stones in the 

gallbladder have a stronger association with a pathogenesis that culminates in cancer [45, 46]. 

Though gallstones are associated risk factor, which is likely facultative rather than causative 

prophylactic cholecystectomy is not favored for clinically silent gallstones except for large 

stones and elderly patients with cholethiasis[47].  The decrease in incidence and mortality of 

gallbladder cancer began decades before the introduction of laparoscopic cholecystectomy 

and apparently stabilized in the past decade. There is no temporal relationship known to exist 

between laparoscopic cholecystectomy rate and the incidence and mortality rates of 

gallbladder cancer.  
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I -Figure 2: Incidence of gallbladder cancer and gallstones in different ethnicities. 

(Adapted from Hundal et al 2014 Clinical Epidemiology). There is a co-incidence of 

gallstones presence and incidence of gallbladder cancer in different ethnicities[48] 

 

. 

1.3.6.2 Porcelain gallbladder  

Chronic inflammation can lead to calcification of the gallbladder known as porcelain 

gallbladder. The gallbladder wall becomes fragile and acquires bluish color hence the term 

porcelain is used. Even though the frequency is uncommon(less than 1%), tends to occur in 

older women of the sixth decade. The porcelain gallbladder is frequently (average 25% 12-

61%) associated with gallbladder cancer in most but not in all reports. Only those with 

stippled calcification are pre-malignant while complete calcification is less likely to be 

associated with carcinoma[49]. Therefore, gallbladders with stippled calcification or multiple 

punctate calcifications in the glandular spaces of the mucosa must be removed 

prophylactically[48].  
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1.3.6.3 Age and Gender 

The rates of gallbladder cancer tend to increase with increasing age. The disease is more 

common among elderly women and more than 90% of patients are above the age of 50 years.  

1.3.6.4 Diet and Obesity  

It has been observed that there is an increased risk of gallbladder cancer with consumption of 

high-calorie diet, high carbohydrate, and increased oily foods. For every 5-point increase in 

BMI, there is an increase in relative risk of developing gallbladder cancer in women by 1.59 

and 1.09 in men. High consumption of red chili pepper has been found to be increasing the 

risk of development of gallbladder cancer[50]. Intake of red meat is also found as a risk 

factor for gallbladder cancer while inverse correlation exists with intake of vegetables, 

vitamin E, vitamin C and fiber with gallbladder carcinogenesis[15]. In an epidemiological 

study, the authors estimated the contents of aflatoxins B1, B2 D1 and D2 in red chilies used 

by Bolivian and Peru population suffering from GBC.  Aflatoxin is a liver carcinogen that is 

associated with the proliferation of bile duct epithelium in humans and animals. The levels of 

aflatoxins were high in GBC patients which suggest a possible association of aflatoxin with 

gallbladder cancer[1].  

1.3.6.5 Bacterial infections  

Several reports suggest that chronic infection of the gallbladder with Salmonella typhi 

increases the risk of developing gallbladder cancer[51]. The infection of Salmonella is via 

fecal-oral route through contaminated food and water. Though the bacteria is cleared by 

neutrophils and macrophages, few bacteria reach the gallbladder and establish a carrier state 

in the gallbladder. The bacteria produce toxins which may be involved in persistent infection 

of the gallbladder leading to cancer. Epidemiological findings indicate that those who 

become carriers of S.typhi have 8.47 times increased the risk of developing gallbladder 

cancer than those who have acute typhoid and cleared the infection[52]. Few reports also 

indicate that infection with Helicobacter pylori may lead to gallbladder cancer[53].  
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I -Figure 3: Worldwide incidence of typhoid and gallbladder cancer. 

(Adopted from Scanu et al, 2015 Cell host, and Microbe) There is a close association 

between the incidence of typhoid fever and gallbladder cancer.   

 

1.3.6.6 Genetic polymorphisms in gallbladder cancer  

A large number of GWAS (Genome-wide association studies) studies have identified the 

association of commonly occurring polymorphisms with gallbladder cancer. Several reports 

suggest the association of SNPs in DNA repair genes with increased risk of gallbladder 

cancer. OGG1 is a DNA repair enzyme in humans. SNPs identified in patients with gallstones 

in this gene (OGG1 Cys/Cys genotype) had lower DNA repair activity and conferred a higher 

risk of gallbladder cancer[18]. Similarly, another SNPs identified in another DNA repair 

enzyme FEN1 (Flap endonuclease 1) also increased the risk of gallbladder cancer. A 

significant association was observed between body mass index (BMI) and CYP1A1 

rs2606345 SNP on GBC risk, with non-obese (BMI<23 kg/m2) carriers of the T allele having 

a 3.3-fold risk (95% CI=1.8ï6.1). Polymorphisms in Wnt signaling genes such as APC 

rs11954856, GLI-1 rs2228226, and AXIN-2 rs4791171 were found to be associated with poor 

survival in advanced GBC patients[54]. Recent reports suggest there is a strong association of 

SNPs in ABCB1 and ABCB4 with an increased risk of gallbladder cancer[55]. Other SNPs 

that have been reported so far from different studies are CYP7A1, Apolipoprotein X-baI, 

CCR5 Delta32, XRCC1, ABCG8, Cholecystokinin receptor A, NAT2, SHBG, TLR, CASP8, 

PTGS2 showed a significant association with increased risk of gallbladder cancer[56]. 
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1.3.6.7 Environmental effects  

Though there is no conclusive evidence to support the association of environmental pollutants 

with gallbladder cancer. Few reports suggest the higher biliary concentration of cadmium, 

chromium, and lead were found in the bile of cancer patients than patients with gallstones. 

Increased expression of metallothionein has been observed in GBC patients which may play a 

role in gallbladder carcinogenesis.  

1.4 Molecular pathology of gallbladder cancer  

There are proposed two pathways in the pathogenesis of gallbladder pathogenesis viz 

dysplasia-carcinoma sequence and adenoma-invasive carcinoma. In the first model, normal 

epithelium changes to dysplasia due to chronic irritation or inflammation thus progressing to 

carcinoma in situ and eventually leading to invasive cancer. In the second model, gallbladder 

polyp is formed by the initial glandular proliferation of the epithelium, malignant 

transformation occurs within this initially formed an initial benign mass[31]. In addition to 

the previously proposed models, the updated model ñgallbladder carcinogenesis and 

dissemination model incorporates the course of disease after the development of invasive 

carcinoma and addition of new molecular markers that could be used for diagnosis or 

response to therapy[31]. Chronic inflammation plays an important role in gallbladder cancer. 

There is a reduction in expression of inflammatory markers such as COX2, EGFR and other 

markers at advanced stages of cancer. The protective influence of the expression of markers 

in the advanced stages is still needed to be ascertained. Most dysplasias and carcinoma in situ 

are observed after cholecystectomy when the entire lesion is removed and evidence suggest 

that progression could occur from precursor lesions to infiltrating carcinoma. About 90% of 

the gallbladder cancers are adenocarcinoma, of which 10-37% of carcinomas cannot be 

identified with certainty on gross examination since the macroscopic findings are similar to 

chronic cholecystitis[57]. The majority of the carcinomas originate in the fundus (60%), body 

(30%) and neck (10%)[58]. Most of the gallbladder cancers are well to moderately 

differentiated adenocarcinomas. Few previously reported histological studies have identified 
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papillary neoplasms in 0.4% of the cholecystectomies and 6-7% of the invasive carcinomas. 

Papillary neoplasms are associated with favorable prognosis as compared to non-tumoral 

counterparts[57, 58]. The favorable prognosis is attributed to their outward growth forming a 

polyp or mass and delayed invasion into the gallbladder wall. A staging system was proposed 

in which Stage I is limited to the mucosa; Stage II is limited to the muscular layer; Stage III is 

limited to the perimuscular layer; Stage IV is limited to the lymph nodes and Stage V has 

hepatic or other distant metastasis[13].  

 

 

I -Figure 4: Dysplasia to invasive carcinoma model of GBC involving sequential 

histopathological and molecular changes associated with gallstones and inflammation. 

(Adapted from Wistuba et al, 2004 Nature reviews cancer)  The multistage process of the 

pathogenesis of gallbladder cancer involving series of histological changes from normal 

epithelium to invasive carcinoma with different molecular changes at different stages[1]. 
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I -Figure 1: Gallbladder carcinogenesis and dissemination model.  

(Adapted from S.G Barreto et al, 2014 Ann Oncol) Gallbladder carcinogenesis and 

dissemination model The multi-step process of carcinogenesis of gallbladder involving a 

series of changes from normal epithelium to invasive carcinoma via two pathways 

metaplasia/hyperplasia as well as dysplasia and metastasis to lymph nodes, liver and other 

distant organs[31] 
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1.5 Research objective  

Rationale  

Gallbladder cancer is an aggressive disease with poor prognosis. Currently, surgery is the 

only curative mode of treatment for the disease. Chemotherapy and radiotherapy are used as 

adjuvants; however, there is very little effect on survival of the patients. Moreover, molecular 

targets have not been identified yet. My research proposal takes the advantage of combining 

genomic approaches followed by functional validation of the alterations discovered to build 

up a molecular framework of therapeutically relevant alterations thereby benefit the patients 

with the deadly disease. The objectives of the thesis are listed below: 

Objectives  

1) Apply next-generation sequencing analysis of gallbladder cancer to identify pathogenic 

sequences in gallbladder cancer using computational subtraction method. 

2) Apply next-generation sequencing analysis of gallbladder cancer to identify genes whose 

somatic genomic alterations suggest the properties of driver oncogenes. In a more directed 

approach, we will sequence exome, from gallbladder tumors of Indian origin cases. 

3) We will test candidate oncogenes identified in Aim 2 by gain-of-function assays for 

cellular transformation and activation of known oncogenic signaling pathways.  
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CHAPTER 2: NON TYPHOIDAL SALMONELLA TRACES IN GALLBLADDER 

CANCER  (an excerpt; as published in BMC Infectious Agents and Cancer (2016);11:12 

 

Abstract 

Background 

We earlier proposed a genetic model for gallbladder carcinogenesis and its dissemination 

cascade. However, the association between gallbladder cancer and óinflammatory stimulusô to 

drive the initial cascade in the model remained unclear. A recent study suggested infection 

with Salmonella can lead to changes in the host signalling pathways in gallbladder cancer. 

Findings 

We examined the whole exomes of 26 primary gallbladder tumour and paired normal 

samples for presence of 143 HPV (Human papillomavirus) types along with 6 

common Salmonella serotypes (S. typhi Ty2, S. typhi CT18, S. typhimurium LT2, S. 

choleraesuis SCB67, S. paratyphi TCC, and S. paratyphi SPB7) using a computational 

subtraction pipeline based on the HPVDetector, we recently described. Based on our 

evaluation of 26 whole exome gallbladder primary tumors and matched normal samples: 

association of typhoidal Salmonella species were found in 11 of 26 gallbladder cancer 

samples, and non-typhoidal Salmonella species in 12 of 26 gallbladder cancer, with 6 

samples were found co-infected with both. 

Conclusions 

We present the first evidence to support the association of non-typhoidal Salmonella species 

along with typhoidal strains in gallbladder cancer. Salmonella infection in the chronic carrier 

state fits the role of the óinflammatory stimulusô in the genetic model for gallbladder 

carcinogenesis that may play a role in gallbladder cancer analogous to Helicobacter pylori in 

gastric cancer. 
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2.1 Introduction  

2.1.1 Infections in cancer  

Worldwide, it has been estimated that 20% of cancers are attributed to infectious agents. Itôs 

known that viral and bacterial pathogens have been postulated to play an important role in the  

development of cancer [59, 60]. Among the pathogens, viruses account for the majority of 

malignancies from a universal perspective. There are seven oncogenic viruses (hepatitis B 

and C (HBV and HCV), human papillomavirus (HPV), Epstein-Barr virus (EBV) and human 

T cell lymphoma virus 1(HTLV-1), Merkel cell polyomavirus, Kaposiôs sarcoma virus, one 

oncogenic bacterium (Helicobacter pylori) play a tumorigenic role in the development of 

cancer[61]. The vital portion of the viral genome can be found in a cancer cell resulting in the 

expression of viral genes disrupt cell cycle, inhibit apoptosis thus contributing to the cellular 

process of immortalization. In contrast pathogens like bacteria (H.pylori, O.viverrini, and 

S.typhi) produce a chronic inflammatory state that leads to the production of cytokines, 

prostaglandins which can result in deregulation of the immune system and 

neovascularization[60]. All these pathogens have been associated with the carcinogenic 

process, however, the molecular mechanism has not been elucidated so far. 

2.1.2 Infections in gallbladder cancer  

Gallbladder cancer is one of the most common cancers of the biliary tract. One of the major 

risk factors is infections with Salmonella bacteria[51]. Several epidemiological studies from 

India, especially from the northern part of the country have reported a chronic carriage of 

typhoid and gallbladder cancer[62]. Typhoid is caused by Salmonella enterica serovar Typhi. 

Salmonella typhi enters the bloodstream through contaminated food or water. After crossing 

the intestinal epithelial barrier, Salmonella is phagocytosed and are systematically spread to 

produce acute disease. About 3-5% of typhoid patients become chronic carriers, with 

gallbladder providing the niche for its persistence[63]. Chronic carriers are symptomatic and 

have an approximately 8-fold risk of developing gallbladder cancer than the non-carriers[64]. 
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Few reports suggest the co-operative relationship between gallstones and Salmonella 

typhoidal infections in the carcinogenesis of gallbladder cancer, however, the cause and 

effect relationship is not ascertained[65].  The proposed mechanism of tumorigenicity by 

Salmonella bacteria is the production of b-glucuronidase that result in deconjugation of toxins  

and bile acids which in turn lead to carcinogenesis[66]. Other evidence indicates that 

products of degradation of bile acids by the bacteria may contribute to tumorigenesis[67, 68]. 

Recent evidence shows that Salmonella enterica infection induces transformation in 

predisposed murine gallbladder organoids, fibroblasts with TP53 mutations and c-MYC 

amplification by activation of MAPK and AKT pathways[19]. The typhoidal Salmonella was 

strongly associated with gallbladder cancer however non-typhoidal Salmonella species (S. 

Typhimurium and S. Choleraesius) that elicits a stronger immune response is linked with the 

systemic illness (gastroenteritis) have as yet not associated with gallbladder cancer[69]. We 

proposed a gallbladder cancer carcinogenesis model based on current understanding of tumor 

biology[31]. However, the lacunae in the model is the driving force behind inflammation-

related changes is not ascertained. Here we examined the exomes of primary gallbladder 

tumor and paired normal samples for the presence of 6 common Salmonella serotypes with 

available genome information (S. typhi Ty2, S. typhi CT18, S. typhimurium LT2, S. 

choleraesuis SCB67, S. paratyphi TCC, and S. paratyphi SPB7) using a computational 

subtraction pipeline based on the HPVDetector tool. 

 

2.2 Materials and Methods  

2.2.1 Patient information: 

Twenty six fresh frozen primary tumor and matched normal tissues were obtained from the 

tissue repository of Tata Memorial Hospital (TMH). The Institutional Review Board (IRB) 

and the Ethics Committee (EC) of Tata Memorial Centre (TMC) - Advanced Centre for 

Treatment, Research and Education in Cancer (ACTREC) (Mumbai, India) approved the 
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project (#104). Since this was a retrospective analysis, the IRB and the EC waived the need 

for an informed consent. Patients were randomly selected based on the availability of fresh  

frozen tissues. The patient characteristics including age, gender, gallstone status and 

histopathology were recorded. 

2.2.2 PCR analysis for Salmonella isolates 

The PCR method used for Salmonella detection has been previously described [12]. Nested 

PCR was carried out in a 25µl volume containing 10 µl KAPA 2X ready mix master-mix 

(Kapa Biosystems catalog no-KK1024), 10pmol primer and 100 ng of genomic DNA. 

Following the first round of PCR (94 °C for 1 min, 55 °C for 1 min 15 s,72 °C for 3 min ï 40 

cycles) with ST1 and ST2 primers,5 µl PCR product was used as template for nested PCR 

using ST3 and ST4 primers (94 °C for 1 min, 68 °C for 1 min 15 s, 72 °C for 3 min ï 40 

cycles). We also performed validation of Salmonella sequences using read specific primers. 

The PCR conditions - 94 °C for 1 min, 59 °C for 30s, 72 °C for 45 s ï for 30 cycles. 

2.2.3 Sequencing and analysis 

Exome capture and library preparation were performed using Agilent Sure select in-solution 

(low-input capture500 ng) target enrichment technology. Genomic DNA was sheared and 

size selected (150ï200 bp) and ligated to adaptors and run on Illumina Nextseq 500 platform 

to generate 150 bp paired-end reads at a coverage of 100X and above. To detect Salmonella 

traces, the HPVDetector pipeline was used, as described previously [11]. Briefly, reads were 

aligned against six known Salmonella species genomes in addition of the HPVDetector 

dataset of 143 HPV types, as downloaded from the National Centre for Biotechnology 

Information (NCBI), using BWA (Burrows wheeler algorithm) aligner (v0.6.2). All reference 

sequences were annotated and concatenated to compose multi-fasta sequences using bio-perl 

modules. The alignment files were parsed using UNIX shell program to detect the types of 

Salmonella represented by at least one read that aligned to a particular Salmonella type with 

high confidence.  



NON TYPHOIDAL SALMONELLA TRACES IN GALLBLADDER CANCER 

 

41 | P a g e 

 

2.3 Results 

2.3.1 HPVDetector pipeline identifies Salmonella sequence present in gallbladder cancer 

samples 

We performed PCR based analysis of 26 gallbladder tumor and paired normal samples to 

detect the presence of Salmonella DNA using pan primers, as described earlier [12]. None of 

the gallbladder samples were found to be positive for Salmonella (data not shown). As a next 

step, whole exome data for these 26 samples (generated in-house, manuscript in make) were 

analyzed to detect Salmonella traces using HPVDetector pipeline, modified to include 

additional genome sequence of 6 common Salmonella isolates. The computational approach, 

in brief, subtracts all reads that align to human genome and aligns remaining reads to HPV  

 

II -Figure 1: Profiling the occurrence of 143 HPV types and 6 Salmonella isolates across 

26 gallbladder cancer patients. 

Heat map representation of 6 Salmonella isolates (in row) found across 26 gallbladder 

samples -- 17 tumours and 9 matched normal (in the column) are shown. Solid boxes indicate 

the presence of reads from Salmonella genome in the corresponding gallbladder sample. The 

samples (column) have been grouped based on gender as shown above the heat map. Solid 

boxes in the first row indicate the presence of HPV16 sequence. Solid boxes in the second 

row indicate the presence of a mutation in TP53. Reads of HPV16 were found in 1 of 26 

samples (10 T). 9 of 17 gallbladder tumour samples were associated with gallstones as shown 

by solid boxes in the second row. Typhoidal Salmonella isolates were found in 11 of 26 

gallbladder cancer samples, non-typhoidal Salmonella isolates were found in 12 of 26 

gallbladder cancer, with 6 of 26 samples co-infected with both. 

 

 

and Salmonella reference database from NCBI. While HPV16 was detected in 1 gallbladder 

sample, Salmonella isolates were found across multiple samples: S.typhi Ty2 (3samples), 
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S.typhi CT18 (6 samples), S. typhimurium LT2 (10 samples), S.choleraesuis SCB67 (5 

samples), S. paratyphi TCC (3 samples), and S. paratyphi SPB7 (7 samples). In total, 

Salmonella reads were found in 19 of 26 gallbladder tissues (tumor as well as adjacent 

normal tissues). Interestingly, 10 of 19 samples were co-infected with multiple isolates 

independent of gender or gallstone status (Figure 1). 

2.3.2 Annotation of the Salmonella reads found in gallbladder cancer samples 

 

A variable number of overlapping reads of variant lengths for each isolate were assembled 

into contigs based on Clustal X2 multiple alignment. The unique stretch of contigs generated 

were annotated based on gene annotation database of Salmonella isolates from NCBI 

(National center for biotechnology information) database. 114 reads of multiple Salmonella 

isolates were found in 19 of 26 samples analyzed.47 of 114 reads of Salmonella ORF (open 

reading frame) were identified as encoding for bacterium genes known to be involved in 

metabolism and those related to the toxin-antitoxin system. Rest of the reads aligned to the 

Salmonella ribosomal genes, understandably due to their relatively higher abundance (Figure 

2)        

2.3.3 HPVDetector pipeline is specific and highly sensitive to detect true Salmonella 

traces 

To assess the specificity of our assay, we re-analyzed whole exome data of all samples by 

taking their reverse (not complement) to simulate random sequence, but retaining 

composition of nucleotides and genome complexity, using an in-house perl script, as 

described earlier. We found no spurious Salmonella reads when the primary tumor whole 

exome sequence was reversed in any of the 26 samples, suggesting the computational 

pipeline used was specific to detect Salmonella traces. To test the sensitivity of our assay, 

raw FASTQ file of a primary tumor sample 16 T that was found positive for Salmonella reads 

was downsampled to  1X, 5X, 10X, 15X, 25X,  50X,  75X and 100X coverage using Picard 

Toolkitôs downsampleSam function  (http://broadinstitute.github.io/picard/), as described 

earlier. The resulting FASTQ files were analysed for detection of Salmonella reads using the 

HPVDetector pipeline(Figure 3). 
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II -Figure 2: Detailed annotation of read sequences of different Salmonella species 

identified across gallbladder cancer patient samples. 

Abundance and annotation of Salmonella reads found across the 16 of 26 gall bladder 

cancer samples. Heat map representation of individual Salmonella reads (in rows) identified 

from 6 different isolates found across the 16 gall bladder cancer samples (in column) is 

shown. Variable length and number of overlapping reads, each of 150 bp obtained from 

paired end Illumina sequence for each isolate, were assembled into contigs based on 

Clustal X2 multiple alignment. The unique total length of contigs generated is shown in 

second column reflecting the total length of the gene covered in the study. The contigs 

generated were annotated based on gene annotation database of Salmonella isolates from 

NCBI database. A representative general class for all genes identified is shown in the third 

column. 

 












































































