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SUMMARY

Gallbladder cancer (GBC) has a poor prognosis with the prevalence of GBC varying according
to geographical location. The prevalence of GBC in South Africa is poorly tracked, and the
molecular mechanisms associated with GBC in African patients are inadequately understood.
This study aimed to determine dysregulated proteins in tissue and blood plasma in South
African GBC patients to identify potential molecular mechanisms of disease progression and
plausible biomarkers. Following ethical approval, tissue from 27 GBC, 13 gallstone disease
(GD), and five normal tissues were obtained. Blood plasma was collected from 54 GBC and
73 benign biliary pathology (BBP) patients who consented to the study. A bottom-up
proteomics approach was undertaken, using PAC and HILIC digestion methods, and SWATH-
MS for quantitative proteomic profiling. Hierarchical cluster analysis, PCA analysis, and
Spearman’s rank correlation analysis were performed. Furthermore, pathway and network
analyses were conducted. There were 62, 194, and 105 dysregulated proteins in the
GBC/Normal, GBC/GD, and GD/Normal group comparisons, respectively, and 33
dysregulated proteins in the GBC/BBP plasma comparison. The dysregulated proteins in GBC
patients enriched pathways involved in smooth muscle contraction, metabolism, extracellular
matrix organisation and interactions, innate immunity, and platelet and neutrophil
degranulation. Further analysis showed that S1I00A8 and S100A9 were downregulated in GBC
plasma patients with GD history compared to those with no GD history. Additionally, APOE
and ITIH3 were elevated in non-metastatic staging GBC patients. Seven proteins were found
to be commonly dysregulated in GBC/GD and GBC/BBP comparisons and another two
proteins were commonly dysregulated in the GBC/Normal, GBC/GD, and GBC/BBP
comparisons, termed “Commonly dysregulated proteins (CDPs)”. Quality control assessment
of the MS2 fragment ion chromatograms of the CDPs indicated strong signal-to-noise ratios
and correct fragment-to-precursor matching. The CDPs could distinguish between GBC and
controls and the Spearman’s rank correlation test showed significant correlations between the
expression of the CDPs. The identified dysregulated proteins aid in further understanding the
molecular mechanisms associated with GBC in patients with African ancestry. The alteration
of specific proteins in tissue and plasma samples suggests their potential use as biomarkers for

GBC patients in this sample cohort.



1 CHAPTER 1: INTRODUCTION

1.1 The gallbladder

The gallbladder is a small, pear-shaped organ underneath the liver and is an accessory organ of
the digestive tract. The gallbladder stores and concentrates bile produced and released by the
liver (Figure 1.1A). The primary function of bile is to aid in the digestion of fats (1,2). It is
attached to the liver via loose connective tissue, small veins, and the lymphatic system (3). The
gallbladder is connected to the cystic duct that drains into the common bile duct. The cystic
duct is 3 —4 cm long and links to the common hepatic duct to form the common bile duct (3).
The gallbladder comprises three main structures: the fundus, the body, and the
neck/infundibulum (Figure 1.1B) (2). The fundus structure is the rounded portion of the
gallbladder which faces the abdominal wall. The body of the gallbladder lies in a shallow
depression in the right lobe of the liver and contains the bile. The neck/infundibulum is the
tapering portion forming part of the cystic duct leading into the common hepatic duct and
finally the common bile duct (4). The human gallbladder ranges from 7 — 10 cm long and 3 —
4 cm wide with a wall thickness of roughly 2 mm (varying with distension), and can contain
approximately 50 mL of bile (3). Various gallbladder conditions are considered diseased states

and may require clinical or healthcare intervention.
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Figure 1.1: The location of the gallbladder and depiction of gallstones. (A) The gallbladder is located
underneath the liver in the hepatobiliary duct system. It is a small, hollow organ where bile is stored before being
secreted into the small intestine. (B) The anatomy of the gallbladder consists of three main structures: the fundus
(the rounded base), the body (where bile collects), and the neck/infundibulum (the opening of the gallbladder).
(C) Gallstones comprise various salts and bilirubin, all constituents of bile that collect in the fundus. (Figure 1.1
modified with text and annotation after adaptation of "Digestive System" from Servier Medical Art by Servier,
licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

1.2 Diseases of the gallbladder
There are various diseases associated with the gallbladder, namely porcelain gallbladder,

gallstone disease (cholelithiasis), inflammation (cholecystitis), and gallbladder cancer (5).

1.2.1  Porcelain gallbladder

Porcelain gallbladder (PGB) is a disease where the gallbladder develops a blue discolouration
and becomes fragile due to excessive calcium deposits (6). While the specific pathogenesis of
PGB is controversial, it is hypothesised that it is associated with chronic inflammation and
gallstones. The clinical presentation of many patients suffering from PGB is asymptomatic and
is usually detected through incidental radiographic techniques. PGB is detected mainly with
ultrasonography and abdominal radiography, with confirmation via surgical procedures (such
as a laparotomy) or pathology tests (7). PGB is exceedingly rare and is detected in <1% of
patients with gallbladder diseases. However, this disease is most prevalent in females and

individuals over 60 years. Gallstones are involved in 60 — 90% of PGB cases (7).



Porcelain gallbladder is also considered a precursor disease for gallbladder cancer (GBC), and
it has been observed that 12 — 33% of patients with PGB develop GBC (7). Some studies have
reported an association of 10%, and others indicated an association of 2 — 3%. Patients with

mucosal calcification, or partial mural calcification, are believed to be at increased risk (8,9).

1.2.2  Gallstone disease

Gallstone disease (GD), or cholelithiasis, is characterised by the formation of crystallised
gallstones formed from cholesterol or bilirubin. Gallstones can form in the gallbladder or, less
frequently, in the bile duct (Figure 1.1C) (10). Depending on the location of the gallstones,
various secondary diseases may arise, including cholecystitis, obstructive jaundice, and
pancreatitis (11). Gallstones can be categorised as either cholesterol or pigmented gallstones.
More than 80% of gallstones are estimated to comprise cholesterol, indicating a defect in the
biliary tree. Pigmented gallstones can be further subdivided into brown and black stones.
Brown stones are typically associated with bacterial infection and are located in the biliary tree
rather than inside the gallbladder. Black stones indicate haemolytic conditions or cirrhosis and
are located inside the gallbladder (12). Some risk factors for GD include being female,

advanced age, poor nutrition, and genetic risk factors (13).

Gallbladder hypomotility contributes to the formation of gallstones, whereby excessive
cholesterol and bile accumulate within the smooth muscle cells of the gallbladder wall which
leads to stiffening. This prolongs the duration of bile in the gallbladder which induces
crystallisation and gallstone formation (10). Most patients suffering from GD do not present
with noticeable physical symptoms. In the case of symptomatic GD patients, complete surgical
removal of the gallbladder (cholecystectomy) is the first-line treatment (14). The rates of
cholecystectomies performed vary by region; high-incidence regions can perform up to 220
per 100,000 whereas some lower-incidence regions perform 65 per 100,000. Moreover, Latin

American countries have the highest GD prevalence (15).

Various imaging techniques are employed to diagnose GD due to the non-specific symptoms
of this condition. Ultrasonography confirms GD with a success rate of >90%; however, bile
duct stones may be missed in >50% of cases. Other techniques to diagnose GD are magnetic
resonance cholangiopancreatography (MRCP), endoscopic ultrasound (EUS), and endoscopic
retrograde cholangiopancreatography (ERCP) (16). Gallstone disease is considered to be a
significant risk factor for gallbladder cancer onset and progression. Up to 85% of patients

diagnosed with GBC have a history of gallstones. Interestingly, only 0.5 — 3% of patients



suffering from GD develop GBC (9,17). Although little is known about the mechanisms
associated with GD progression to GBC, it is thought that chronic epithelial irritation and
mucosal damage by gallstones are involved in the process. Additionally, patients with
gallstones >3 cm in size have an increased risk of up to 10-fold (9) of developing GBC
compared to stones <1 cm. Symptomatic GD is also linked to GBC occurrence compared to
asymptomatic disease, and cholesterol gallstones are linked to more symptomatic cases of GD
(18).

The prevalence of GD varies from males to females and in geographical regions. The North
American Indian incidence for GD is 64.1% in females and 29.5% in males, Mapuche Chileans
have an incidence of 49.4% in females and 12.6% in males, white Americans have a prevalence
of 16.6% in females and 8.6% in males, and Africans have a low prevalence of <5% for both
sexes (19). There is a significant lack of current information on the prevalence of GD in South
Africans. Studies completed in the 1980s indicated that GD prevalence in black South Africans
was “low”; however, this information is outdated and needs reassessment (20). In this study,
patients diagnosed with GD were used as a control population because this disease is a risk
factor for GBC.

1.2.3  Cholecystitis

Cholecystitis is inflammation of the gallbladder and can be categorised as acute or chronic.
Acute cholecystitis is generally induced by blockage of the cystic/bile ducts by gallstones, and
>90% of acute cholecystitis patients are associated with GD (21). Other causes of cholecystitis
are a mass in the gallbladder (primary tumour or polyps) and parasites. Causes independent of
gallstones are known as acalculous cholecystitis (12). In chronic cholecystitis (repeated bouts
of acute cholecystitis), nearly 100% of cases described gallstone involvement (22). The
symptoms of acute cholecystitis include upper right quadrant pain, nausea, vomiting, and
anorexia. Various imaging techniques, such as ultrasonography and magnetic resonance
imaging (MRI), are used to diagnose cholecystitis. Similar to GD, the gold standard treatment
for cholecystitis is cholecystectomy (12). PGB, GD, and cholecystitis are significant precursors
for diseased gallbladders developing into malignant gallbladder cancer. Approximately 85%
of GD and cholecystitis cases and roughly 25% of PGB cases develop into gallbladder cancer.

The mechanism of cholecystitis-inducing transformation is described in subsequent sections.



1.3 Molecular mechanisms associated with inflammation of the gallbladder and

linked with gallbladder cancer
As previously indicated, inflammation of the gallbladder, in the presence and absence of
gallstones, is considered a precursor for gallbladder cancer. Dysfunction of the gallbladder
motility and bile-secretion pathways may result in gallstone formation. Aberrations in genes

and associated pathways have been implicated in the pathogenesis of gallstones (23,24).

Murine model studies have been used to understand the genetic effects on gallstone formation
better. Gallstone-susceptible (C57L/J) and gallstone-resistant (AKR/J) mice were used to
demonstrate that lithogenic genes 1 and 2 (Lith1 and Lith2) may play a role in the formation of
gallstones. Lithl plays a role in determining liver cholesterol hypersecretion, and Lith2
regulates the salt-dependent flow of bile (25). The human functional counterparts of Lithl and
Lith2 are ABCG5 (Adenosine triphosphate-binding cassette sub-family G member 5) and
ABCGS8 (Adenosine triphosphate-binding cassette sub-family G member 8), respectively. In
hepatocytes, these proteins transport neutral sterols into bile or promote the active efflux of
cholesterol from the enterocyte into the intestinal lumen for faecal excretion (26). The
inactivation of ABCG5/8 proteins causes a reduction in cholesterol secretion into bile.
Conversely, overexpression of these proteins results in increased cholesterol content in bile and
the gallbladder and increased propensity of cholesterol crystal precipitation (24,27). ABCG5/8
were associated with cholesterol gallstone formation. Two gene variants of these proteins
(ABCG5-R50C and ABCG8-D19H) were identified in several population groups, including

Germans, Chileans, Chinese, and Indians (26).

The oversaturation of the bile may also induce cholelithogenesis, which is the process of
gallstone formation. Under normal physiological conditions, varied gallbladder absorption
rates for biliary cholesterol, bile salts, and phospholipids affect the concentration and saturation
of cholesterol in bile. Therefore, abnormal lipid absorption may enhance cholelithogenesis due
to the persistent supersaturation of cholesterol in bile during the process of bile concentration
for storage (28). Another approach to cholelithogenesis is gallbladder motility dysfunction.
Cholecystokinin A receptor (CCKAR) is a receptor protein that regulates the motility of the
smooth muscle of the gallbladder. It was observed in a murine model that deletion of the
CCKAR gene leads to dysfunction of the smooth muscle contractility of the gallbladder. It is
still unclear whether variants in the CCKAR gene are associated with increased gallstone

prevalence in human patients (29).



Studies have shown that females develop gallstones more frequently than males (19,30).
Oestrogen, such as 17p-oestradiol (E2), is a female hormone with liposoluble properties
allowing it to diffuse passively into cells and act as a transcription factor. When E2 diffuses
into the liver, it induces cholesterol secretion into bile and increases cholesterol saturation,
elevating the risk of cholelithiasis (31). Moreover, E2 may bind oestrogen receptors ESR1
(oestrogen receptor 1) and ESR2 (oestrogen receptor 2), which become active complexes that
regulate transcription. Furthermore, oestrogen-activated ESR1 also stimulates the activity of
ABCG5/8 (24,32), further driving the cholelithogenesis process.

Gallstones, as previously mentioned, are a risk factor for gallbladder inflammation which aids
in the tumourigenic process. Murine model studies have also indicated that cholesterol crystals,
which initiate gallstone formation, induce gallbladder changes such as a thickened mucus layer,
and interleukin-1 (IL-1) activity in the gallbladder wall are hallmarks of gallbladder
inflammation. Additionally, gallstones cause repeated trauma to the gallbladder mucosa
inducing chronic inflammation (33,34). Gallbladder cancer is known to be influenced by
inflammation (35). Inflammation is the activated response due to tissue injury and is beneficial
as it aims to restore homeostasis. However, unregulated inflammation may become chronic
and induce transformation from normal to malignant cells. Chronic inflammation is important
in initiating, sustaining, and advancing tumour growth (36). Acute inflammatory processes are
limited in response time; however, many cases evolve into chronic inflammation associated
with tumourigenesis. Two pathways, NFkB (nuclear factor kappa B) and STAT3 (signal
transducer and activator of transcription 3), have been identified as crucial regulators of pro-
inflammatory cytokines vital for chronic inflammation persistence and tumour proliferation
(37).

The inflammasome is a protein complex comprised of danger-sensing proteins which promote
the inflammatory response. The NFkB signalling pathway is involved in various cellular
processes such as apoptosis, proliferation, response to infection, and inflammation. The NF«xB
pathway activates and forms inflammasomes which then promote the production of more
inflammatory proteins (38). During inflammation, large amounts of free radicals are released,
which cause DNA damage by introducing mutations into the DNA sequence. The cells
undertake DNA damage repair, or apoptosis, to prevent cancer cell formation (39). NFxB
signalling is persistent during chronic inflammation inhibiting DNA damage repair and

apoptotic mechanisms. This causes many abnormal cells to aggregate and become cancer cells



(38). Cancer cells can essentially hijack the normal regulation of the NF«xB pathway. Under
normal physiological conditions, the NFkB pathway is expressed in certain cell types, such as
neurons, and inactive in other cell types but is consistently active in many types of cancers
(40).

The STAT signal transduction pathway functions to regulate various physiological processes
such as the growth, survival, and differentiation of cells. Specifically, STAT3 induces a
carcinogenic inflammatory environment, promotes oncogenesis and is typically activated after
IL-6 activation (41). The STAT3-mediated oncogenesis is regulated by the oncogene Src which
has been directly linked to human cancers (42). Additionally, chronic inflammation has been
linked to STAT3-mediated malignant properties. Moreover, STAT3 regulates various
activators of the carcinogenic process, such as chemokines and cytokines. This regulation
induces an autocrine feedback loop to activate STAT3 further (41). The NFkB and STAT3
pathways are important in transformation processes such as growth, survival, and apoptosis.
However, these pathways are not directly mutated; the upstream chemokines and cytokines

become dysregulated, inducing aberrant activation of these pathways (41).

Cytokines can be divided into two main categories: pro-inflammatory and anti-inflammatory.
Some proinflammatory cytokines include IL-1, IL-6, IL-8, interferon-gamma (IFNy), and
tumour necrosis factor-alpha (TNFa). Anti-inflammatory cytokines include IL-4, IL-10,
transforming growth factor (TGF), IFNa, and IFNP (43). TNFa and IL-1p are vital in
initiating chronic inflammation and activating the NFxB signalling pathway. IL-10
overexpression has been shown to induce gastric cancer formation. TGF plays a role in
tumour progression by inducing cancer-associated inflammation and microenvironment
remodelling (43,44). IL-6 independently has been observed to promote chronic inflammation
and carcinogenesis of the stomach and colon via the activation of the STAT3 pathway (45).
Inhibitors of these cytokines and the downstream signal transduction pathways (such as the
STAT3 and NFxB pathways) are promising targets for inflammatory and, subsequently, cancer
therapy (43).

The following sections discuss several aspects of gallbladder cancer, such as epidemiology,

risk factors, histology, clinical presentation, and molecular and signalling mechanisms.



1.4 Gallbladder cancer and epidemiology

1.4.1 Epidemiology

Gallbladder cancer (GBC) is the most prevalent cancer of the biliary tract, accounting for 80 —
95% of cases (46,47). About 80% of patients are diagnosed at an advanced or metastasized
stage; hence GBC has a 5-year survival rate of ~19% (15). The Globocan 2020 statistics
database estimated that GBC had approximately 115 949 newly diagnosed cases (41 062 males
and 74 887 females) annually and accounted for 84 695 of all cancer deaths (30 265 males and
54 430 females) globally (47). In the USA, by 2023, it is estimated there will be 12 220 new
cases (5 750 males and 6 470 females) and 4 510 deaths (1 900 males and 2 610 females) (48).
The global incidence trends of GBC vary significantly according to geographical location.
Chile has reported the highest rates of GBC (27 cases per 100 000), followed by Northern India
regions (21.5/100 000). Other high-risk areas include Poland (14/100 000), South Pakistan
(11.3/100 000), Japan (7/100 000), and Israel (5/100 000) (17). Latin America and South Asia
have the highest incidence of GBC worldwide (15,49). Conversely, European ancestry regions,
including the United States, Australia, Canada, the United Kingdom, and New Zealand, show
a lower incidence of GBC. Notably, the United States has a diverse population with varying
ancestries, each with its own incidence; for example, Native Americans and Hispanic

Americans show the highest incidence of GBC compared to Caucasians (17).

The GBC prevalence in sub-Saharan Africa is poorly tracked. In South Africa, all GBC cases
documented by the National Cancer Registry are based solely on histologically confirmed GBC
cases. Clinically and radiologically suspected GBC patients, either independently or in
conjunction, are excluded by the National Cancer Registry if the cases are not histologically
confirmed (50). In 2018, there were 574 histologically confirmed new cases and 287 deaths
(51). However, a recent study evaluating records from 2003 to 2015 has suggested a higher
incidence of GBC in South Africa than reported (50).

1.4.2 Risk factors

Several demographic factors are associated with an increased risk of GBC. GBC is age-
dependent, with the highest rates occurring during the seventh decade of life. Moreover,
females are much more predisposed to developing GBC, with a two to six-fold more likely
chance of developing GBC than males (9). While the exact mechanisms driving females to be
more predisposed to GBC are not certain, it is speculated that female hormones increase the

risk by inducing gallstone formation (30). Additionally, the use of hormone replacement



therapy and oral contraceptives also increases the risk for GBC. Other risk factors unique to
females include a young age for the first menstrual cycle, an advanced age for the first
pregnancy, and late menopause (52,53). Various other conditions predispose patients to GBC

onset and progression, such as exposure to carcinogens and toxins.

Carcinogens and environmental exposure to toxins have also been linked to GBC. Persons
working in various industries, such as oil, textiles and paper and miners exposed to radon have
been reported to have an increased propensity of developing GBC (54). Some environmental
toxins, such as fungal aflatoxins and ochratoxins, are substantial risk factors associated with
GBC. A wide range of fungal species produces aflatoxins. Although these compounds' exact
mechanism of action is not fully understood, there are postulated mechanisms of cause for these
carcinogens. The presumed mechanism of action of aflatoxins is continued exposure of
gallbladder epithelium to the carcinogenic aflatoxin metabolites excreted from the liver into
the bile (55). Ochratoxin A is another compound produced by fungi that have been linked with
GBC development. Red chilli peppers from Southern Latin America contain high levels of
ochratoxin A. It has been speculated that GBC development associated with ochratoxin A may

be stronger than that of aflatoxins (56).

Other gallbladder-related abnormalities, such as polyps, infection, and congenital biliary tree
defects, have also been observed to be risk factors for GBC onset. Gallbladder polyps are
benign growths which usually form in the mucosal lining of the gallbladder. Polyps are often
identified via routine ultrasound examination or incidentally after cholecystectomy. The most
common benign polyps are cholesterol polyps (60%) and adenomyoma polyps (25%).
Adenocarcinoma polyps (80%) are the most prevalent malignant polyps (9,57). Chronic
bacterial infections can also stimulate gallbladder irritation and inflammation; Salmonella typhi
and Helicobacter bilis are two types of bacteria known to induce GBC. Patient carriers of S
typhi can have up to 12-fold increased risk of GBC; infection with S. typhi is twice as common
in females than in males (9,17,58). Helicobacter bilis has been associated with the formation
of cholesterol gallstones. Moreover, chronic bacterial infection induces inflammation of the
gallbladder and biliary tree; this causes DNA damage which is a critical factor in the

tumourigenic process (17,59).

An anomalous pancreaticobiliary ductal junction (APDJ) is a rare congenital structural defect
detected in the biliary tree. This is a rare congenital defect whereby the biliary duct and

pancreatic duct junction are outside the duodenal wall. This causes the reflux of pancreatic
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juice and bile into the ducts (60,61). The pancreatic juice constantly encompasses the biliary
mucosa causing injury and inflammation, predisposing the mucosa to carcinogenesis. It is
estimated that approximately 10% of GBC patients have APDJ; however, it was noted that
Asian populations have a more prevalent incidence of APDJ (62).

1.4.3  Types of gallbladder cancer

Cancers are classified into several types depending on the tissue. The most common variants
are adenocarcinoma, squamous cell carcinoma, and adenosquamous carcinoma.
Neuroendocrine cell tumours, small cell carcinoma, and anaplastic carcinomas are rarer
variants (63). Gallbladder cancers are usually adenocarcinomas (up to 97%), with the other

variants accounting for 3 — 20% of cases (64).

Adenocarcinomas can be further divided into subtypes: papillary, tubular, and nodular variants
(5). Adenocarcinomas originate from the glandular cells of the gallbladder. Gallbladder
papillary adenocarcinomas are observed to be less aggressive than the other subtypes (5).
Squamous cell carcinomas originate from epithelial tissues, which can be described as stratified
squamous epithelium. Adenosquamous cell carcinoma is a combination between
adenocarcinoma and squamous cell carcinoma; however, the exact amount of each component
is unclear (65,66). Neuroendocrine cell tumours are derived from specialised neuroendocrine
cells that function as chemo- and mechanosensors (67). Small cell carcinomas of the
gallbladder are defined as poorly differentiated neuroendocrine tumours and are associated

with a poor prognosis (68).

The specific symptoms and techniques used to identify GBC in patients are described in detail

in the following section.

1.5 Clinical presentation and diagnosis

The detection of gallbladder cancer often occurs as an incidental finding during surgical
procedures intended for other causes/diseases or on imaging techniques. Early-stage GBC is
usually detected after cholecystectomy and a pathological review of the gallbladder (69). GBC
patients are often asymptomatic but can present with vague and non-specific symptoms such
as abdominal pain, nausea or vomiting, weight loss, weakness, and jaundice. These symptoms
are all similar to cholecystitis which may confuse the diagnosis (57,69). Additionally, some
tumour markers are employed to diagnose and evaluate GBC, such as carcinoembryonic

antigen (CEA) and carbohydrate antigen 19-9 (CA 19-9). However, these markers lack
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specificity (79.2% for CEA and 92.7% for CA 19-9) and sensitivity (79.4% for CEA and 50%
for CA 19-9) (69). Due to the lack of specificity and sensitivity, other techniques have been
explored to identify GBC, including the cytological examination of gallbladder tissues.
Endoscopic ultrasound-guided fine needle aspiration (EUS-FNA) is a technique used to obtain
a minute tissue sample of GBC for cytological observation. It results in minimal complications,
is minimally invasive, and is highly sensitive and specific. However, this technique is not

included in current standardised guidelines for diagnosing and managing GBC (57,70,71).

Some surgical techniques are also employed for the diagnosis and possibly as a treatment for
GBC. Endoscopic retrograde cholangiopancreatography (ERCP) is an invasive procedure to
evaluate patients with biliary pathologies. A side-viewing duodenoscope is introduced through
the patient’s mouth, down the oesophagus, and into the duodenum. A secondary tube is then
inserted to reach the bile duct (72). However, due to the invasive nature of ERCPs, this
procedure can cause complications such as sepsis, haemorrhage, pancreatitis, and bile leakage.
Despite these complications, ERCP is still the gold standard for investigating the
hepatopancreaticobiliary (HPB) region and can be used for diagnosis and treatment (73).
Magnetic resonance cholangiopancreatography (MRCP) is another diagnostic technique used
to identify GBC, and it is a non-invasive alternative to ERCP. MRCP may assist with assessing
the disease extent more accurately by providing better visualisation of the HPB system and can
identify patients where gallbladder resection would not be undertaken. However, in contrast to
ERCP, MRCP has no therapeutic avenue, although if no therapeutic intervention is necessary,
MRCP avoids the complications associated with ERCP (69,73).

Various imaging techniques for the diagnosis of GBC are also used; these include
ultrasonography, computed tomography (CT), and magnetic resonance imaging (MRI) scans
(5). Ultrasonography may be inadequate in distinguishing between cholecystitis-associated
wall thickening and GBC and has an accuracy of 68.8%. CT scans are the imaging technique
of choice for detecting and staging GBC (63). They have a reported success rate of 84% for
tumour staging and 85% for liver and lymph node involvement and metastasis (74). MRI scans
are used less frequently than CT scans to stage GBC. However, the high contrast resolution
can identify anomalies. When used in conjunction with MRCP, MRI scans improve the
accuracy of diagnosis and disease progression (tumour stage with 84% accuracy, 100%
accuracy for liver invasion, and 92% for lymph node involvement) (63). As with any other

cancer type, the progression of GBC may be defined by various stages. Additionally, the cell
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phenotype (cellular differentiation) may also be classified to assess disease severity. The

specific GBC staging and differentiation grades are described in the next section.

1.6 Gallbladder cancer staging and differentiation

Staging the cancer is essential to understand the progression and severity of the disease. Staging

classifications are determined based on the location of cancer: local tumours, locally advanced

or distant metastasis, and lymph node invasion (5). The most widely used staging system is the

TNM system by the American Joint Committee on Cancer (AJCC) (Table 1.1).

Table 1.1: Gallbladder cancer staging as per the AJCC (75)

T Category
Tis

Tla

T1b

T2

T2a

T2b

T3

T4

N Category
NO

N1

N2

AJCC Stage Groups
I

A

I

1B

A

1B

IVA

VB

T = the advancement of the tumour and any invasion into nearby and distant tissues.

Definition
Carcinoma in situ
Tumour invades lamina propria

Tumour invades muscular layer

Tumour invades perimuscular connective tissue with no extension into the liver
Invasion of the perimuscular connective tissue on the peritoneal side

Invasion of the perimuscular connective tissue on the hepatic side

A combination of: perforation of the serosa or directly invades the liver or one other

adjacent organ or structure

Tumour invades the main portal vein or hepatic artery or invades two more

extrahepatic organs or structure
Definition

No regional lymph node involvement
Metastasis to 1-3 regional lymph nodes
Metastasis to > 4 regional lymph nodes
Definition

T1NO MO

T2a NO MO

T2 NO MO

T2b NO MO

T3 NO MO

T1-3 N1 MO

T4 NO-1 MO

Any T N2 MO, any T, any N M1

N = lymph node involvement.

M = metastasis of the tumour to any distant tissues, organs or both.
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Tumours are also graded according to tumour cell differentiation. Differentiation relates to the
phenotypical similarity to normal cells and is defined from grade 1, well-differentiated, to the
undifferentiated grade 4 (5). Well-differentiated cancer cells resemble normal cells, and
undifferentiated cells do not. Grade 3 tumours (poorly differentiated cells) are the most

common in GBC. However, the cell grade has no prognostic impact on the GBC tumour (5).

1.7 Molecular mechanisms of gallbladder cancer progression

Gallbladder cancer is considered rare. Over the years, several studies have been conducted in
some population groups to decipher the molecular mechanisms linked to this disease.
Molecular changes, such as gene aberrations and protein dysregulation, play a significant role
in GBC onset and progression (76). Current data suggest that molecular changes associated
with GBC may vary across different geographical and ethnic groups, highlighting the need for
investigating these changes across different groups (17). Furthermore, these changes can be
interrogated in the context of enriched signalling pathways (77-80). Signalling pathways
govern the fundamental cellular processes, such as proliferation, via a signal transduction
cascade. The dysregulation of these signalling pathways is a hallmark of carcinogenesis (77).
Some of the pathways dysregulated in GBC include those associated with p53, receptor
tyrosine-protein kinase 2/3 (ERBB2/3) (76), Kirsten rat sarcoma viral oncogene homolog
(KRAS) (81), epidermal growth factor receptor (EGFR) (82), hedgehog (Hh) (83), and
cyclooxygenase-2 (COX2) (84) among others.

1.7.1 P53 pathway

Mutations in p53 are common and identified across several cancers. P53 functions as a tumour
suppressor to prevent cancer onset and progression by inducing apoptosis in dysfunctional cells
(85). During GBC tumourigenesis, alterations in the p53 gene are commonly observed in exons
5, 6, 7, 8, and 9. However, the frequency of exon mutations seems largely conditional on
geographical location and ethnicity. Patients from the USA and Chile show more frequent
mutations in exons 5 and 6 compared to exons 7, 8, and 9 (86). However, Peruvian patients
have more frequent mutations in exons 7 and 8, compared to exons 5 and 6 in Chilean patients.
Similar to the Peruvian population, Japan (50%) and Hungary (33%) showed mutations in
exons 7 and 8. These variations in mutational signatures further highlight the differences in

molecular signatures of GBC patients associated with different populations and ethnicities (86).
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1.7.2 ERBB2/3 and the PI3K/Akt/mTOR signalling pathway

The proteins ERBB2/3 are protein-tyrosine kinases crucially involved in cell cycle regulation
via the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of
rapamycin (mTOR) pathway (79,87). Upregulation of ERBB2 has been observed in various
human cancers and is dysregulated in 33 — 64% of GBC cases (77,88). ERBB proteins do not
necessarily bind ligands but rather form heterodimers which become hyperphosphorylated,
causing hyperactivity and inducing tumour initiation and progression (76,77,87). Three
antibody treatments are currently approved by the US Food and Drug Administration (FDA)
for treating ERBB2-driven tumours: trastuzumab, ado-trastuzumab, and emtansine (89).

1.7.3  Cyclooxygenase-2

Cyclooxygenase-2 (COX2) is an enzyme involved in tissue prostaglandin synthesis and has
been observed to play a role in neoplastic conditions. Normal gallbladder tissue does not
express COX2, while aberrant GBC tissue shows elevated COX2 expression (90,91). Inhibition

of COX2 indicated a decrease in mitogenesis and an increase in apoptosis (92).

1.7.4  MAPK/ERK signalling pathway

The MAPK/ERK signalling pathway regulates the cell cycle involved in cellular proliferation
and apoptosis (82). In GBC, the MAPK/ERK pathway was observed to be directly involved in
the onset and progression of the tumour (Figure 1.2) (78,82). It is activated via various
signalling molecules such as cytokines, EGF, and platelet-derived growth factor (PDGF)
(93,94). Various proteins involved in this pathway were found to be either overexpressed or
underwent a gain-of-function mutation. These proteins include ERK1/2, Ras, MALAT1, and
SLC25A22. MALAT1 and SLC25A22 induce epithelial-to-mesenchymal transition (EMT),
which aids in the migration of tumour cells (95-97). Furthermore, within the Ras family of

oncogenes is the KRAS oncogene which has been observed to be mutated in GBC (86).

175 KRAS

The oncogene KRAS encodes the protein KRAS, a well-established protein in cancer and the
tumourigenic process. Overexpression of this protein induces the MAPK signalling pathway
and cellular proliferation (86,98). Mutations in the KRAS gene in western countries are
identified in 0 — 10% of GBC cases and, in eastern countries, can range from 2 — 59%. The
mutations can arise in various codons of the gene, namely codons 12, 13, and 61 (86).
Additionally, KRAS mutations have been identified in other HPB system cancers, such as
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pancreatic ductal adenocarcinoma (PDAC). Mutations in KRAS have been observed in >90%
of PDAC patients. Recently, KRAS inhibitors have been employed in murine and cell-based
studies and show full anti-tumour effects, making this area of research promising for targeting
KRAS mutations in cancer (99). While it is crucial to understand the proteins involved in GBC
carcinogenesis, the pathways in which these proteins are involved are essential in

understanding the processes implicated in cancer.

1.7.6  PI3K/Akt/mTOR signalling pathway

The PI3K/Akt/mTOR pathway has been identified to be dysregulated in GBC. This pathway
is involved in the cell cycle and cellular survival (Figure 1.2). Phosphorylated mTOR (p-
MTOR) has been associated with poor prognosis in GBC patients and is highly active in early
GBC, which significantly increases as the tumour progresses (79,100). PI3K is regulated by
the gene PI3KCA, and mutations in this gene are associated with various cancer types,
including GBC. Moreover, PI3K is activated via receptor tyrosine kinases to induce Akt
activation downstream (77,101,102). Various accessory proteins also activate and are activated
by this pathway, including SPOCK1 (sparc/osteonectin, cwcv and kazal-like domains
proteoglycan 1) and fibronectin (103,104). SPOCK1 has been indicated to have higher
expression levels in GBC tumours than in normal tissues. SPOCK1 functions to phosphorylate
Bax, a pro-apoptotic protein, inactivating it and allowing for increased survival (105,106).
These proteins promote further functioning of the PISK/Akt/mTOR pathway.
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Figure 1.2: The MAPK/ERK and PI3K/Akt/mTOR signalling pathways (77). The MAPK/ERK pathway
induces a downstream signalling cascade and is activated by various signalling biomolecules. Upon activation,
Ras becomes over-activated due to mutations and phosphorylation. Raf is then recruited to form a complex with
Ras, this complex activates MEK1/2 via phosphorylation. However, MEK1/2 is also activated via MALAT1 and
SLC25A22; both MALAT1 and SLC25A22 are involved in EMT. Additionally, MALAT1 also induces activation
of MAPK which induces a downstream signalling cascade. Increased MEK1/2 and ERK1/2 activations induce a
downstream activation causing increased proliferation and anti-apoptosis. PI3K activates Akt downstream via
phosphorylation. SPOCK1 also induces Akt activation via phosphorylation, which then causes the
phosphorylation of SPOCKZ1. Phosphorylated SPOCK1 then phosphorylates Bax, a pro-apoptotic protein which
becomes inactive after phosphorylation. Increased survival is achieved via the PI3K/Akt/mTOR pathway.
Upstream effectors lead to hyperphosphorylation of mTOR, which subsequently phosphorylates p70S6K.
Phospho-p70S6K increases protein translation via phosphorylation of the 40S ribosomal protein S6. Downstream,
this pathway leads to cell cycle progression and survival.

1.7.7  Hedgehog signalling pathway

The Hedgehog (Hh) pathway is essential in several human developmental processes and is
involved in cancer onset and progression (Figure 1.3) (77,83,107). There are three main Hh
ligands: Sonic, Indian, and Desert (83,108). Once one of these ligands binds to the receptor,
Smoothened (Smo), a transmembrane protein, is activated, transducing a downstream cascade
of activation of transcription factors such as Glil, Gli2, and Gli3. Glil has been suggested as a
potential biomarker due to its strong activation of downstream targets. It has been observed
that the suppression of Smo decreases GBC invasiveness by inhibiting the activity of matrix
metalloproteinase-2 and -9 (MMP-2 and MMP-9) (83,108). MMPs degrade the basal

membrane allowing for more significant invasive potential and inducing EMT transition
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(77,109). Immunohistochemistry techniques identified that some Hh signalling proteins,
including Sonic Hedgehog (Shh), Patched (Ptchl), and Glil, were significantly higher in GBC
compared to normal tissues and correlated to tumour staging and lymph node metastasis (110).
GBC patients also showed higher expression levels of Ptchl and Glil when compared to
chronic cholecystitis patients. In contrast, levels of Shh were higher in chronic cholecystitis
patients compared to GBC patients. Since Glil is a nuclear transcriptional regulator, it is
speculated that aberrant expression of Glil may cause extended and altered expression of Shh,
causing progression from chronic cholecystitis to gallbladder carcinogenesis. Furthermore, the
upregulation of Glil led to reduced survival outcomes of GBC patients, suggesting its potential

use as a positive prognostic biomarker (77,110,111).

1.7.8  EGFR signalling pathway

Epidermal growth factor receptor (EGFR) is known to be associated with various cancers. It
activates signalling pathways such as the MAPK/ERK and PI3K/Akt/mTOR pathways (112).
This indicates EGFRs involvement in cellular proliferation, angiogenesis, adhesion, and
metastasis (113). Overexpression of EGFR was observed in 44 — 77% of GBC patients in
various studies. This elevated expression correlated with poor prognosis. However, the
frequency of somatic mutations of EGFR was low, ranging from 2.5 — 3.9%, indicating a

different modality of overexpression (76,114).

Moreover, EGFR is implicated in its signalling pathway, the EGFR signalling pathway, and
regulates similar cellular processes as the MAPK/ERK and PI3K/Akt/mTOR pathways (Figure
1.3) (115). This pathway has been targeted in several therapies, and EGFR is observed to be
expressed in up to 93.33% of GBC cases (116). The EGFR pathway also interacts with and
activates the PI3K/Akt/mTOR pathway, indicating crosstalk between pathways involved in the
GBC carcinogenic process. The PI3K subunit p110a binds EGFR and induces a signalling
cascade. Also, a mutation in pl10a increases EGFR binding affinity to Akt, increasing
downstream activation and, subsequently, GBC progression (117). Moreover, it is possible to
target EGFR to suppress Akt and ERK signalling. Gefitinib, an EGFR tyrosine kinase inhibitor,
prevents EGFR autophosphorylation. After Gefitinib treatment, phosphorylation of EGFR,
Akt, and ERK was significantly reduced, resulting in the induction of apoptosis by increasing

the expression of the pro-apoptotic protein, Bax (77,118).

Identifying and understanding dysregulated signalling pathways in GBC have helped to
delineate the molecular mechanisms associated with disease progression. Moreover, p53
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been identified as molecular prognostic markers for GBC (119). However, these proteins are
present and aberrant in various cancers, so there is still a need to discover relevant biomarkers

that could help with GBC disease detection at the early stages of the disease.
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Figure 1.3: Hedgehog and epidermal growth factor receptor (EGFR) signalling pathways (77). The
Hedgehog (Hh) signalling pathway is activated by various biomolecules: Indian, Sonic, and Desert. The Indian
and Desert biomolecules bind to the receptors to activate Smoothened (Smo) and activated Smo increases the
cellular invasive potential. Conversely, Sonic serves to inhibit Smo functioning after binding to the Ptch1 receptor.
Furthermore, Smo can also be blocked by inhibiting the activity of MMP-2 and -9. Activated Smo induces a
signalling cascade downstream to activate Gli1/2/3. Glil functions as a nuclear transcriptional regulator and may
induce altered and extended expression of Sonic. This altered expression of Sonic increases the metastatic
potential. Ultimately, the Hh pathway is involved in cancer onset and progression. The EGFR pathway is activated
when various signalling biomolecules bind to EGFR, which results in phosphorylation. EGFR also activates the
PI3K/Akt/mTOR pathway by binding PI3K which induces Akt activation. Moreover, Gefitinib is a drug which
blocks EGFR functioning. Gefitinib also blocks phospho-ERK, which functions to block Bax. Therefore, Gefitinib
treatment induces apoptosis by increasing the expression of Bax. Furthermore, blocking EGFR also blocks MMP-
9 expression. The EGFR signalling pathway is involved in the uncontrolled cell division, apoptosis, and migration.
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1.8 Protein biomarkers in gallbladder cancer

Biomarkers can aid in the detection of diseases. Diagnostic markers can detect and monitor
disease, while prognostic biomarkers predict disease progression (120). A good biomarker
should have sufficient sensitivity and specificity (>90%) for the disease and be easy to detect,
for example, those secreted into biofluids such as blood and urine. Several biomarkers have
been identified for use in GBC diagnosis, including carbohydrate antigen (CA 19-9),
carcinoembryonic antigen (CEA) (121), carbohydrate antigen 125 (CA 125) (122), and the
soluble fragment of cytokeratin 19 (CYFRA 21-1) (123).

Carbohydrate antigen 19-9 (CA 19-9) is a cell surface glycoprotein complex produced by the
biliary system ductal cells. The presence of CA 19-9 depends on the Lewis antigen; however,
up to 22% of the population cannot produce this antigen and, consequently, cannot express CA
19-9 (124). CA 19-9 also has a sensitivity and specificity for GBC of only 50% and 92.7%
(69). This protein is also elevated in benign gallbladder diseases such as cholelithiasis (125).
Due to this, it is not recommended to use this protein solely in confirming the diagnosis of
GBC but instead in conjunction with other markers or screening tests (124). Like CA 19-9,
carcinoembryonic antigen (CEA) is a glycoprotein intracellular adhesion molecule expressed
by epithelial tumour cells. Increased serum CEA levels have been detected in various cancers,
such as pancreatic and colorectal cancers. However, CEA levels may also increase in benign
diseases such as pancreatitis and liver disease (126). The sensitivity and specificity of CEA
vary widely in various studies making this protein not ideal as an individual diagnostic protein
for GBC but rather to be used in conjunction with other proteins and clinical markers (127). It
has also been observed to distinguish GBC from benign diseases with 79.4% and 79.2%
sensitivity and specificity (69). Combined with other markers, this can increase to 87.5%

sensitivity and 85.7% specificity (125).

The soluble fragment of cytokeratin 19 (CYFRA 21-1) is another strong candidate as a GBC
marker. Cytokeratin 19 is an intermediate filament constituent widely expressed in epithelial
cells in various organs. CYFRA 21-1 is detected in peripheral blood in minimal quantities,
although abnormal increases of serum CYFRA 21-1 has been reported in various cancers, such
as cholangiocarcinoma (128), lung cancer (129), and head and neck cancer (130). Studies have
indicated that, in GBC patients, CYFRA 21-1 has 74.6% sensitivity and 84.6% specificity and

is correlated with cancer aggressiveness (119,128).
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Various techniques have been developed for the identification of specific protein biomarkers.
These techniques exploit the expression profile of proteins in diseases. The following section
elaborates on the various techniques in protein expression profiling, specifically the relevance

of mass spectrometry.

1.9 Biomarker discovery using proteomic tools

Proteomics is the wide-scale study of proteins and their expression profiles (131) and has
extensive utility in biomarker discovery studies. Proteins are extensively used as biomarkers
for disease due to their stability and role as effectors of biological processes (132). The
landscape of the proteome can potentially detect new protein biomarkers, which may be helpful
in disease diagnosis and drug discovery (133,134). Various techniques have been developed
and are used in the large-scale detection of proteins, such as 2-dimensional differential gel
electrophoresis (2D-DIGE), protein arrays, and liquid chromatography-mass spectrometry
(LC-MS).

1.9.1 Two-dimensional differential gel electrophoresis (2D-DIGE)

Two-dimensional differential gel electrophoresis (2D-DIGE) is used to identify thousands of
proteins and their abundance. The two-dimensional separation of proteins is according to
charge (first dimension) or isoelectric focusing (IEF) and molecular weight (second dimension)
(135). This technique can be multiplexed by separating more than one sample on 2D-DIGE
using fluorescent cyanine dyes known as Cy3 and Cy5. The separated samples can then be
visualised on the same 2D gel using fluorescent imaging techniques according to the specific
excitation wavelengths of the dyes (136). The main advantage of 2D-DIGE is its ability to
analyse multiple pre-labelled samples on the same 2D gel compared to traditional Coomassie
and silver staining methods. This limits gel-to-gel variability and increases reliability and
reproducibility (137,138). A significant limitation of 2D-DIGE is the lack of suitable dyes for
protein detection. Furthermore, low-abundant proteins become difficult to detect. Moreover,
spots may comprise multiple proteins, or a singular protein may be present on multiple spots
due to differential digestions or isoforms. Due to this, acid and basic proteins are not well
represented (137,139).

1.9.2  Protein arrays

Protein arrays are another technique which has been used in the detection of cancer biomarkers.
They exploit the various binding and structural properties of proteins and are useful in detecting
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protein biomarkers (140,141). Protein arrays may be divided into analytical, functional, and
reverse-phase protein arrays and may be considered multiplexed versions of enzyme-linked

immunosorbent assays (ELISAS).

19.2.1 Analytical and functional arrays

Analytical arrays fix an antibody or lectin onto a solid matrix. After that, there are various
approaches to detecting protein biomarkers. First, the targeted protein can be directly labelled
with a fluorophore, bind directly to the fixed antibody/lectin on the matrix and detect the
emitted signal. The other approach is the sandwich format, whereby the targeted protein is
introduced to bind to the array matrix. A secondary antibody is introduced to bind to the target

protein. The secondary antibody contains the fluorophore for signal detection (141).

Functional arrays are distinctive from analytical arrays as individually purified recombinant
proteins are spotted onto the matrix (142). Functional arrays are usually employed to elucidate
the binding properties of proteins such as protein-protein, protein-peptide, protein-nucleic acid,
protein-glycan, and protein-lipid interactions (141) and are used to identify posttranslational
protein modifications. The main advancement of functional arrays is the identification of
serological biomarkers, as the proteins can be scrutinised for immunogenic activity and

potential biomarker use (143).

1.9.2.2 Reverse-phase protein array (RRPA)

Reverse-phase protein array (RRPA) differs from analytical and functional arrays because the
whole sample lysate is immobilised on the matrix (141,144). Many sample lysates can be
immobilised on a single matrix, allowing for high-throughput analysis (145). Antibodies with
known binding properties are individually incubated on the matrix to examine protein
sequences or structures. RRPA has been used to study differentially regulated signalling

networks in clinical samples (146).

Protein arrays are robust and ideal for detecting biomarkers due to their miniaturised features,
high-throughput capabilities, and sensitive detection (141,147). Unfortunately, the use of
protein arrays is limited due to the high cost of producing antibodies with a high specificity
and affinity for their targets. Moreover, preserving the tertiary, functionally active protein

structure before analysis limits using protein arrays as a proteomic strategy (148).
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1.9.3  Liquid chromatography-mass spectrometry (LC-MS)

Liquid chromatography-mass spectrometry (LC-MS) identifies proteins based on their mass-
to-charge ratio (m/z). Proteins are typically prepared via proteolytic digestion by
endoproteinases such as trypsin. Reverse-phase liquid chromatography (RPLC) is a commonly
used LC strategy when coupled to MS for proteomics. RPLC induces peptide binding to the
stationary phase using a polar aqueous mobile phase. Hydrophilic peptides will be eluted first,
and then the more hydrophobic peptides using a mobile phase gradient with increasing organic
solvent. This fractionation of elution deepens the coverage of the proteome (149-151). The
resulting eluted peptides are then ionised and detected on a mass spectrometer. Tandem MS
(MS/MS) operates by firstly acquiring precursor ion spectra (MS1) and then secondly acquiring
fragment ion spectra (MS2) (152). The acquired MS/MS spectra can be matched to determine
the peptide sequence information using database searching tools. They can resolve the identity
and abundance of matching proteins in a sample. Database searching depends on the search
criteria, such as proteolytic enzyme constraints, post-translational modifications allowed, and

m/z ranges (152).

MS has many advantages, such as in-depth coverage of the proteome and provides additional
data, such as structural information and proteoform detection. Moreover, MS does not require
antibodies for protein detection. However, protein-protein interactions may be studied using
affinity purification-mass spectrometry (156). MS, similar to protein arrays, is also rapid and
high-throughput, as it can analyse large sample numbers quickly and precisely (157). However,
some of the limitations of MS are time-consuming sample preparation, especially in large
sample cohorts, and it is a highly specialised technique that requires skilled technicians to
operate. It also cannot differentiate between isomers of the same m/z ratio (158). Considering
the limitations of MS, it is still a robust and reliable technique for identifying sample
proteomes. There are several approaches to MS for identifying proteins, including bottom-up

proteomics and label-free approaches such as the SWATH-MS detection method.

1.9.4  Bottom-up proteomics

Bottom-up proteomics describes the general approach used to identify proteins and characterise
the amino acid sequences by proteolytic digestion before MS analysis (159). Bottom-up
proteomic approaches use physical property advantages that peptides have compared to
proteins. They are more easily separated in liquid chromatography (LC), ionise well, and

fragment more predictably. This allows for a more robust methodology and the identification
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and quantification of thousands of proteins from complex lysates (160). Bottom-up proteomics
may use a variety of proteolytic enzymes, with trypsin being the most common. Trypsin
predictably cleaves arginine and lysine residues producing a positively charged C-terminus of
the peptides, suitable for positive mode electrospray ionisation MS. Although trypsin
efficiently digests peptides, approximately 56% are < 6 residues long and too small to be
effectively identified by MS (161,162). However, the main drawback of only using trypsin is
that it has a lower digestion efficiency of cleaving lysine residues than arginine residues,
hampering the accuracy and sensitivity of the peptide quantification (163,164). This
shortcoming can be overcome by using endoproteinase Lys-C, a protease that specifically
cleaves at the C-terminus of lysine residues, reducing the missed cleavage rate (165). Bottom-
up proteomics may be implemented using either labelling or label-free strategies. This study

used a label-free approach (SWATH-MS) for protein detection.

1.9.5 Sequential window of all theoretical mass spectra (SWATH-MYS)

A relatively new strategy for LC-MS-based detection of proteins is the sequential window of
all theoretical mass spectra (SWATH-MS) (166). In SWATH-MS, non-labelled protein
samples are digested and analysed in a data-independent acquisition (DIA) manner. In
SWATH-MS, complete ion precursor maps of all co-eluting precursor peptide ions within an
m/z range (MS1) are first obtained. After that, a series of MS2 scans in set m/z isolation
windows are used to generate corresponding fragment ion spectra. The precursor window is
adjusted stepwise using predefined increments until the defined total precursor ion mass range
is covered (167). Unlike data-dependent acquisition (DDA), which generates MS2 scans on the
highest intensity MS1 precursor scans, SWATH generates MS2 scans regardless of the
precursor ions” MS1 scan intensity, allowing for better coverage of lower-abundant peptides in
a given sample (167,168). Quantitative analysis of peptides by SWATH-MS is typically based
on the “peptide-centric scoring” strategy. The dataset is queried for the presence of specific
peptides using query parameters that relate to the peptides; this is conventionally achieved
using generated spectral libraries acquired from DDA methods (167). A significant advantage
of SWATH-MS is the detection of peptides covering thousands of proteins with great
quantitative consistency, reproducibility, and accuracy, which is ideal for biomarker studies.
Various studies have established the utility of SWATH-MS in proteomic profiling in solid
tumours to identify potential biomarkers (169-172).

24



1.10 Rationale
This study aimed to identify potential biomarkers for detecting GBC in a cohort of South

African GBC patients. GBC is usually diagnosed and detected at an advanced stage due to non-
specific clinical presentation. The prognosis at this stage is poor, and the survival rate is ~19%.
The repercussions of late detection are catastrophic. Apart from the primary tumour, metastases
can cause many other debilitating symptoms that disrupt daily functioning. Treatment options
are minimal and can contribute to the use of large amounts of healthcare resources to facilitate,
at a minimum, symptomatic relief to patients and other social supports where needed. The
impact of this study on the socioeconomic paradigm of the community would be paramount in
allowing a potentially more efficient diagnosis of this disease. This would potentially alleviate
the burden on social grants administered as well as reduce the large costs incurred to the
healthcare system. Current clinical biomarkers used in diagnosing GBC are not ideal due to
their poor sensitivities and specificities. Additionally, current biomarkers utilised in the
diagnosis of GBC have been developed using international populations, such as European and
North American patients. Molecular variations in these populations may be linked with varied
prevalence of GBC. This suggests the vital importance of investigating a South African GBC
population due to the variability of genetics and environment compared to those of European
and North American ancestry, which can contribute to changes in some biological mechanisms
(173). This suggests the need to discover novel potential biomarkers to detect GBC.
Furthermore, elucidating the molecular mechanisms of GBC, such as the various dysregulated
pathways, is vital in understanding the progression of this disease. Proteins are suitable as
potential biomarkers as these biomolecules are the effectors of disease and their aberrant
expression may indicate disease onset and progression. Many of these proteins are directly
involved in the signal transduction pathways and studying them allows a better understanding
of the molecular mechanisms of the disease. This makes protein biomarkers ideal candidates
for identifying and understanding GBC. Additionally, molecular studies on GBC patients of
African ancestry are lacking, and studies have suggested some distinct signatures across
different ethnicities and populations. This study undertook a high-throughput SWATH-MS
proteomics approach and, crucially, used independent tissue and plasma sample groups
biosamples from South African GBC patients to demonstrate novel proteomic signatures to

validate the findings in the tissue group.
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1.11 Aims and Objectives
1.11.1  Aim

To identify proteomic signatures in a cohort of South African gallbladder cancer patients using

high-throughput SWATH-Mass spectrometry.
1.11.2 Objectives

1. To determine the demographic and clinicopathological characteristics in a South
African gallbladder cancer patient cohort.

2. To identify relatively abundant proteins in tissues and plasma of gallbladder cancer
patients compared to patients with benign biliary pathologies (such as gallstone disease)
and normal gallbladders.

3. To identify potential molecular mechanisms associated with gallbladder cancer
progression using bioinformatic tools for network and pathway analyses.

4. To evaluate the quality of the identified target proteins for their utility in identifying
gallbladder cancer.

5. To demonstrate the effectiveness of the target proteins in distinguishing between
gallbladder cancer and benign disease conditions using statistical tests such as principal

component analysis.
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2 CHAPTER 2: MATERIALS AND METHODS

2.1 Summary of experimental strategy

Ethical approval was obtained from the Human Research Ethics Committee of the University
of the Witwatersrand (Medical). Samples were obtained from surgical patients admitted to
Surgical Unit 1 at Chris Hani Baragwanath Academic Hospital. Tissue, blood, and available
patient clinical information were collected. Tissue samples were collected using Tru-cut
ultrasound-guided biopsies, cholecystectomies, and liver transplant donors. Blood samples
were collected in 10 mL EDTA blood vials and processed within six hours of collection. After
sample collection, the protein was extracted from the tissue samples. For plasma samples,
proteins were diluted prior to downstream preparation. The proteins were purified by protein
aggregation capture (PAC) and hydrophilic interaction liquid chromatography (HILIC)
preparation methods using trypsin and Lys-C endoproteinases to form smaller peptides. The
digested peptides were injected into the mass spectrometer using data-dependent acquisition
(DDA) and data-independent acquisition (DIA) detection methods to identify relatively
dysregulated proteins. The dysregulated proteins in the tissue and plasma datasets were
visualised for any commonly dysregulated proteins between the sample groups using Venny.
Subsequently, quality control of the proteins found to be commonly dysregulated across the
tissue and plasma sample groups was performed by investigating their MS2 fragment
chromatograms. Network and pathway analysis was performed using Cytoscape and stringApp
to elucidate the molecular mechanisms and pathways involved by the relatively dysregulated
proteins. Hierarchical cluster and principal component analyses were performed to determine
whether the differentially expressed proteins in each group comparison could distinguish
between diseased and control states. The Spearman’s rank correlation test was done to
critically analyse the detected commonly dysregulated proteins to determine if there were
correlations between the expression of these proteins. A summary of the methods used is shown

in a flowchart represented in Figure 2.1.
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Figure 2.1: Flow chart of the summary of methods used. Sequential window of all theoretical mass spectra
(SWATH-MS) analysis was used to profile biosamples from patients with gallbladder cancer and benign biliary

pathologies, such as gallstone disease. Proteins dysregulated in gallbladder cancer patients were identified.
Subsequently, pathway and statistical analyses were conducted.
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2.2 Ethics statement

Ethical approval (M190555) was obtained from the Human Research Ethics Committee
(Medical) of the University of the Witwatersrand, Johannesburg (Appendix B). All patients
recruited provided written informed consent to be enrolled in the study.

2.3 Sample and clinical data collection

Tissue patient sample group

Patients who presented to Surgical Unit 1 at Chris Hani Baragwanath Academic Hospital
(CHBAH), Johannesburg, South Africa, were recruited between April 2019 and December
2020. A total of 27 GBC tumours, 13 gallstone disease (GD) tissues, and five normal
gallbladder tissues were included in this study. The inclusion criteria for this study were
patients over 18 years of age, of African ancestry, and clinically and histologically confirmed
primary diagnosis of GBC or GD. All GBC tissues collected were identified as advanced-stage
(Stage 1) tumours according to the American Joint Committee on Cancer (AJCC) on Cancer
Staging Manual 8™ Edition (75). Exclusion criteria were patients with additional primary HPB
disease diagnoses. A core sample of the GBC tumour was obtained from Tru-cut ultrasound-
guided biopsy at the liver metastasis site, and GD tissue was obtained via laparoscopic
cholecystectomy. Non-diseased gallbladder tissues obtained from liver transplant donors were
used as normal samples. All tissue samples obtained were stored in approximately 700 pL of

RNAIlater™ (Sigma-Aldrich, Germany) and placed in a -80 °C freezer until further processing.

Plasma patient sample population

A separate sample population of patients who presented to CHBAH, Johannesburg, South
Africa, were recruited between February 2021 and October 2021. A separate sample population
of patients for plasma collection was utilised to serve as an independent validation for the tissue
sample population. A total of 54 GBC and 73 benign biliary pathologies (BBP) patients were
included in this study. The inclusion criteria for the GBC group were the same as those
recruited for the tissue sample group. The inclusion criteria for the BBP sample group required
patients to be over 18 years of age and clinically diagnosed with GD or cholecystitis, an
inflamed gallbladder with or without gallstones. The exclusion criteria for both sample groups

were patients diagnosed with any other HPB diseases.

Blood samples were collected in 10 mL EDTA blood vials and processed within six hours.

Processing included separating blood into whole blood and plasma by allowing the blood vial
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to stand upright. The plasma was then carefully transferred to a fresh 15 mL Falcon tube and
centrifuged at 4000g for 30 minutes (Beckman Coulter Allegra™ X-22R benchtop centrifuge,
Brea, California, USA) to remove any debris. After that, the plasma was aliquoted and stored
at -80°C until required. There were missing data for the GBC patients, 23 patients (38.89%)
for TNM staging and 14 patients (25.9%) for historic gallstone disease status.

Each patient's demographic and clinical information was captured on the day of collection and
stored in REDCap (v11.3.4, Vanderbilt University, Nashville, Tennessee, USA).

2.4 Tissue homogenisation and protein extraction

Between 15 — 20 mg of the tissue was resuspended in 500 uL ATL Lysis Buffer (Qiagen,
Hilden, Germany) and homogenised using the Tissue Ruptor (Qiagen, Hilden, Germany) until
all the tissue was visibly solubilised. The total volume was determined, and 4x volume of cold
acetone (LC-MS grade stored at -20°C) was added and incubated at -20°C for 60 minutes. The
resulting precipitant was centrifuged at >14,000g for 10 minutes (Beckman Coulter
Microfuge™ 18 benchtop centrifuge, Brea, California, USA). The pellet was washed with 100
pL ice-cold ethanol (LC-MS grade) and dried for approximately 1 minute. The pellet was
resuspended in 200 pL 2% SDS in 50 mM Tris-HCI pH 8 supplemented with PhosSTOP
phosphatase inhibitors (Roche, Basel, Switzerland). The solution was sonicated using probe
sonication: 9 cycles of 10-second sonication followed by 10 seconds on ice at 70% power. The
solution was centrifuged at >14 000g for 10 minutes (Beckman Coulter Microfuge™ 18
benchtop centrifuge, Brea, California, USA), and the supernatant was transferred to an 0.5 mL
Eppendorf tube. The centrifugation was repeated, and the protein was quantified using the 2-D
protein quantification kit (Cytiva, Massachusetts, USA).

2.5 2-D Protein quantification assay

Principle: The 2-D protein quantification assay measures protein concentrations in a sample
using a known concentration protein standard curve solution of bovine serum albumin (BSA).
The protein solution is precipitated using the provided precipitant and co-precipitant solutions.
A diluted copper solution is then added to the protein precipitant. The Cu?* ions chelate the
peptide bonds of the proteins reducing the Cu?* ions. The absorbance of the solution is then
determined at 480 nm wavelength. The absorbance of the solution is inversely proportional to
the protein concentration. The absorbance of the protein solution can be plotted against the
BSA standard curve, and protein concentration is determined
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(https://www.sigmaaldrich.com/ZA/en/technical-documents/protocol/protein-biology/protein-

quantitation/protein-determination-using-2-d-quant-kit).

Protocol: Before performing the assay, the working colour solution was prepared by mixing
100 parts of Colour Reagent A with 1 part of Colour Reagent B. Each assay required 1 mL of
working colour solution. The standard curve solutions were prepared as described (Table 2.1).

The useful range of this assay is 0.5 — 50 pg protein.

Table 2.1: Preparation of the standard curve for the 2-D protein quantification assay

Tube Number Volume of 2 pg/pL bovine Protein Quantity (ug)
serum albumin standard
solution (uL)

1 0 0

2 5 10
3 10 20
4 15 30
5 20 40
6 25 50

Sample tubes were prepared by adding 10 pL of sample into separate fresh tubes. After that,
500 pL of the precipitant solution was added to each tube, vortex-mixed briefly, and incubated
for 2 — 3 minutes at room temperature. Then, 500 pL of co-precipitant was added to each tube
and vortex-mixed briefly. The tubes were centrifuged at 10 000g for 5 minutes (Beckman
Coulter Microfuge™ 18 benchtop centrifuge, Brea, California, USA) to sediment the protein.
As soon as the centrifugation was complete, the supernatant was removed rapidly to avoid
resuspension of the pellet. Any remaining supernatant was removed after a brief centrifugation
pulse. Subsequently, 100 pL of copper solution and 400 uL of distilled/de-ionised water was
added to each tube and vortex-mixed to resuspend the protein pellet. After that, 1 mL of the
prepared working colour solution was added to each tube and mixed. The tubes were incubated
for 20 minutes at room temperature, and the absorbance was measured at 480 nm (BioTek
PowerWave 340 UV/Vis plate reader, Winooski, Vermont, USA). The absorbance at 480 nm
is inversely correlated to protein concentration; if the protein concentration is high, then colour
development is low, and vice versa. Therefore, protein quantitation is determined from a linear

regression model of the standard curve.
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2.6 Protein aggregation capture

Principle: Protein aggregation capture (PAC) performs protein purification via solid-phase
extraction on magnetic beads followed by on-bead protein digestion. Before protein
aggregation onto the microbeads occurs, reduction and alkylation of the proteins are performed
to disrupt the tertiary protein structure (linearise the protein) and break the disulphide bonds of
cysteine residues to prevent the protein from re-folding. The linearised proteins are then
aggregated onto the microbeads. The addition of acetonitrile, as the mobile phase, forces the
proteins to aggregate on the beads, the stationary phase. Protein digestion uses endoproteinases,
such as trypsin, resulting in a positive charge at the peptide C-terminus. Trypsin cleaves
proteins at arginine and lysine residues (161,162). The digestion of the proteins is then
terminated by lowering the pH of the solution. The small peptides are quantified preceding

mass spectrometry analysis for protein identification (174).

Protocol: PAC was performed on all tissue samples (GBC, GD, and normal tissues). First,
protein reduction was done by adding 10 mM dithiothreitol (DTT) to samples and incubating
for 30 minutes at 37°C. Protein alkylation was done by adding 20 mM iodoacetamide (IAA)
(final concentrations of DTT and IAA from 1 M stock solutions). The samples were incubated

for 30 minutes at room temperature in the dark.

PAC was performed as previously described (174) with modifications (Table 2.2 for 96 deep
well plate layouts). MagResyn™ Hydroxyl beads (ReSyn Biosciences, Edenvale, South
Africa) were used for protein capture. A protein:bead ratio of 1:4 (by weight) was used for
PAC; 20 pg of protein was used per sample, and trypsin was used in a ratio of 1:10
(protease:protein) for digestion (Table 2.2, Row G). A final concentration of 70% acetonitrile
(ACN, LC-MS grade) was used for on-bead protein aggregation, which was allowed to occur
for 10 minutes without agitation (Table 2.2, Row G). The PAC protocol, including on-bead
digestion, was automated using a KingFisher™ Duo (Thermo Fisher Scientific, Massachusetts,
USA) purification system. The protein was digested for four hours at 37°C with gentle
agitation. Once the digestion was completed, the plate was transferred to a magnetic rack to
recover digested peptides. The peptides were transferred to fresh 0.5 mL protein LoBind tubes
(Eppendorf, Hamburg, Germany), and recovered volumes were determined. Digestion was
terminated by adding trifluoroacetic acid (TFA, LC-MS grade) to a final concentration of 0.5%.
The samples were frozen at -80°C and dried at -4°C using a CentriVap vacuum concentrator

(Labconco, Missouri, USA). The peptides were resuspended in 2% ACN and 0.2% formic acid
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(LC-MS grade). The resuspended peptides were quantified using the Pierce™ quantitative

colourimetric peptide assay (Thermo Fisher Scientific, Massachusetts, USA).

Table 2.2: 96 deep well plate setup for protein aggregation capture

Row A 50 mM ammonium bicarbonate pH 8 with Trypsin — 200 L total

Row B 70% Ethanol — 500 pL

Row C 70% Ethanol — 500 pL

Row D 95% Acetonitrile — 500 pL

Row E 95% Acetonitrile — 500 pL

Row F 95% Acetonitrile — 500 pL

Row G Beads (minimum 5 pL)/Protein (up to 25 pL)/Acetonitrile (30% volume of beads +
protein/70% of 100% Acetonitrile) — minimum 100 pL

Row H Disposable plastic comb

2.7 Hydrophilic interaction liquid chromatography

Principle: Hydrophilic interaction liquid chromatography (HILIC) performs protein
purification via solid-phase extraction on magnetic beads followed by on-bead protein
digestion. The protein solution interacts with a stationary phase (magnetic beads) in an aqueous
mobile phase. Similar to PAC, reduction and alkylation were performed to linearise the protein
and break the disulphide bonds to prevent protein folding. HILIC is performed by first
equilibrating the magnetic beads. Thereafter, the protein samples are allowed to aggregate onto
the magnetic beads. Protein interactions with the proprietary functional groups on the magnetic
beads were induced by adding ACN to the protein solution. Any unbound proteins are washed
away, and protein cleavage is performed using the endoproteinases trypsin and Lys-C. Trypsin
cleaves proteins at arginine and lysine residues, and Lys-C cleaves at lysine residues only
(161,162). Lastly, the digestion is terminated by lowering the pH of the solution. The resulting

peptides are then quantified preceding mass spectrometry analysis for protein identification.

Protocol: HILIC was performed on all plasma samples. Firstly, protein reduction was
performed by adding 10 mM DTT and incubating for 30 minutes at 37°C. Alkylation was
conducted by adding 20 mM I1AA and incubating for 30 minutes at room temperature in the
dark. A total of 30 pg of protein was reduced, alkylated and stored in HILIC binding buffer in
a 1:1 ratio (200 mM NH4Ac; 30% ACN, pH 4.5).
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MagResyn™ HILIC beads (ReSyn Biosciences, Edenvale, South Africa) at a protein:bead ratio
of 1:4 by weight were used for protein capture. The beads were equilibrated using an
equilibration buffer (100 mM NH4Ac; 15% ACN, pH 4.5), and on-bead aggregation was
performed for 30 minutes to bind the protein to the HILIC beads. After that, two washes using
95% CAN (LC-MS grade) were performed. Following the washes, digestion was done using
trypsin and endoproteinase Lys-C (1:20 and 1:100 ratio of protease:protein, respectively).
Digestion occurred for 2 hours at room temperature with gentle agitation. Once digestion was
complete, it was terminated using 1% TFA. The HILIC protocol was performed using an
automated KingFisher™ Flex purification system (Thermo Fisher Scientific, Massachusetts,
USA). Each step of the HILIC protocol was performed in a separate, fresh 96 deep well plate.
Once the digestion was completed and terminated, the peptides were recovered using a
magnetic rack and transferred to new 0.5 mL protein LoBind tubes (Eppendorf, Hamburg,
Germany). The samples were frozen at -80°C and then dried at -4°C using a CentriVap vacuum
concentrator (Labconco, Missouri, USA). The peptides were resuspended in 2% ACN and
0.2% formic acid. The resuspended peptides were quantified using the Pierce™ quantitative

colourimetric peptide assay (Thermo Fisher Scientific, Massachusetts, USA).

2.8 Pierce™ quantitative colourimetric peptide assay

Principle: The Pierce™ quantitative colourimetric peptide assay kit measures the concentration
of peptides relative to a known peptide digest standard. The proprietary solutions provided in
the kit serve as modified BCA reagents that reduce Cu?* ions into Cu'*. The peptide amide
backbone reduces the copper ions, followed by the chelator coupling to the Cu* ions producing
a bright red complex which absorbs at 480 nm. Peptide concentrations of unknown samples
can be interpolated using the standard curve of absorbance versus concentration values of the
peptide digest standard  (https://www.thermofisher.com/document-connect/document-
connect.html?url=https://assets.thermofisher.com/TFS-
Assets%2FLSG%2Fmanuals%2F23275_quantpeptide_color_UG.pdf).

Protocol: The Pierce™ quantitative colourimetric peptide assay kit (Thermo Fisher Scientific,
Massachusetts, USA) was used to determine the concentration of the digested peptides. Before
the assay was performed, a protein standard curve was prepared (Table 2.3). The diluent used
for this assay was 2% ACN and 0.2% formic acid (LC-MS grade).
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Table 2.3: Standard preparation for Pierce™ quantitative colourimetric peptide assay

Tube Label Diluent (uL) Peptide Digest (uL) Final Concentration
(ng/mL)

Blank 50 0

A 0 100 of stock digest 1000

B 50 50 of Vial A 500

C 50 50 of Vial B 250

D 50 50 of Vial C 125

E 50 50 of Vial D 62.5

F 50 50 of Vial E 31.3

G 50 50 of Vial F 15.6

After that, 180 pL of working reagent per well was prepared: 50 parts Reagent A, 48 parts
Reagent B, and two parts Reagent C per 180 pL. Peptide digest standards (20 puL) were added
in triplicate to a 96-well plate. Subsequently, 5 uL of sample was added in triplicate and diluted
with 15 pL 2% ACN and 0.2% formic acid. Next, 180 pL of the working reagent was added to
each peptide digest standard and sample well and mixed thoroughly. The 96-well plate was
then incubated at 37°C for 15 minutes, and absorbance was measured at 480 nm (BioTek
PowerWave 340 UV/Vis plate reader, Winooski, Vermont, USA).

2.9 High pH reversed-phase fractionation

Principle: High pH reversed-phase fractionation divides the peptides in a sample based on the
hydrophobicity. This allows more comprehensive protein identification in a given sample to
build the spectral library. The peptides are bound to a hydrophobic resin under aqueous
conditions. The peptides are then eluted using increasing concentrations of ACN into multiple
fractions. The fractions are then vacuum dried to increase peptide concentration before mass
spectrometry analysis. During mass spectrometry analysis, the fractions are separated again
using a low-pH gradient which further reduces the sample complexity and allows the

identification of low-abundant proteins.

Protocol: For high pH reversed-phase (RP) fractionation, a single aliquot of each prepared GBC
and GD sample was pooled together in their respective groups. Approximately 30 pg of each
pool was used for high pH RP fractionation. A linear gradient of 5 — 45% of Reagent B
(Reagent A: 20 mM NH4OH; Reagent B: 20 mM NH4OH; 80% ACN) over 10 minutes at a
flow rate of 75 pL.minute* was employed on a Hypersil GOLD C18 column (1 mm x 15 cm,
3 um particle size) and maintained at 50°C to fractionate the pooled samples (Figure 2.2A).
Fractions were collected at 30-second intervals between 13 — 23 minutes of fractionation.

Appropriate fractions were collected and mixed (Figure 2.2B). Fractions were concentrated
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Absorbance (mAU)

using a CentriVap vacuum concentrator (Labconco, Missouri, USA) and resuspended before

liquid chromatography-mass spectrometry.

500
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1 F2-4 + F12
F5 +F13
F6 + F14
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F11 +F19-21

Figure 2.2: Elution profile for high pH reverse phase (RP) fractionation and fraction concatenation. (A)
Fractionation profile of eluted peptides using a gradient of 20 mM NH4OH and 20 mM NH4OH/80% Acetonitrile
using a Hypersil GOLD C18 column (1 mm x 15 cm, 3 um particle size) maintained at 50°C over approximately
15 minutes. Fractions were collected at 30-second intervals between 13 — 23 minutes. (B) The fraction
concatenation profile of collected fractions.
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2.10 Liquid chromatography-mass spectrometry (LC-MS) data acquisition

Principle: Mass spectrometry (MS) identifies digested proteins based on their mass-to-charge
ratio (m/z) and tandem MS/MS scans. Liquid chromatography elutes proteins based on their
hydrophobicity, allowing deeper proteome coverage. There are two common label-free
detection methods for MS, data-dependent acquisition (DDA) and data-independent
acquisition (DIA). In the DDA mode, the most intense peptide ions from the first MS detection
(MS1) are fragmented for a second MS detection (MS2). In DIA mode, the MS2 scan is
performed for an m/z precursor range regardless of the intensity of the MS1 scan. The DDA
detection method may be employed to build a spectral library for matching DIA data generated
for individual study samples. Sequential window acquisition of all theoretical mass spectra
(SWATH-MS) is a DIA detection method that unbiasedly fragments all peptides in a given

mass-range window (167,168).

Protocol: For DDA of the concatenated fractions, ~500 ng of tryptic peptides of each sample
were analysed using a Dionex Ultimate 3000 RSLC system coupled to an AB Sciex 6600 Triple
TOF mass spectrometer. Peptide samples were inline desalted using an Acclaim PepMap C18
trap column (75 pm x 2 cm; 2 minutes at 5 pL.minute® using 2% ACN/0.2% formic acid).
Trapped peptides were gradient eluted and separated on a Waters Acquity CSH C18 NanoEase
column (75 um x 25 cm; 1.7 um particle size) maintained at 45°C at a flow rate of

0.3 pL.minute with a linear gradient of 4 — 40% Solvent B over 45 minutes. Precursor (MS)
scans were acquired from m/z 400 — 1500 (2* — 5* charge states) using an accumulation time
of 200 milliseconds (ms) followed by 40 fragment ion (MS/MS) scans, acquired from m/z 100

— 1800 with 20 ms accumulation time each.

The Evotip C18 (Evosep Biosystems, Odense, Denmark) trap columns were employed for
SWATH-MS. First, the Evotip C18 trap columns were conditioned before loading the peptides
according to the manufacturer’s instructions. After the trap columns were conditioned, 20 pL
of the sample was added to the Evotips. The Evotips were kept in the storage boxes with a
solution of 0.1% formic acid in MS water to keep them submerged for preservation until
analysis. For SWATH-MS detection, tryptic peptides (~500 ng) of each sample were analysed
using an Evosep One LC System (Evosep Biosystems, Odense, Denmark) coupled to an AB
Sciex 6600 Triple TOF mass spectrometer (AB Sciex, Massachusetts, USA). Peptide samples
were separated on an Evosep performance column (8 cm x 150 um) packed with 1.5 pm Dr

Maisch C18 beads. The column was maintained at 35°C, and peptides were eluted over 21
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minutes (60SPD method) with a gradient of 0 — 35% Solvent B (Solvent A: 0.1% formic acid,;
Solvent B: 0.1% formic acid; 100% ACN). Precursor scans ranged from m/z 400 — 900 using
an accumulation time of 100 minutes, and fragment ions were acquired from m/z 100 — 1800
with a 15 minutes accumulation time per window across 60 variable-width windows that

overlapped by 0.5 Da.

Quality control was performed using HelLa cell-extract digest (Thermo Fisher Scientific,

Massachusetts, USA) and conducted as described above.

2.11 Liquid chromatography-mass spectrometry (LC-MS) data processing

A spectral library was built in Spectronaut v16 (Biognosys, Schlieren, Switzerland) using the
Pulsar search algorithm. The data files from the high pH RP fractionation (DDA) and SWATH-
MS (DIA) of the tissue dataset were used to build the spectral library. Specific trypsin digestion
was used for the enzyme setting. A peptide length of 7 —52 was used, and two missed cleavages
per peptide were allowed. Carbamidomethylation was added as a fixed modification, and N-
terminal acetylation and methionine oxidation were added as variable modifications. A Swiss-
Prot Human FASTA file
(https://www.uniprot.org/uniprotkb?facets=reviewed:true&query=(taxonomy _id:9606))
downloaded on 12 June 2021), including common contaminating proteins, was used as the
search database. For DIA analysis, the standard identification and quantification settings were
used for data processing. However, data filtering was set at a g-value percentile (0.5 fraction)
without imputation (precursors meeting the g-value cut-off need to be identified in at least 50%
of runs to be included in the analysis). A g-value < 0.01 cut-off was applied at the precursor
and protein levels. Quantification was performed at the MS2 level. Label-free cross-run

normalisation was employed using a global normalisation strategy.

The following various filters were applied to identify candidate dysregulated proteins: a q <
0.01, absolute Log: fold change (FC) dependent on a retrospective power analysis, present in

> 50% of samples for each condition, and > 2 unique peptides.

The generated datasets during this study are available on the ProteomeXchange Consortium
(175) repository with the dataset identifier PXD029877.
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2.12 Retrospective power analysis

A retrospective power analysis was performed using the MSstats package using R to determine
the appropriate FC cut-off (Northeastern University, MSstats v4.4.1) (Bioconductor version:
3.15, R v4.2.0, and R Studio v1.4.1717). The dataProcess function was performed first to
normalise the output data from Spectronaut, fragment level peak area of all identified proteins.
After that, the groupComparison function was used to compare the protein changes between
GBC, GD, and normal for tissue samples and GBC and BBP for plasma samples. Finally, the
designSampleSize function was applied to determine the minimum number of replicates
required to achieve the desired statistical power. The parameters were a false discovery rate
(FDR) = 0.05 and n = the minimum number of samples for each comparison: 5 for GBC vs
normal and GD vs normal, 13 for GBC vs GD, and 54 for GBC vs BBP plasma. At power =
0.8, proteins that show fold changes of > 5.2, > 2.775, > 4.65, and > 1.6 are significantly
dysregulated for GBC vs normal, GBC vs GD, GD vs normal, and GBC vs BBP plasma
comparisons, respectively. A subset analysis was performed on the GBC plasma sample
population to determine if GD history versus no GD history affected protein expression. The
power analysis indicated that proteins with a fold change of > 2.45 were significantly

dysregulated at a power of 0.8 (n = 14).

2.13 Pathway and network analyses

Pathway and network analyses were performed on all the significantly dysregulated proteins
identified to determine enriched pathways and interactions. Network analysis and visualisation
were performed using Cytoscape v3.8.2 (176). The stringApp v1.7.0 (177) and Reactome
v8.0.5 (178) plugins on Cytoscape were used to determine the pathways enriched by the
significantly dysregulated proteins and the top 10 significantly (p < 0.05) enriched pathways
were selected. The proteins were queried with filters including species: Homo sapiens as the
reference species and zero additional interactors. Within the network, single non-interacting
proteins were excluded. The identified dysregulated proteins were also submitted to the
PANTHER™ Classification System v17.0 to identify the molecular functions of target proteins
(179).

2.14 Statistical Analysis

The demographic and clinical characteristics were analysed using R (v4.0.2 and R Studio
v1.4.1717). All data were non-parametric, and a p-value < 0.05 was considered significant. The

categorical and continuous data were analysed using Fisher’s Exact and Mann-Whitney U tests,
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respectively. The Mann-Whitney U test was also performed on all the plasma sample group
dysregulated proteins’ raw values to determine whether there were any significant changes to
protein expression in non-metastatic versus metastatic disease. Venny v2.1.0 was used to
visualise uniquely and commonly dysregulated proteins in the tissue and plasma sample groups
(GBC/normal tissue, GBC/GD tissue, and GBC/BBP plasma).

A Kruskal-Wallis ANOVA by Ranks with post-hoc analysis was performed using Statistica
v13.5 to determine any associations between commonly dysregulated protein expression and
sex and age ranges. An unsupervised principal component analysis (PCA) was performed using
PAST v4.07b on the commonly dysregulated proteins between GBC/Normal tissue, GBC/GD
tissue, and GBC/BBP plasma groups. For the PCA analysis, a correlation matrix was used to
explain the maximal variance in samples that would permit the delineation of the disease
contexts. Significant loadings for the PCA analysis were determined using the following
equation:
1
Jn(variables) — 1

The values generated by the equation were used to determine the positive and negative
significant loadings for PCA analysis. Finally, a Spearman’s rank correlation test was
conducted to determine whether protein expression correlated across the sample types.
Hierarchical clustering analysis was performed on all the differentially expressed proteins for
each group comparison. The hierarchical clustering analysis generated on Spectronaut was

used for this analysis.
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3 CHAPTER 3: RESULTS

3.1 Demographics, clinical inflammatory markers and liver function tests are

significantly altered in GBC patients
The clinical and demographic information captured for the tissue and plasma patient sample
groups were described and compared between the groups (Tables 3.1 and 3.2). Females were
the most represented across all patient groups: GBC (69.23% for tissue patients and 53.70%
for plasma patients), GD (86.76%), and BBP (82.19%). This was significant in the plasma but
not the tissue sample group. Both the GBC tissue and plasma sample group showed a
significant increase in the age of the patients. Several of the clinical parameters showed
significant differences between the patient groups. White cell count (WCC) and C-reactive
protein (CRP) (known inflammatory markers) are significantly elevated in GBC tissue and
plasma patients compared to GD and BBP patients. Conversely, haemoglobin (Hb) was

significantly decreased in both GBC patient sample groups.

In both GBC patient sample groups, total and direct bilirubin, alkaline phosphatase (ALP),
gamma-glutamyl transferase (GGT), and aspartate transaminase (AST) were all significantly
elevated, whereas albumin was decreased. Moreover, total protein was significantly decreased
in GBC plasma patients compared to BBP patients. The tumour marker CA 19-9 was
significantly elevated in GBC tissue but not in plasma patients. However, it is worth noting
there was a large percentage of missing CA 19-9 expression data for the tissue and plasma
(66.67% missing data for both) sample groups. Additionally, creatinine and alanine
transaminase (ALT) were not significantly altered in GBC patients. The most common tumour

type presented in both GBC patient sample groups was adenocarcinoma.

Concerning the GBC tissue sample group specifically, there were significantly more GBC
patients presenting with jaundice (83.33%) than GD patients (30.77%). Cholangitis status was
not significantly altered in GBC tissue patients; however, there were some missing data for
GBC (41.67%) and GD (53.85%) patients. While there may be missing patient data for tumour
staging and subtype in the GBC plasma patients, Stage 1V (23.21%) and adenocarcinoma
(33.33%) were the most common stage and tumour subtype, respectively. The TNM staging
and GD history for each GBC plasma patient are shown in Table S3.1. A total of 14 (25.9%)
patients had a history of GD, 26 (48.2%) patients had no history of GD, and 14 (25.9%) patients

had an unknown GD history.
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Table 3.1: Clinical and demographic characteristics of patients with gallbladder cancer and

gallstone disease tissue sample groups

Parameter

Sex
Female, n (%)
Male, n (%)

Age (years)
White Cell Count (x10°%L)

Haemoglobin (g/dL)

C-reactive protein (mg/L)

Creatinine (umol/L)

Total bilirubin
(umol/L)
Direct bilirubin
(umol/L)

Total protein

(g/L)
Albumin

(9/L)
Alkaline phosphatase (U/L)

Gamma-glutamyl transferase (U/L)
Alanine transaminase (U/L)

Aspartate transaminase (U/L)

Jaundice

Yes, n (%)

No, n (%)

Cholangitis

Yes, n (%)

No, n (%)

Data missing

Tumour Type
Adenocarcinoma

Small neuroendocrine carcinoma
Squamous cell carcinoma
Unknown

Carbohydrate antigen 19-9 (U/mL)

Normal
Ranges*

3.9-12.6

12.4-16.7

<5

44 - 80

<34
60— 80
35-52

42 -98

Gallstone Disease

(n=13)
Median
[1QR]

11 (84.62%)
2 (15.38%)
43
[36 - 62]
7.48
[5.83 - 9.27]
11.9
[10.5 - 12.6]

11
[1-142]

65
[59 - 67]

Liver Function Tests

9
[8 - 21]
4
[3-14]
72
[69 — 75]
38
[34 73]
113
[67 - 172]
76
[22-371]
49
[24 - 91]
39
[26 — 69]

4 (30.77%)
9 (69.23%)

0 (0%)

6 (46.15%)
7 (53.85%)

1.935

Gallbladder Cancer

(n=24**)
Median
[1QR]

16 (33.33%)
8 (66.67%)
59.5
[55 — 69]
10.975
[10.10 — 17.06]
10.15
[9.33 — 11.51]
129
[61.5—192]
(n=23)
71.5
[59 — 87.75]

1145
[18.75 — 191.50]
85
[13 - 179]

70
[60 — 75.25]
315
[28.75 — 34.25]
615.5
[360.50 — 821.25]
536
[313 — 740.5]
66
[24.75 — 93.75]
76.5
[43.25 — 104.50]

20 (83.33%)
4 (16.67%)

1 (4.17%)
13 (54.17%)
10 (41.67%)

17 (70.83%)
1 (4.17%)
2 (8.33%)
4 (16.67%)

410

p-value

0.4395"

0.0078
<0.001

0.0467

0.0250

0.1918

<0.001
0.0011
0.5240
0.0168
<0.001
0.0044
0.6331

0.0433

0.0030*

0.825*

0.0081
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[1.593 — 2.195] [35.75 — 1204.75]
(n=4) (n=8)
#The Fisher’s Exact Test was performed on the sex, jaundice, and cholangitis data. The Mann-Whitney U Test was performed
for clinical data and liver function tests.
*Normal physiological ranges obtained from Bio Analytical Research Corporation South Africa (retrieved from
https://www.barcsa.co.za/test-directory/test-reference-ranges/, accessed on 21/11/2021, based on female physiological ranges
due to majority sample numbers).

**Three patients from the gallbladder cancer group were excluded due to missing clinical data information.
Hyphen (-) indicates the absence of data.
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Table 3.2: Clinical and demographic characteristics of patients with gallbladder cancer and

benign biliary pathology plasma sample group

Parameter

Sex
Female, n (%)
Male, n (%)

Age (years)

White Cell Count (x10°%/L)

Haemoglobin (g/dL)

C-reactive protein (mg/L)

Creatinine (umol/L)

Total bilirubin
(umol/L)
Direct bilirubin
(umol/L)

Total protein
(9/L)

Albumin
(9/L)

Alkaline phosphatase (U/L)

Gamma-glutamyl transferase (U/L)

Alanine transaminase (U/L)

Aspartate transaminase (U/L)

Tumour Staging
|

I

"

v

Unknown

Normal Ranges*

39-12.6

12.4-16.7

<5

44 -80

Benign Biliary
Pathology
(n=73)
Median
[1QR]

60 (82.19%)
13 (17.81%)
39
[31-54.5]
7.71
[6.53 —9.09]
(n=60)
12.25

[10.70 — 13.70]

(n=60)
15
[8 — 65]
(n=69)
70
[62 —82]
(n=61)

Liver Function Tests

13-35

31
[11-97]
23
[4-81]
73
[68 —79]
(n=55)
39
[35.5-42.0]
(n=55)
192
[112 —393]
166
[80 — 419]
45
[17 - 102]
(n=55)
53
[28 —90]
(n=55)

Gallbladder Cancer
(n=54)
Median
[1QR]

29 (53.70%)
25 (46.30%)
57.5
[47.25 - 66.75]
10.47
[7.55 - 13.60]
(n=51)
10.2
[8.65 — 12.40]
(n=51)
106
[40 — 193]
(n=54)

62
[51.5-88]
(n=51)

141
[44.50 — 281.75]
122
[46 — 239.5]
63.5
[58 — 72.25]
(n=48)

30
[26 — 34.5]
(n=48)
516.5
[281.25 -908.75]
435.5
[238.5 - 860]
575
[35.75 - 103.25]
(n=48)
104.5
[44.75 — 185.50]
(n=48)

8 (14.29%)
5 (8.93%)

7 (12.50%)

13 (23.21%)

p-value

<0.001#

<0.001

0.0182

<0.001

<0.001

0.0531

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.2138

0.0060
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23 (38.89%)

Tumour Type
Adenocarcinoma 18 (33.33%)
Small neuroendocrine carcinoma - - 0 (0%) -
Squamous cell carcinoma 1 (1.85%)
Unknown 35 (64.81%)
113 364
Carbohydrate antigen 19-9 (U/mL) 0-37 [70.5-184.5] [25 - 1479] 0.6509
(n=3) (n=18)

#The Fisher’s Exact Test was performed on the sex data. The Mann-Whitney U Test was performed for clinical data and liver
function tests.

*Normal physiological ranges obtained from Bio Analytical Research Corporation South Africa (retrieved from
https://www.barcsa.co.za/test-directory/test-reference-ranges/, accessed on 21/11/2021, based on female physiological ranges
due to majority sample numbers).

Hyphen (-) indicates the absence of data.

3.2 Custom-built project-specific SWATH spectral library

The project-specific spectral library was built in Spectronaut v16 using the Pulsar search
algorithm. The default library identification and quantifications were used except for the data
filtering, as described in Section 2.11. The spectral library was matched to the Swiss-Prot
Human FASTA File. The project-specific spectral library matched and returned precursors,
peptides, proteins, and protein groups. For the tissue sample group, 87 341 precursors, 65 725
modified peptides, 62 204 peptides, and 57 435 proteolytic peptides were identified in this
library. These precursors and peptides matched 6362 proteins in 6204 protein groups. The
plasma library showed 5944 precursors, 4011 modified peptides, 3471 peptides, and 2803
proteolytic peptides for the plasma sample group, which matched to 346 proteins and 313

protein groups.

3.3 Quality control of liquid chromatography-mass spectrometry setup

Commercial HeLa cell-extract digest was used as quality control to verify the performance of
the LC-MS setup during the complete dataset acquisition. Although protein extraction
demonstrates the most variation in proteomics due to human error and the variations in the
amount and subtypes of tissue present, it is essential to observe any instrument drift and
deficiencies. Three injections of the HeLa digest were performed at the beginning, middle, and
end of the tissue and plasma datasets to determine any time-dependent instrument variation.
The metrics investigated were the total ion chromatogram (TIC), run identifications, and
coefficient of variation (CV). The TIC overlay plot for the HeLa quality control for the tissue

and plasma datasets shows substantial overlap for each Hela lysate injection, indicating
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consistent ion detection and instrument sensitivity (Figures 3.1A and 3.2A). This shows
consistent instrument functioning with minimal experimental drift throughout the tissue and
plasma runs. Additionally, the run identifications show the number of precursors identified per
HelL a digest injection (Figures 3.1B and 3.2B). The number of precursors identified across the
HeLa injections is consistent and demonstrates minimal instrument drift and variation. The
coefficient of variation (CV) is a commonly used metric in proteomics for comparing
agreement between replicates. As expected for quality control, the CV of the HelLa cell digest
was 16.6% and 16.5% at the precursor level for the tissue and plasma dataset, which is below
the established threshold of 20% for this specific LC-MS setup (Figures 3.1C and 3.2C).
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Figure 3.1: Tissue HelL a cell lysate quality control. (A) The total ion chromatogram (TIC) overlap plot for each
injection of HeLa cell lysate as quality control during the tissue sample experimentation. (B) The total run
identifications indicate that all identified precursors are present across all HeLa cell lysate injections with no
unique identifications. (C) The median coefficient of variance (CV) indicates minimal variance around the
median, with a CV of 16.6%.
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Figure 3.2: HeLa Cell lysate quality control for the plasma dataset. (A) The total ion chromatogram overlap
plot for each injection of HelLa cell lysate as quality control during the plasma sample experimentation. (B) The
total run identifications indicate that all identified precursors are present across all HeLa cell lysate injections with
no unique identifications. (C) The median coefficient of variance (CV) indicates minimal variance around the
median, with a CV of 16.5%.
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3.4 Sequential window of all theoretical mass spectra analysis identified
differentially abundant proteins in gallbladder cancer patients compared to
normal, gallstone disease, and benign biliary pathology controls

3.4.1 Relatively abundant proteins detected in the tissue sample group
Protein abundance for the tissue and plasma samples was measured using SWATH-MS.
Relative protein abundance was measured between the tissue groups using an unpaired

Student’s t-test.

For the GBC/Normal comparison (24 GBC tissues and 5 normal tissues), SWATH-MS
identified 36 606 peptides matching 2955 protein groups across all runs. There were 12 527
peptides matching 1834 protein groups identified in 50% of the total runs. A total of 445
proteins were detected in full profiles and 3038 proteins in sparse profiles. Sparse profiles refer
to all proteins that were detected, regardless of the number of samples the proteins were
detected in. The details of precursors, peptides, and protein groups for each GBC and normal
individual are described in Table S3.2. There was an average of 35% missed cleavages, 35.9%
total data completeness, 4.5 and 4.4 data points per peak for GBC and normal patient groups,
respectively, and median peak widths of approximately 0.11 min for both GBC and normal
groups. The retrospective power analysis indicated that proteins with a Log2 FC > 5.2 for the
GBC/Normal comparison were considered significant due to the limiting sample numbers of
the normal sample group. Additionally, 62 proteins were significantly dysregulated in the
GBC/Normal comparison (Table S3.3); 38 were upregulated, and 24 were downregulated. The
top upregulated protein was periostin (POSTN), and the top downregulated protein was c-jun-

amino-terminal kinase-interacting protein 4 (JIP4).

In the GBC/GD comparison (24 GBC tissues and 13 GD tissues), there were 36 830 peptides
matching 2951 protein groups across all runs. A total of 11 261 peptides that matched 1674
protein groups were identified in 50% of the runs. Altogether, 300 proteins were detected in
full profiles and 3035 in sparse profiles. The details of precursors, peptides, and protein groups
for each of the GBC and GD patients are described in Table S3.4. The missed cleavage average
was 35%, with 33.2% data completeness. There were 4.5 and 4.4 data points per peak for GBC
and GD, respectively, and the median peak widths were approximately 0.11 min for both
groups. Proteins with a Logz FC > 2.775 were considered significant for the GBC/GD
comparison, as revealed by the retrospective power analysis. There were 194 dysregulated

proteins (Table S3.5); 88 were upregulated, and 106 were downregulated. The top upregulated
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and downregulated proteins in this group are aldo-keto family 1 member C2 (AK1C2) and
desmin (DESM), respectively.

For the GD/Normal comparison (13 GD tissues and 5 normal tissues), 24 783 peptides matched
to 2161 protein groups were identified. In 50% of the runs, there were 9546 peptides matching
1408 protein groups. Altogether, 446 proteins were detected in full profiles and 2236 in sparse
profiles. The details of precursors, peptides, and protein groups for each of the GD and normal
patients are described in Table S3.6. The average number of missed cleavages was 35%, 39.9%
data completeness, 4.4 data points per peak for both GD and normal, and 0.11 min median peak
width for both GD and normal groups. Proteins with a Log2 FC > 4.65 were considered
significant for the GD/Normal comparison, as shown by the retrospective power analysis.
There were 105 dysregulated proteins; 42 were upregulated, and 63 were downregulated (Table
S3.7). The proteins with the most significant increased fold change were histones class H2A
(H2A1B, H2A3, and H2A1C), and Aflatoxin B1 aldehyde reductase member 3 (ARK73) was
the top downregulated protein.

There are common dysregulated proteins across the tissue group comparisons. There were 32
proteins commonly dysregulated between GBC/Normal and GBC/GD, ten proteins common
between GBC/Normal and GD/Normal, and 25 proteins common between GD/Normal and
GBC/GD (Table S3.8). Six proteins were also commonly dysregulated across all three tissue

comparisons (Figure 3.3).
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Figure 3.3: Venn diagram for common proteins dysregulated across tissue sample group comparisons.
There are 62, 194, and 105 dysregulated proteins across GBC/Normal (grey), GBC/GD (brown), and GD/Normal
(orange) groups, respectively. There are commonly dysregulated proteins, as indicated by the overlaps between
the groups. The Venn diagram was generated using Venny (v2.1.0).

3.4.2 Pathway enrichment by the dysregulated proteins in the tissue sample group
Network and pathway analyses were performed on the differentially expressed proteins to
determine their interactions and enriched biological pathways (Figures 3.4, 3.5, and 3.6). The
top downregulated pathway for GBC/Normal is smooth muscle contraction. The top
upregulated pathways are integrin cell surface interactions, extracellular matrix (ECM)
organisation, and metabolism (Figure 3.4B). Like the GBC/Normal comparison, the top
downregulated pathways for GBC/GD are smooth muscle contraction and cell-ECM
interactions (Figure 3.5B). Both the upregulated and downregulated proteins in the GBC/GD
group showed enrichment in metabolism and ECM organisation pathways. For the GD/Normal
group, neutrophil degranulation was shown to be the top upregulated pathway and metabolism
the top downregulated pathway. Conversely, the metabolism pathways were upregulated in the
GBC/Normal and GBC/GD comparisons (Figure 3.6B). The innate immune system pathway
was enriched by proteins identified to be both upregulated and downregulated.
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Figure 3.4: Network and pathway analysis of dysregulated proteins in GBC tissues compared to normal
tissues. (A) Network analysis indicating protein interactions between dysregulated proteins discovered in GBC
compared to normal. The colour change is determined by the average Log. fold change of the protein; blue
indicates upregulated, and red indicates downregulated. (B) Dysregulated pathways of GBC compared to normal.
The top upregulated pathways are ECM organisation, integrin cell surface interactions, and metabolism. The top
downregulated pathway is smooth muscle contraction.
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Figure 3.5: Network and pathway analysis of dysregulated proteins in GBC compared to GD tissue samples.
(A) Network analysis showing the interactions of the dysregulated proteins in GBC compared to GD. The colour
change is determined by the average Log. fold change of the protein; blue indicates upregulated, and red indicates
downregulated. (B) The pathways in which the dysregulated proteins are involved. The top downregulated
pathways are the smooth muscle contraction and cell-ECM interactions. The metabolism and ECM pathways are
enriched by both upregulated and downregulated proteins.
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Figure 3.6: Network and pathway analysis of dysregulated proteins in GD compared to normal tissue
samples. (A) Network analysis of the dysregulated proteins indicating interactions between the proteins in GD
compared to normal. The colour change is determined by the average Log. fold change of the protein; blue
indicates upregulated, and red indicates downregulated. (B) Enriched pathways by the dysregulated proteins;
neutrophil degranulation was the top upregulated pathway, metabolism was the top downregulated pathway, and
the innate immune system pathway was enriched by both upregulated and downregulated proteins.
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Network and pathway analysis was then performed on the 38 proteins commonly dysregulated
in GBC compared to GD and normal controls. This may determine pathway aberrations
specific to GBC irrespective of precursor condition (Figure 3.7). The smooth muscle
contraction pathway was shown to be downregulated in GBC tissues. Moreover, gene ontology
enrichment analysis for the dysregulated proteins for the tissue groups determined that the
molecular functions of most of the dysregulated proteins were related to binding and catalytic
activity (Figure 3.8).
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Figure 3.7: Pathway and network analyses for the commonly dysregulated proteins between GBC/Normal
and GBC/GD tissue groups. Smooth muscle contraction was the most downregulated pathway. Red indicates
downregulated proteins, blue indicates upregulated proteins, and grey indicates upregulated in GBC/Normal but
downregulated in GBC/GD.
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Figure 3.8: Annotated molecular functions for dysregulated proteins in tissue groups. Pie charts representing
the molecular functions of dysregulated proteins. (A) GBC tumours compared to normal tissues. (B) GBC tumours
compared to GD tissues (C) GD compared to normal tissues. (D) Thirty-eight proteins commonly dysregulated in
GBC compared to GD and normal tissues. The annotation was conducted using PANTHER v17.0.

3.4.3  Altered proteins identified in the plasma sample sample group

Plasma protein levels were also investigated in a separate sample group of GBC and BBP
patients. SWATH-MS identified 3310 peptides which matched 260 protein groups in the
custom-built spectral library. There were 2577 peptides matching 226 protein groups identified
in 50% of the total runs. A total of 149 proteins were detected in full profiles and 292 in sparse
profiles. The details of precursors, peptides, and protein groups for each of the GBC and BBP
plasma patients are described in Table S3.9. There was an average of 27.1% missed cleavages
and 68.6% total data completeness. There were 5.0 data points per peak and median peak
widths of approximately 0.11 min for both the GBC and BBP groups. The retrospective power
analysis indicated that proteins exhibiting a Log2 FC > 1.6 were considered significantly
differentially expressed. Consequently, 33 proteins were identified as significantly
dysregulated (Table S3.10). Of these 33 significantly dysregulated proteins, 12 were
upregulated, and 21 were downregulated. The top upregulated protein identified in the plasma

sample group was CRP, and the top downregulated protein was apolipoprotein A-11 (APOA2).
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A subset analysis was conducted to determine proteins significantly altered in GBC patients
with a history of GD to those without. At a Logz FC > 2.45, the levels of two proteins, SI00A8
(FC =-2.651) and S100A9 (FC =-1.397), were identified to be significantly lowered in GBC
patients with a history of GD. Furthermore, proteins whose levels were associated with tumour
staging were investigated, and GBC patients were categorised as non-metastatic (Stage I, 11,
and 111) and metastatic (Stage IV). Two proteins were elevated in non-metastatic patients
compared to metastatic patients: apolipoprotein E and inter-alpha-trypsin inhibitory heavy
chain H3 (ITIH3) (Table S3.11).

3.4.4 Pathway enrichment by the dysregulated proteins in the plasma sample group

Network and pathway analyses were performed to elucidate interactions and pathway
involvement of the differentially expressed proteins identified in the plasma patient sample
group (Figure 3.9). The dysregulated pathways include platelet degranulation, haemostasis,
innate immune system, and neutrophil degranulation (Figure 3.9B). There were similar
dysregulated pathways in the plasma and tissue sample group. These pathways are enriched by

proteins that are both upregulated and downregulated.
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1.26E-05  N|GIG25|AHSG|SERPINAI

GPLDI|APOA1|TTR|APOE|APOL
12 Metabolism of proteins 1|ACTB|APOA2|GSN|IGFBP3|SA
0.005 A1|AHSG|SERPINAI

Figure 3.9: Pathway and network analysis of the dysregulated proteins in the plasma group. (A) Network
analysis of the dysregulated proteins indicating interactions between the proteins in GBC compared to BBP
plasma. The colour change is determined by the average Log. fold change of the protein; blue indicates
upregulated, and red indicates downregulated. (B) Enriched pathways by the dysregulated proteins; platelet
degranulation, haemostasis, innate immune system, and neutrophil degranulation pathways were enriched by both
upregulated and downregulated proteins.

9 Neutrophil degranulation
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Additionally, gene ontology enrichment analysis for the molecular functions of the altered
plasma proteins determined that most of the proteins were involved in binding and catalytic
activity. The other molecular functions of these proteins were molecular function regulators
and molecular transducer activity (Figure 3.10).

B Binding (GO:0005488)
Catalytic Activity (GO:0003824)
. Molecular Function Regulator (GO:0098772)

Molecular Transducer Activity (GO:0060089)

Figure 3.10: Annotated molecular functions for plasma dysregulated proteins. Pie charts representing the
molecular functions of dysregulated proteins in the GBC compared to the BBP plasma sample group. The
annotation was done using PANTHER v17.0.

3.5 Commonly dysregulated proteins in tissue and plasma sample sample
groups
Additional analysis was performed to determine whether any dysregulated proteins in the tissue
sample group were present in the plasma sample group (Figure 3.11). There were 24, 149, and
24 dysregulated proteins unique to GBC/Normal, GBC/GD, and GBC/BBP sample group
comparisons, respectively. There were 36 common proteins between GBC/Normal and
GBC/GD tissue comparison groups. Seven proteins were common between GBC/GD tissue
and GBC/BBP plasma: apolipoprotein A-1 (APOAL1), apolipoprotein A-11 (APOA2), retinol-
binding protein 4 (RET4), transthyretin (TTR), hemopexin (HEMO), haemoglobin subunit
alpha (HBA), haemoglobin subunit beta (HBB). Two proteins were common among all three
groups; these are polymeric immunoglobulin receptor (PIGR) and apolipoprotein E (APOE)
(Table S3.12). These nine proteins are are subsequently referred to as ‘commonly dysregulated
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proteins (CDPs)’. Interestingly, the CDPs are dysregulated in the same direction (either up- or

downregulated) across the sample types (tissue and plasma groups). Additionally, a Kruskal-

Wallis H test demonstrated that age and sex did not significantly affect the CDP expression for

any sample group. The Log2 quantities for each of the CDPs for each patient are shown in

Figures S3.1 and S3.2.

GBC/Normal Tissue

24

24 7 149

GBC/BBP Plasma GBC/GD Tissue

Figure 3.11: Venn diagram for common dysregulated proteins among sample group comparisons.

Potential Protein Markers (PPMs) Dysregulation
Polymeric immunoglobulin receptor (PIGR) Upregulated

Apolipoprotein E (APOE) Upregulated

Apolipoprotein A-I (APOAL1) Downregulated
Apolipoprotein A-II (APOA2) Downregulated
Retinol-binding protein 4 (RET4) Downregulated
Transthyretin (TTR) Downregulated
Hemopexin (HEMO) Downregulated
Haemoglobin subunit alpha (HBA) Downregulated
Haemoglobin subunit beta (HBB) Downregulated

There are

62, 194, and 33 identified dysregulated proteins across GBC/Normal tissue (blue), GBC/GD tissue (turquoise),
and GBC/BBP (green) plasma groups. There are commonly dysregulated proteins, as indicated by the overlaps.
The Venn diagram was generated using Venny (v2.1.0).

Network analysis was then performed on the CDPs to determine interactions and pathway

enrichment (Figure 3.12). The network analysis indicated various interactions between the

CDPs; only PIGR was not involved in the network and has not been shown to interact with the

other CDPs. The pathways associated with metabolism were demonstrated to be the most

enriched by the CDPs.
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No. of FDR
Genes Pathway value Genes Involved
o . APOAI|TTR|APOE|APOA2

5 Retinoid metabolism and transport 2.16E-08 |RET4
4 Binding and Uptake of Ligands by Scavenger

Receptors 1.65E-06 APOA1|APOEHEMO|HBB
3 Chylomicron assembly and remodeling 6.94E-06  APOAI1|APOE|APOA2
3 Scavenging of heme from plasma 1.02E-05 APOAIHEMOHBB
2 HDL remodeling 0.0021 _ APQAI|APOE
3 Post-translational protein phosphorylation 0.0022  APOAI1|APOE/APOA2
2 Retinoid cycle disease events 0.0025  TTR|RET4

Regulation of Insulin-like Growth Factor (IGF)
3 transport and uptake by Insulin-like Growth Factor

Binding Proteins (IGFBPs) 0.0026  APOAIAPOE/APOA2
2 Scavenging by Class A Receptors 0.0041 APOAI1|APOE
5 The canonical retinoid cycle in rods (twilight

vision) 0.0061  TTR|RET4
2 Plasma lipoprotein clearance 0.0105  APOAIAPOE
4 Transport of small molecules 0.0176  APOAIJAPOE/HBBJAPOA2|
2 Amyloid fibre formation 0.0487  APOAI|TTR

Figure 3.12: Network and pathway analysis for the identified Commonly Dysregulated Proteins between
the tissue and plasma groups. Network analysis shows the intricate relationships between the CDPs. Blue and
red indicate up- and downregulated proteins in GBC tissue and plasma compared to GD tissue and BBP plasma,
respectively.

3.6 Quality control of the commonly dysregulated proteins

Quality control of the CDPs was done to determine the suitability of these proteins to
distinguish GBC from benign pathologies correctly. The number of samples in which CDPs
were detected and their average sequence coverage was investigated (Table S3.13). APOA1,
APOA2, TTR, HEMO, HBA, and HBB were detected in 100% of samples across the tissue
and plasma sample populations. RET4 was detected in 100% of samples in the GBC/BBP
comparison and 97.5% in the GBC/GD comparison. APOAL had 73% sequence coverage for
GBC/GD and 72% for GBC/BBP. APOAZ2 had a coverage of 64% for GBC/GD and 42% for
GBC/BBP. RET4 had 41% and 59% coverage for GBC/GD and GBC/BBP, respectively. The
coverage for TTR was 69% for GBC/GD and GBC/BBP. HEMO had a coverage of 51% and
71% for GBC/GD and GBC/BBP, respectively. The coverage for HBA was 96% for GBC/GD
and 65% for GBC/BBP. The coverage for HBB was 96% for both GBC/GD and GBC/BBP.

The two proteins common (PIGR and APOE) between all three comparisons (GBC/Normal,
GBC/GD, and GBC/BBP) were also evaluated. PIGR was detected in 81.2%, 75%, and 93.7%
of samples for GBC/Normal, GBC/GD, and GBC/BBP, respectively. The sequence coverage
was 35%, 36%, and 21% for GBC/Normal, GBC/GD, and GBC/BBP, respectively. APOE was
detected in 100% of samples for all three comparisons and had a coverage of 64% for
GBC/Normal and GBC/GD and 59% for GBC/BBP (Table S3.13).
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The MS2 fragment ion chromatograms for the nine CDPs were investigated (Figure 3.13 and
S3.3 — S3.10). The CDPs fragment ions indicated overlapped retention times, which suggests
correct matching to the MS1 spectra. This shows the fragments are eluting in the predicted
retention time. Most of the precursor and fragment ion peaks show a high signal-to-noise ratio,
which indicates high-quality raw data and high-quality identification of the CDPs. Also, thin,
resolved peaks of the fragment ions indicate good chromatographic retention and elution.
Moreover, the CV for each CDP were investigated in the plasma sample group (Table S3.13).
Large CVs for many of the CDPs indicate a wide range of detected abundance values. In
general, the CV for each CDP was lower in the BBP group compared to GBC except for HBA,
HBB and PIGR.
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Figure 3.13: Representative MS2 DLATVYVDVLK .2 precursor chromatogram overview for APOAL in
the tissue and plasma sample group. The MS2 precursor chromatogram overview for representative samples
for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample group.
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3.7 Hierarchical clustering, principal component analysis, and Spearman’s rank

correlation test of the commonly dysregulated proteins
Hierarchical clustering was performed on all the quantified proteins for GBC/Normal,
GBC/GD, and GBC/BBP (Figure S3.11). The tissue groups showed distinct clustering by
condition (tumour and control). However, the conditions for the plasma dataset showed some

overlap.

Principal component analysis (PCA) was performed to determine the ability of the CDPs to
distinguish between GBC and controls and reduce data dimensionality. Visually, the GBC
tissue group (black) showed considerable overlap with GBC plasma (red) samples following
the reduction of dimensionality (Figure 3.14A). GBC tissue indicated tight clustering, and GBC
plasma was more dispersed. Specifically, the generated principal component 1 (PC1) and PC2
accounted for 67.37% of the CDP variation. Both GBC tissue and plasma clustering were
influenced by PC1 (44.76% variation) with strong positive contributions from APOAL,
APOAZ2, RET4, and TTR. The relationship between GBC tissue and plasma was delineated
from GD and BBP in the vertical PC2 axis (22.61% variation) by positive influences from HBB
and HBA with a negative influence from HEMO (Figure 3.14B).

The Spearman’s rank correlation test was performed to determine any correlated pattern of
expression of the CDPs in the context of proteins, that is, protein expression only, regardless
of sample source (Figure 3.14C) with the specific Rho and p-values noted in Figure S3.12.
APOAL, APOA2, RET4, TTR, and HEMO were all significantly positively correlated with
each other and are closely related in an intricate network (Figure 3.12). Additionally, these
proteins share similar pathways, such as retinoid metabolism. Although these seven proteins
common between the tissue and plasma groups are all downregulated, HBB and HBA are
negatively correlated with the other proteins, such as APOAL. Conversely, while PIGR and
APOE are commonly dysregulated across all groups, these two proteins are not significantly

correlated with any of the other CDPs.
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Figure 3.14: Principal component analysis and Spearman’s rank correlation test for commonly
dysregulated proteins (CDPs). (A) The scatterplot indicates PC1 vs PC2 of the CDPs. Black dots indicate GBC
tissue patients, red dots indicate GBC plasma patients, blue dots indicate GD patients and grey dots indicate BBP
patients. (B) The loadings for the CDPs for each PC. Green highlighted values are significantly positive, and red
highlighted values are significantly negative loadings. (C) The Spearman’s rank correlation test indicates
significant positive (blue ellipses) and negative (red ellipses) correlation between the CDPs. The presence of
ellipses indicate a significant correlation, and the size represents the strength of the correlation.
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3.8 Summary of results

Clinical and demographic data for the tissue and plasma sample groups were recorded during
sample collection. This included standardised blood tests routinely performed on GBC patients
at CHBAH. There were significant alterations in age and sex (GBC plasma patients compared
to BBP patients). Inflammatory markers (WCC and CRP) and LFTs were also significantly
elevated in GBC compared to GD and BBP patients. GBC tissue patients presented with
jaundice more frequently than GD patients. CA 19-9 was elevated in some GBC patients, and
adenocarcinoma was identified as the prevalent histological type of GBC. A project-specific
spectral library was built using Spectronaut v16 and the Pulsar search algorithm to detect
relatively abundant proteins in GBC compared to normal, GD, and BBP patients. There were
62 (GBC/Normal), 194 (GBC/GD), 105 (GD/Normal), and 33 (GBC/BBP plasma) relatively

dysregulated proteins observed in the tissue and plasma sample groups.

Various pathways were dysregulated in the tissue and plasma sample groups, especially those
involved in metabolism, ECM organisation, integrin and non-integrin cell surface interactions,
cell-ECM interactions, platelet and neutrophil degranulation, innate immune system,
haemostasis, and smooth muscle contraction. Additionally, 38 proteins in the tissue sample
group were commonly dysregulated in GBC/Normal and GBC/GD comparisons. The top
pathway enriched by these 38 proteins was smooth muscle contraction. Gene ontology
indicates that the molecular functions of the dysregulated proteins in the tissue and plasma
sample groups are involved in binding and catalytic activity. Furthermore, nine proteins
(APOAL, APOA2, RET4, TTR, HEMO, HBA, HBB, PIGR, and APOE) were discovered to
be commonly dysregulated in GBC compared to normal, GD, and BBP sample groups (tissue
and plasma sample groups). These proteins were termed commonly dysregulated proteins
(CDPs). The CDPs interacted closely in an interaction network; however, PIGR was observed

not to interact directly with any of the other CDPs.

Hierarchical cluster analysis indicated complete separation between GBC and GD and normal
controls (tissue group). However, the plasma group had various overlaps between GBC and
BBP groups. The PCA analysis showed that the CDPs clustered the GBC tissue and plasma
groups separately from the GD and BPP groups, with minimal overlap between the disease
states. The Spearman’s rank test showed that APOA1, APOA2, RET4, TTR, and HEMO were
significantly correlated, and HBB/HBA was inversely correlated with APOA1, RET4, TTR,
and HEMO.
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4 CHAPTER 4: DISCUSSION

Gallbladder cancer (GBC) has a poor prognosis with an ever-growing incidence and mortality,
particularly in South Africa (50,180). In most cases, GBC is detected at advanced stages
leading to a poorer prognosis and survival rate (181). This calls for a better understanding of
the disease progression and identifying suitable biomarkers. Notably, the variations observed
in incidence and mortality across different geographical regions reinforce the possible
involvement of molecular, clinicopathological, and environmental factors. Various studies
have been published which have determined the molecular profiles highlighting potential
mechanisms of progression and biomarkers for the disease. However, this information is
lacking in African patients (17,182). This study has demonstrated potential novel molecular
mechanisms and markers linked to GBC in an African sample group by conducting proteomics

profiling of tissue and plasma samples.

4.1 Elevated clinical parameters in gallbladder cancer patients

Clinical and demographic information for each patient was captured and compared to
determine any differences in various parameters such as inflammatory markers, liver function
tests (LFTs), age, and sex. This study showed that both GBC patient sample group presented
with a significantly advanced age compared to control patients (GD and BBP). This finding is
similar to others that observed GBC patients present at an advanced age (183,184). In general,
more females presented with diseased gallbladders more frequently than men. It is well-
documented that females develop a diseased gallbladder at a rate of two to six-fold more

frequently than males (9).

The results showed that most of the clinical parameters for GD and BPP groups were within
normal parameters. In contrast, GBC patients had significantly altered parameters (Tables 3.1
and 3.2). For example, clinical inflammatory markers (WCC and CRP) were significantly
elevated in GBC patients compared to the control groups, even though GD and BBP are both
inflammatory diseases, further suggesting an increased inflammatory environment in GBC
patients. WCC is a non-specific inflammatory marker that is often increased in acute or chronic
infections (185). CRP is primarily expressed in hepatocytes, and its expression is regulated by

interleukin-6 (IL6), a well-known pro-inflammatory cytokine (186).

CRP as a marker increases in inflammatory diseases, including GD and BBP, and in tumour

progression. Gallbladder inflammation is a known risk factor for GBC onset and links to an
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ongoing inflammatory environment to induce tumour progression. (187-191). Haemoglobin
(Hb) was significantly reduced in GBC patients, suggesting an anaemic condition. Reduced Hb
could be attributed to several reasons, including excessive bleeding induced by the tumour or
inflammation, which can lead to iron deficiency (192). The tumour marker CA 19-9 was
elevated in GBC patients, although this was not significant in the plasma sample group, likely
due to many missing values (Table 3.2). However, on its own, CA 19-9 is unsuitable for
detecting GBC and should instead be used with other known markers, such as CEA, to increase

sensitivity and specificity (124).

Most LFTs, including bilirubin, ALP, GGT, and AST, were elevated in GBC patients. The
tumour invades the liver during GBC progression and, consequently, alters the functioning of
these enzymes produced by the liver. Bilirubin, produced and excreted by the liver via haem
degradation, can accumulate due to biliary obstruction, which causes jaundice (193,194). This
study also showed that jaundice is significantly more prevalent in GBC patients (Table 3.1).
GGT functions to metabolise glutathione, an antioxidant found in plants, fungi, and animals.
Glutathione can prevent cellular damage by removing reactive oxygen species and free
radicals, and serves as an important antioxidant and facilitates important detoxification of the
liver (195,196). Increased GGT levels will reduce the amount of glutathione present, inhibiting
the function of glutathione to minimise cellular damage. Therefore, elevated GGT has been
associated with high cancer risk and poor prognosis due to the reduced protective role of
glutathione (196-198).

Conversely, albumin and total protein are reduced in GBC patients. Albumin is synthesised by
hepatocytes and is rapidly secreted into the blood as only a small amount is stored in the liver.
Albumin is a plasma oncotic pressure modulator (osmotic pressure induced by proteins) and
transporter of endogenous and exogenous ligands (199). Hypoalbuminaemia indicates
malnutrition, liver dysfunction, and systemic inflammation (197). ALT, another liver protein,
shows no significant changes in GBC patients compared to GD and BBP patients. ALT is
predominantly produced by the liver, and elevated levels indicate hepatic and biliary injury. In
GBC, GD, and BBP patients, ALT is elevated, indicating hepatic injury in both GBC and
control sample group despite no significant differences (200). Although, in the present study,
several of these clinical parameters were significantly altered in GBC patients, these alterations

are not specific to the disease and are known to occur in diverse conditions (201).
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4.2 Pathways dysregulated in the tissue sample group

This study identified dysregulated proteins in the tumours of a sample group of South African
GBC patients compared to GD and normal gallbladder (ie, non-diseased gallbladder) tissues.
There were 62 proteins dysregulated in the GBC/Normal comparison, 194 proteins in the
GBC/GD comparison, and 105 proteins in the GD/Normal comparison (Tables S3.3, S3.5, and
S3.7). Many of these proteins are uniquely dysregulated in the comparisons, but 38 proteins
were commonly dysregulated in GBC/GD and GBC/Normal comparisons. Pathway analysis
identified pathways enriched by the dysregulated proteins in the GBC/Normal, GBC/GD, and
GD/Normal comparisons.

4.2.1 Enriched signalling pathways by the dysregulated proteins in the GBC/Normal
comparison

Comparing GBC to normal tissue samples, the top pathways enriched by the upregulated

proteins in the GBC/Normal comparison were ECM organisation, integrin cell surface

interactions, syndecan interactions, and metabolism. The smooth muscle contraction pathway

was downregulated (Figure 3.4).

The ECM is a complex non-cellular structure involved in biological processes such as tissue
homeostasis and development regulation. Normal functioning of the ECM includes cellular
differentiation, adhesion, and cellular communication. Significantly, the ECM interacts with
surrounding cells and induces signal transduction cascades which mediate these processes
(202,203). The ECM mainly comprises proteoglycans and fibrous proteins. However, even
though the ECM regulates normal tissue functioning, it is also responsible for regulating
several critical hallmarks of cancer, such as proliferation, evasion of the immune response, and
cellular death. It is, therefore, crucial in promoting tumour progression and metastasis
(169,203,204). Re-organisation of the ECM has been documented as playing an important role
in tumourigenesis. This process involves hundreds of proteins having an altered expression,
which changes the overall biochemical and biophysical properties of the ECM. It is a highly
regulated process involved in tissue homeostasis and wound healing but becomes dysregulated
in inflammatory diseases and cancer (Figure 4.1A) (203). Tissue-associated aberrations in
ECM re-organisation have been highlighted as crucial for metastasis (203). One protein,
periostin (POSTN), which was found to be the most upregulated in this study, plays a
significant role in ECM organisation (205). POSTN aids in forming collagen cross-links which

provides stability in collagen-rich connective tissues (205). POSTN has been identified to be
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dysregulated in inflammation and malignancy, and is highly expressed in cancers of the
prostate, lung, and pancreas (205). Although POSTN is involved in ECM organisation, it was
not observed as part of the ECM organisation network in this study (Figure 3.4).

Some of the dysregulated proteins involved in the ECM pathway and enriched in this study are
integrin alpha-M (ITAM), type | and type XII collagen (CO1Al and COCAL), vitronectin
(VTNC), and fibronectin (FINC). These are known ECM proteins involved in binding to the
cell surface to induce downstream signal transduction responses (206). Integrins bind ECM
macromolecules, such as collagen and laminin, to induce a signal transduction cascade.
Collagen is the predominant macromolecule of the ECM, with 28 types and CO1Al and
COCAZ1 were upregulated in this study. Increased expression of these collagen types has been
associated with cancer metastasis, poor survival, and proliferation (207,208). VTNC and FINC
are glycoproteins with adhesive properties that link cells and the ECM by binding integrins to
facilitate cellular adhesion (209,210).

ECM reorganisation involves several key pathways, including integrin cell surface interaction.
This pathway was identified as significantly dysregulated in GBC tumours. Integrins are
glycoproteins which are heterodimeric receptors for the ECM. The main functions of these
proteins are adhesion and cellular motility (211). Some of the ECM components that integrins
bind to are laminins, collagen, VTNC, and FINC which are the main scaffolding molecules of
the ECM. In carcinogenesis, integrins regulate tumourigenic processes such as survival,
proliferation, and migration via integrin activation after binding to ECM components
(212,213). Also, integrins, and their regulated processes such as survival, proliferation, and
migration, are associated with cancer stem-like properties, metastasis, and drug resistance
(214). The close interactions between integrins and ECM could allow for the remodelling of

the ECM to promote a metastatic environment.

Another crucial component of the ECM is the syndecans. In this study, pathways linked to
syndecan interactions were upregulated in GBC tumours compared to normal tissues.
Syndecans are transmembrane proteins comprising heparan sulphate proteoglycans. They
interact with various components of the ECM, which contain heparan-binding domains, to
induce signal transductions in response to ECM changes (215). Syndecans regulate internal to
external cellular signal transduction, and vice versa, to effect changes in the ECM components

that directly link to the ECM organisation pathway (216).
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The metabolism pathway was another pathway dysregulated in GBC patients; this is a well-
known, fundamental process in cancer. The Warburg effect describes cancer upregulating
glucose usage to produce more lactic acid than normal tissues (217). Various substrates, such
as lipids and glucose, are metabolised for energy production. The altered metabolic pathways
allow tumours to have a higher proliferation rate, even with limited nutrients and oxygen
contributing to tumourigenesis and malignancy (218). Metabolic pathways are under intense
scrutiny to identify potential therapeutic intervention strategies using large-scale profiling
methods (219-221). The gallbladder's function is to store and concentrate bile to digest fats
into fatty acids. Proteins which enrich the metabolic pathway have been shown to play a role
in lipid transport, uptake, and oxidation. A vital protein which enriches this pathway is APOE,
a protein identified as “CDP”, and plays a key role in lipid metabolism by acting as a lipid
transporter. The specific function of APOE is discussed in detail in Section 4.4. Other important
dysregulated proteins involved in this pathway are caveolin-1 (CAV1), peroxisomal
bifunctional enzyme (ECHP), and fatty acid-binding protein (FABPL). These proteins are
involved in either the direct oxidation or the transport of lipids for metabolism (222-224).
CAV1 is essential in lipid metabolism as it is a fatty acid- and cholesterol-binding protein,
alluding to a lipid transport role for metabolism (222). ECHP is also involved in lipid
metabolism by catalysing the oxidation of long-chain fatty acids (223). Furthermore, FABPL
regulates lipoprotein-mediated uptake of cholesterol and binds free fatty acids (224). The
functions of these proteins support the possible involvement of lipid metabolism in GBC

tumourigenesis.

Fatty acids, triglycerides, and cholesterol are metabolised in the lipid metabolism pathway
(225). Various lipids, such as glycolipids, phospholipids, and cholesterol, represent significant
components of membranes (226). In the cancer tumour microenvironment, nutrient availability
is variable, so lipids become an alternative energy source for the proliferation, migration, and
metastasis of cancer cells (227). Lipid metabolism may not occur solely for energy production
but can generate messenger molecules after hydrolysing membrane lipids (phospholipids) by
phospholipases. These messenger molecules activate other enzymes, such as Ras and PI3K.
These enzymes activate the MAPK and P13K/Akt pathways, which are known to increase GBC
progression (227). In addition, cholesterols can covalently bind to proteins Hedgehog and
Smoothened, which allows for activation of the Hedgehog pathway. The Hedgehog pathway
has also been described to be aberrant in GBC which promotes the notion of lipid metabolism
being imperative for GBC advancement (Figure 4.1B) (77,228).
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Figure 4.1: Summary of the roles of the ECM and lipid metabolism pathways. (A) The ECM
microenvironment under normal (green) and tumourigenic (red) conditions. (B) The lipid metabolism pathway
constitutes several other pathways and targets. Grey ellipses are effector biomolecules involved in lipid
metabolism. Green ellipses are proteins which become active after phospholipid hydrolysation. Orange ellipses
indicate the downstream involvement.

The smooth muscle contraction pathway was the top dysregulated pathway and was enriched
by several proteins downregulated in GBC tumours. It is important to note that the
downregulation of the smooth muscle contraction pathway may be due to the
microenvironment of GBC tumours which consists of predominantly stroma and epithelial
cells, compared to normal tissues composed of muscular and epithelial cells (229,230).
Moreover, smooth muscle contractility regulates the motility and emptying of the gallbladder
(231). The motility of the gallbladder depends on the periodic contractions of the muscular
layer, which allows bile to empty from the gallbladder. Decreased gallbladder motility is

associated with an increased risk of gallstone disease (10). This process is regulated by the
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hormone cholecystokinin (CCK), which binds to the membrane receptor (CCKR), inducing
gallbladder contraction and emptying (23,232,233). A pilot study examined the expression of
CCKRs in GBC, GD, and normal gallbladder tissues and observed a decrease in tumours,
although not significant (234). Although CCK and CCKR regulate the contractility of
gallbladder smooth muscle, neither of these proteins has been observed to be dysregulated in
the GBC/Normal comparison. Additionally, oxidative stress resulting from gallbladder
contraction dysfunction can damage CCKRs, lead to altered lipid metabolism and induce
inflammation. This study found alteration of lipid metabolism and an inflammatory state to be
characteristics of GBC patients (Tables 3.1 and 3.2; Figure 3.4) (235-237). Moreover, the
individual proteins involved in the smooth muscle contraction pathway are actin (ACTA),
myosin (MYH11, ML12A, ML12B, and MYL9), and tropomyosin (TPM1 and TPM2). These

proteins have been identified to play a role in the contractility and motility of muscle (238).

4.2.2 Pathways enriched by proteins dysregulated in gallbladder cancer patients
compared to gallstone disease patients

The signalling pathways enriched by the dysregulated proteins in the GBC/GD comparison

were similar to that of the GBC/Normal comparison. However, there were differences in some

of the key enriching proteins.

In the GBC/Normal comparison, there were 19 proteins involved in the metabolism pathway
while the GBC/GD comparison had 70 proteins (Figure 3.4B and Figure 3.5B). Like the
GBC/Normal comparison, lipid metabolism was dysregulated in the GBC/GD comparison.
Lipid metabolism in a cancer context was described in Section 4.2.1. The top upregulated
protein in this comparison was AK1C2 (aldo-keto reductase family 1 member C2), which
metabolises critical steroid hormones such as dihydrotestosterone (239). AK1C2 is also
involved in the metabolism of bile acid and salts, consolidating this protein’s role in the lipid
metabolism pathway. Other aldo-keto reductase proteins involved in lipid metabolism in the
GBC/GD comparison are AK1C1 and AK1C3 (both upregulated). Other proteins which enrich
the lipid metabolism pathway are fatty acid-binding protein 5 (FABP5) and 3-ketoacyl-CoA
thiolase (THIM). FABPS5 functions to transport long-chain fatty acids, and THIM catalyses the
oxidation of fatty acids (240,241).

Similar to the GBC/Normal group, the ECM organisation pathway was also enriched in the
GBC/GD group with some overlapping enriched proteins such as TSP1, VTNC, and TENA.
Unique ECM-related pathways to the GBC/GD group are non-integrin membrane-ECM and
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laminin interactions. The proteins involved in the non-integrin interactions are laminins
(LAMAG5, LAMB2, and LAMC1) and vitronectin (VTNC). Laminins are glycoproteins which
bind to collagen to increase basement membrane stability and cellular adhesion (242). LAMAS,
LAMB2, and LAMC1 are also involved in the laminin interaction pathway. Like the
GBC/Normal group, the smooth muscle contraction pathway was also downregulated in the
GBC/GD group (Figure 3.5B). Interestingly, the top downregulated protein in the GBC/GD
comparison was DESM (Desmin), a prominent intermediate filament of cardiac, smooth, and
skeletal muscles (243). It maintains muscle integrity and is involved in muscle contraction.
However, this protein is not observed to be directly involved in the smooth muscle contraction

pathway.

4.2.3 Enriched signalling pathways by the dysregulated proteins in the GD/Normal
group
The signalling pathways enriched by the dysregulated proteins in the GD/Normal comparison
were metabolism, innate immune system, and neutrophil degranulation (Figure 3.6B). The
metabolism pathway was similarly dysregulated in the GBC/Normal and GBC/GD
comparisons. Although the metabolic pathway is upregulated in those comparisons, it is
downregulated in GD compared to normal tissue groups. The biological oxidation pathway was
also reduced in the GD/Normal comparison; oxidation is the transport of electrons in various
metabolic cycles, such as the Krebs cycle or glycolysis, for energy production. ARK73
(aflatoxin B1 aldehyde reductase member 3), the top downregulated protein in the GD/Normal
comparison, was enriched in the metabolism and biological oxidation pathways. ARK73
detoxifies aflatoxin B1, a known potent hepatocarcinogen, indicating a vital role in drug
metabolism (244). In this study, liver carboxylesterase 1 (EST1) and glutathione S-transferase
mu 3 (GSTM3) are also dysregulated and enriched in the metabolic pathway, and play a role
in drug metabolism (245,246). Proteins involved in the metabolism of drugs are usually
synthesised by the liver (247) and GD may cause aberrant expression of these proteins due to

bile buildup from blockage of the biliary tree.

Another pathway enriched by the dysregulated proteins in GD tissues compared to normal
gallbladders is the innate immune system pathway. Some innate immune cells are
macrophages, fibroblasts, mast cells, and circulating leukocytes, including monocytes and
neutrophils. These cells respond to various signals: pathogen-associated molecular patterns

(PAMPs) in response to infection and damage-associated molecular patterns (DAMPS) in
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response to tissue injury. PAMPs and DAMPSs are detected using pattern recognition receptors
(PRRs) (248). Inflammation can be classified as the cascade of events responding to infection
or tissue damage (249). In the context of GD, inflammation is in response to tissue damage
caused by the formation of gallstones. H2A variant histones H2A1B, H2A3, and H2A1C, were
the top upregulated proteins in the GD/Normal group. While these proteins usually function to
organise DNA structure, they may be released from the nucleus during cellular injury and
inflammation to act as DAMPs. When histones function as DAMPSs, the innate immune system
is activated (250). However, although these proteins play a role in activating the immune
response, they do not appear to be involved in the innate immune system network and pathway
(Figure 3.6). The proteins enriched by the innate immunity pathway were also found in the
neutrophil degranulation pathway (Figure 3.6B), corroborating a well-established link between

these pathways.

In a normal state, inactivated neutrophils circulate in the body to not release toxic contents and
cause cellular damage. Neutrophils become activated after stimulation from various signalling
factors, such as bacterial products, cytokines and chemokines. Once neutrophils become
activated, they secrete pro-inflammatory cytokines to activate the adaptive immune system.
Neutrophils also contribute to various inflammatory diseases, such as inflammatory arthritis
and chronic obstructive pulmonary disease (251). The degranulation of neutrophils occurs at
sites of infection or tissue injury. As such, the release of the granules may further induce tissue
injury and prolong the inflammatory state. It has been observed that histones may also activate
neutrophils to form neutrophil extracellular traps (NETSs), which promote the activation of the

innate immune system (250).

4.2.4  Proteins similarly dysregulated in gallbladder cancer compared to gallstone
disease and normal gallbladders

Thirty-eight proteins were identified to be similarly dysregulated in the tissue sample group
comparisons: GBC/Normal and GBC/GD (Tables S3.8 and S3.12). Most of these proteins are
dysregulated in the same direction (up- or downregulated in GBC compared to the controls),
indicating that these alterations are specific to GBC irrespective of the precursor state.
However, H2A1B, H2A3, and H2A1C do not follow this pattern. These proteins are
upregulated in GBC compared to normal gallbladder but downregulated in GBC compared to
GD. As previously described in Section 4.2.3, extracellular histones play a role in innate

immunity and may be upregulated in response to cellular injury and inflammation. Thus, a
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combination of increased cellular injury and inflammation may increase the levels of these
histones in GD compared to in GBC (252).

The top dysregulated pathway enriched by the 38 proteins was the smooth muscle contraction
pathway. Other dysregulated pathways include syndecan interactions, Sema4D in semaphorin
signalling, and Rho GTPase effectors (Figure 3.7). The smooth muscle contraction pathway
was dysregulated in the GBC/Normal and GBC/GD groups, with actin, myosin, and
tropomyosin proteins enriching the pathway. As discussed in Section 4.2.1, the smooth muscle
contraction pathway may be characteristic of the morphology of GBC and some of the proteins
involved have been implicated in tumourigenesis. Another pathway dysregulated by the
common proteins was semaphorin signalling. Semaphorin signalling plays a role in the immune
response by activating dendritic cell activation and migration. Dendritic cells migrate by the
action of myosin (253). Myosin has been observed to be enriched in this pathway. Additionally,
plexins are the primary receptors for semaphorin signalling, which regulate R-RAS (Ras-
related protein R-RAS) (254), and R-RAS has been observed to be involved in this pathway.
In addition, plexins have been observed to regulate Rho GTPase activity. The Rho GTPase
pathway was enriched by the common dysregulated GBC proteins. Rho (Ras homologous)
GTPases are a family of small GTPases. RAC2 (Ras-related C3 botulinum toxin substrate 2)
is a Rho GTPase enriched in this pathway and has been shown to regulate cytoskeleton
remodelling (255). This pathway supports cytoskeleton remodelling by associating with
myosin proteins, also enriched in the Rho GTPase pathway. This would suggest a role in

cellular migration due to cytoskeleton remodelling.

4.3 Enriched pathways by the dysregulated proteins in the plasma sample group
Network and pathway analysis was performed on the relatively abundant proteins in the
GBC/BBP plasma group comparison. Platelet degranulation, innate immune system, neutrophil

degranulation, and haemostasis were among the pathways dysregulated (Figure 3.9B).

Platelets are discoid-shaped cells lacking a nucleus circulating in the blood. The primary
function of platelets is haemostasis and coagulation. Platelets are filled with a-granules (the
most abundant), dense granules, and lysosomes (256). There is evidence that platelets aid in
initiating and propagating the inflammatory process (257). The a-granules influence
inflammation by secreting pro-inflammatory chemokines. These chemokines influence a
feedback loop to stimulate chemokine receptors on the platelet surface to induce further

inflammatory responses (258). Platelet factor 4 (PLF4), a chemokine which aids in coagulation
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by neutralising the anticoagulant heparin (259), was enriched in this pathway. Elevated PLF4
levels indicate the presence of activated platelets, which have been observed to accelerate
tumour growth by modulating the tumour microenvironment and inducing angiogenesis
(260,261). Another protein enriched in the platelet degranulation pathway is A1AT (alpha-1-
antitrypsin). This is an important glycoprotein synthesised mainly by the liver and it maintains
homeostasis by improving tissue repair. Elevated A1AT has been associated with increased
tumour stage and poor prognosis in breast and prostate cancer (262). Haemostasis is the process
of inducing clot formation, which links back to the platelet degranulation pathway as activated
platelets induce coagulation (263,264). Furthermore, the present study found that proteins such
as PLF4 were associated with platelet degranulation and haemostasis pathways (259). The
pathogenesis of coagulation activation is multifactorial, although malignancies exhibit a unique
feature by expressing clot-promoting molecules inducing a clotting cascade. It has been
observed that elevated biomarkers of coagulation activation are associated with disease
progression and poor outcomes in cancer (265). For example, fibrinogen a marker for
haemostasis and an independent prognostic marker for GBC was demonstrated to be elevated
in GBC patients (266).

The specific mechanisms of action for neutrophil degranulation and the innate immune system
pathways in inflammation were described previously in Section 4.2.3. An increase in
circulating neutrophils is associated with tumour metastasis and poor outcomes (267). This
study observed the involvement of ALAT and AACT, which were upregulated and
downregulated, respectively, in the neutrophil degranulation pathway. A1AT is present in
neutrophil granules and may act as a neutralising factor against the proteases released by
neutrophil granules. Neutrophil proteases cause cellular damage and A1AT protects against
cellular damage by inactivating them (268). This points to a potential protective role of A1AT
to protect the host against further cellular damage. AACT also functions as a protease inhibitor
against neutrophil degranulation proteases. Its downregulation may indicate a shift to an
increase of neutrophil protease enzymatic activity (269). The opposing roles of ALAT and
AACT may indicate a complex mechanism in an attempt to protect the host from protease
cellular damage (A1AT) and induce further cellular damage (AACT) for tumour progression.
In addition, it was observed that the dysregulated proteins which enrich the neutrophil
degranulation pathway were also involved in the innate immune system pathway, suggesting

close functioning and cross-talk. One of the proteins, CRP, was involved in the innate immunity
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pathway. CRP was also shown to be elevated in clinical tests in GBC patients compared to
BBP patients (Table 3.2).

4.4 Commonly dysregulated proteins may be linked to gallbladder cancer in the
patient sample group

4.4.1 Functions and pathways enriched by the identified commonly dysregulated
proteins

Comparing the dysregulated proteins in the tissue and plasma sample group showed nine
commonly dysregulated proteins. Seven of these proteins were common between the GBC/GD
and GBC/BBP groups, and two between GBC/Normal, GBC/GD, and GBC/BBP groups
(Figure 3.11; Table S3.12). The similarity of expression of these proteins at both the tissue and
plasma levels hints towards secretion into the bloodstream and their involvement in tumour
expression. (270). The nine common proteins are APOA1, APOA2, RET4, TTR, HEMO,
HBB, and HBA which were downregulated while PIGR and APOE were upregulated (Table
4.1).

Quality control (QC) was performed on the mass spectrometry raw data of the CDPs to evaluate
their suitability as markers of GBC. The MS2 fragment ion chromatogram was investigated for
each CDP in tissue and plasma samples. Each of the MS2 fragment ion chromatograms for the
CDPs indicated the correct predicted retention time for the fragment ions and alignment with
the corresponding MS1 precursor detection (Figure 3.13 and S3.3 — S3.10). In addition, the
intensity of the peaks indicated good signal-to-noise ratios with minimal interfering signals
from contaminants. The peak widths showed good chromatographic protein elution. All these
factors for the CDPs, together with their biological function, further suggest their possible role
as potential biomarkers. The CDP subset showed a wide CV variation in the plasma sample
group (Table S3.13). However, RET4 (76%), HEMO (67.2%), and PIGR (56.4%) showed the
least variance while HBB (165.4%), and HBA (168.2%) showed the most. This suggests a wide
range of detection abundance, although the CVs are generally lower in the GBC group
compared to the BBP. This may indicate more consistent abundance detection in GBC
compared to benign gallbladder diseases. The biological functions of the CDPs are discussed

subsequently.
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Table 4.1: Commonly Dysregulated Proteins (CDPs) and their functions

Protein Function Pathway Dysregulation
Apolipoprotein A-I Downregulated
Apolipoprotein A-II Lipid transport Lipid metabolism Downregulated

Apolipoprotein E Upregulated
Retinol-binding protein )
" Retinol transport Downregulated
] JAK2-STAT3 pathway
) Thyroid hormone
Transthyretin Downregulated
transport
Hemopexin Haem transport Haem detoxification Downregulated
Haemoglobin subunit
Downregulated
beta o
] ] Oxygen binding Oxygen transport
Haemoglobin subunit
Downregulated
alpha
Polymeric Transcytosis of
Immunoglobulin immunoglobulin IgA Innate immune system Upregulated
receptor and IgM

Apolipoproteins A-1 (APOA1), A-l1l (APOA2), and E (APOE) are all involved in the
transportation of lipids where they become metabolised; however, there have been recent
discoveries which have noted diverse functions of these proteins in diseases. In a USA sample
group, APOA1 was underexpressed in GBC tumours compared to normal tissues (271).
Similarly, a reduction of APOAL1 was demonstrated in both tumours and serum samples
obtained from liver cancer patients (272). APOAL is the major structural and functional
component of high-density lipoprotein (HDL), approximately 70%. It is a critical mediator in
lipid transport by binding various receptors and transporters (273). APOAL may function as a
tumour suppressor in various cancer models and points towards an anti-inflammatory function
which aligns with anti-tumourigenic processes (274). APOA2 was the most downregulated
protein in plasma. Conversely, APOAZ2 has been detected to be reduced in other cancer types;
these include gastric cancer (275), multiple myeloma (276), and pancreatic cancer (277).
APOAZ2 is the second most abundant component of HDL, comprising approximately 20% and
is routinely detected in the plasma of human patients due to its function in lipid transport. The

exact mechanistic role of APOAZ2 in lipid transport is unclear (278).
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APOE was one of two dysregulated proteins across all three comparisons; it transports
metabolism-related lipids by binding low-density lipoprotein receptors. It is speculated that
APOE does not function solely to transport lipid metabolism but also plays a role in immune
response and cellular proliferation. In one study, APOE activation restricted the response of
the innate immune system to suppress cancer proliferation, promoting tumour growth and
metastasis (279). APOE has been linked to cancer development in ovarian and prostate
epithelial malignancies (280,281). An elevated mRNA expression of APOE was detected in
gastric cancer, associated with deep tissue invasion, lymph node metastasis, and reduced

survival time (282).

RET4 (Retinol-binding protein 4) is a retinol (vitamin A) transporter protein in the blood,
delivering retinol from the liver to peripheral tissues. RET4 can be transported across the
plasma membrane of cells via the cell surface protein Retinoic Acid 6 (STRAG6) leading to a
signalling cascade via the JAK2-STAT3 pathway (283). A decrease in RET4 in sera of
epithelial ovarian cancer patients has been observed (284). Transthyretin (TTR) is a protein
involved in thyroid hormone transport and plays a role in retinol metabolism. TTR and RET4
bind in a complex with retinol to prevent the loss of small proteins after kidney filtration (285).
The network analysis supports close interactions between TTR and RET4 (Figure 3.7). TTR
expression is decreased in severe cases of liver disease and acute inflammation. TTR serum
levels were decreased in ovarian cancer and advanced cervical and endometrial carcinomas
(286). It is important to note that TTR is not a complete requirement for RET4 functioning.
TTR knockout mice still indicated detectable circulating RET4, albeit at reduced levels. TTR-
deficient mice did not indicate reduced retinoid levels in tissues. This suggests that TTR
increases RET4 half-life and functional time by reducing renal filtration (285,287,288).
Additionally, it has been observed that TTR is decreased in the serum of lung cancer patients
compared to those with benign lung disease and healthy individuals (289). Although RET4 has
been extensively studied in various cancer types, the specific mechanisms of how this protein

affects tumour initiation are still unclear (283).

Hemopexin (HEMO) is expressed predominantly by the liver and has a high affinity for binding
haem and labile (metabolically active) haem. This allows HEMO to transport the haem in a
non-toxic form to promote liver-mediated haem detoxification (290). The current literature on
HEMO and cancer is limited, although there are emerging studies which indicate a potential

role in cancer. It was noted that plasma levels of HEMO in prostate cancer patients were lower
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than that of healthy individuals (291). Similar findings were seen in HEMO-null mice, where
the tumours observed were larger compared to HEMO-expressing mice (290). Haemoglobin
subunits beta (HBB) and alpha (HBA) are significantly downregulated in GBC tissues and
plasma. This downregulation is corroborated by the significant decrease in clinical
haemoglobin in GBC tissue and plasma patient sample populations (Tables 3.1 and 3.2).
Haemoglobin transports oxygen throughout the body and comprises two alpha and beta
subunits each (292). This study also indicated that clinical Hb levels were significantly reduced
in GBC patients compared to GD and BBP patients (Tables 3.1 and 3.2). A study conducted in
India showed that clinical haemoglobin was significantly decreased in GBC patients compared
to GD patients, as observed in this study (293). In non-small cell lung carcinoma (NSCLC), it
was shown that HBB and HBA were downregulated, and the expression of these proteins
correlated with tumour stage and lymph node spread. This indicates a protective role by HBB
and HBA in NSCLC (292).

Polymeric immunoglobulin receptor (PIGR) was the other dysregulated protein across all three
comparisons. This protein is responsible for the transcytosis of immunoglobulins IgA and IgM
across mucosal surfaces; these are the first-line antibodies against infection which points to a
role in innate and adaptive immunity (294). This is corroborated by the fact that PIGR is
enriched in the innate immune system pathway dysregulated in the GBC/BBP group (Figure
3.9B). Proinflammatory cytokines upregulate PIGR in response to infections. However, it has
been observed that this protein is also highly expressed in various cancers, including colon,
hepatocellular, and ovarian. In colon carcinoma, increased expression of PIGR was linked to
poor prognosis and hepatic metastasis (295). Elevated PIGR levels were detected in the sera of
pancreatic, lung, and colon cancer patients (296-298). While new findings have indicated
aberrant expression of PIGR, the mechanism behind the function of this protein in tumours
remains uncertain, although there are some indications of the ribosome pathway being activated
(294,299).

4.4.2 Commonly dysregulated proteins significantly correlate with each other and
can distinguish gallbladder cancer from control groups

Principal component analysis (PCA) was performed to reduce the dimensionality of data to

interpret it visually. Although there may be some overlap between GBC tissue/plasma and

GD/BBP groups, it can be said that there is a separation between the GBC and control groups

(Figure 3.14A). The Spearman’s rank correlation test was performed to determine the
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correlation between the CDPs in a protein-only context, i.e, the protein level abundance data
regardless of sample source (tissue and plasma) (Figure 3.14C). APOA1, APOA2, RET4, TTR
and HEMO are all significantly positively correlated. Strong positive contributions to PC1 by
APOAL, APOA2, RET4, and TTR may indicate a similar ability of these proteins to distinguish
between GBC and controls. HBB and HBA are positively correlated with each other but are
both negatively correlated with APOAL, RET4, TTR, and HEMO, despite these proteins being
all downregulated. There are significant positive contributions to PC2 by HBB and HBA, with
a significant negative contribution by HEMO. The opposing contributions to PC2 by these
proteins are supported by the significant negative correlation between HBB/HBA and HEO
(Figure 3.14B and 3.14C). The opposing PCA contributions and negative correlations between
HBB/HBA and HEMO link back to their diverse biological functions, as described in Section
44.1.

Some negative correlations were observed between HBB/HBA and the other CDPs. The
expression patterns of these proteins seem to be independent of each other and therefore, their
specific roles may be diverse and even antagonistic within similar processes. For example,
HBB/HBA and APOA1l were negatively correlated but showed strong interactions
demonstrated by the network analysis (Figure 3.12) (300). The main functions of APOA1 and
HBB/HBA are cholesterol and oxygen transport, respectively. Elevated blood cholesterol
transport leads to diminished blood oxygen levels. Notably, a decrease in clinical haemoglobin
was observed in GBC patients (Tables 3.1 and 3.2), and raised cholesterol increases the risk of
GBC (301). It is important to note that another study indicated that identifying significant
dysregulation of blood proteins, such as HBB and HBA, may be due to erythrocyte
contamination from plasma samples (302). However, in this study, HBB and HBA expression
was observed in plasma and tissues, strongly suggesting that these proteins may be linked to

the disease.

4.5 Proteins associated with a history of gallstones and tumour staging

A subset analysis was performed on Spectronaut, using an unpaired Student’s t-test, to identify
significantly dysregulated proteins in GBC plasma patients with a history of GD versus those
without. Gallstone disease is a well-documented precursor linked to an increased risk of GBC.
Approximately 70 — 80% of GBC cases progressed from GD (17,303). Two proteins (S100A8
and S100A9) were downregulated in patients with a history of GD compared to those without.

These proteins are expressed by neutrophils and monocytes and function as calcium ion sensors
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(304). Although these proteins are routinely expressed at high levels during inflammation, it
has been demonstrated that at reduced levels they promote cell growth and proliferation
(304,305). Therefore, the reduction of SI00A8/9 in GBC patients with GD history may suggest
this group of patients may experience an increase in tumour aggressiveness compared to thouse
without GD history (182,303). However, this would need to be verified in future functional

studies.

An additional subset analysis was performed to identify proteins associated with tumour
staging (Table S3.11). From the 33 proteins identified to be dysregulated in the GBC plasma
sample group, only two (APOE and ITIH3) were found to be significantly elevated in non-
metastatic (Stage I-111) compared to metastatic (Stage V) patients. APOE is a protein involved
in cholesterol homeostasis, lipid metabolism, and immune suppression, similar to APOA1 and
APOAZ2, as described in Section 4.4.1 (301,306). One study demonstrated that APOE
overexpression in Stage Il colorectal tumours is an independent prognostic factor for overall
survival. Also, elevated serum APOE has been associated with early-stage hepatocellular
carcinoma (307). Taken together, the increased expression of APOE in non-metastatic GBC
may suggest a role in progressing tumourigenesis (308). ITIH3 (inter-alpha-trypsin inhibitor
heavy chain 3) covalently links to hyaluronic acid, a major component of the ECM. Since
linkage to hyaluronic acid strongly depends on ITIH3, dysregulation of this protein influences
tumour development and progression (309). It can be speculated that loss of expression of
ITIH3, as GBC progresses, can be attributed to reduced ECM interactions to drive the

metastatic process.

4.6 Dysregulated proteins observed in a sample group of South African

gallbladder cancer patients compares to other populations
GBC has been studied in various populations, predominantly in China and India. Several
proteomic research studies across these populations suggest similarities and differences. For
example, proteins such as cytokeratin 19 (CYFRA 21-1) (310) and TYMP (311) found to be
dysregulated in the present study, have been identified in other patient sample group. CYFRA
21-1 has been identified as a potential marker in a Chinese population, and TYMP in a South
Korean population. A recent Indian study using plasma-derived extracellular vesicles showed
86 proteins abundant in GBC patients (312). Of the 86 dysregulated proteins identified, 16
were also dysregulated in our study. In another study, GBC cell line-derived extracellular

vesicles were investigated using LC-MS and iTRAQ labelling for biomarker discovery (313).
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There were 29 proteins identified as enriched in the cell line-derived extracellular vesicles.
Four of these (FETUA, TETN, ALBU, and G6PD) were also dysregulated in GBC samples in
the present study. A separate study performed on an Indian patient cohort used 2D gel
electrophoresis and LC-MS-based immunoproteomics to identify dysregulated proteins in
GBC patients compared to GD and normal gallbladders due to an immune response. The study
found 27 upregulated proteins in GBC patients. Of those, six (CAH2, HBA, HBB, THIL,
ALDOB, and CAH1) were altered in the patients used in the present study (314). Taken
together, there are similarities observed in the expression of certain proteins in this study and
others. However, in some cases, although the proteins were significantly altered they were
dysregulated in the opposite direction. For example, ALDOB was found to be upregulated
across Stage I, I, and 11IA GBC patients and was observed to be upregulated in patients in this
study. Notably, some significantly altered proteins in our patient sample group were not
identified in other groups. However, these observations may be attributed to differences in
sample cohorts or types but may also be a result of alternative proteomic technologies or

strategies used for investigation.
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5 CHAPTER5: CONCLUSION AND FUTURE DIRECTION

This study provides novel insights into the dysregulated proteins and pathways associated with
GBC onset and progression in South African patients. The clinical inflammatory markers WCC
and CRP were identified as significantly elevated in GBC patients in the tissue and plasma
patient sample group. Additionally, liver function tests, including total and direct bilirubin,
albumin, ALP, GGT, and AST, were also significantly increased in GBC patients. The
significant changes in the liver function tests are because the gallbladder and liver function
closely together, so gallbladder diseases can cause aberrant expression of these enzymes. CA
19-9, a widely used marker that is considered for GBC diagnosis, was significantly elevated in
the GBC tissue sample group but not in the plasma. Although some significant differences were
observed in clinical parameters (such as the liver function tests and CA 19-9), these tests are

also aberrant in various other diseases, including other malignancies.

SWATH-MS was performed in a South African GBC patient cohort for the first time providing
much-needed molecular data on this group of patients. There were 62 (GBC/Normal), 194
(GBC/GD), 105 (GD/Normal), and 33 (GBC/BBP plasma) proteins dysregulated in each of the
relevant comparisons. These differentially expressed proteins enrich several signalling
pathways including lipid metabolism, smooth muscle interactions, innate immunity, ECM
reorganisation, platelet and neutrophil degranulation, and integrin and syndecan interactions.
The discovery of these signalling pathways aids in the understanding of GBC in this study’s
population and may be useful targets in future therapeutic studies. While some of the different
comparisons share similar pathways, the differences observed especially in the enrichment of
specific proteins may help further elucidate the mechanisms of GBC initiation and progression.
Furthermore, it was observed that SI00A8 and S100A9 were downregulated in patients with
GD history compared to those without. Reduced levels of S100A8/9 induced by a pro-
inflammatory environment may promote tumour growth and proliferation. Follow-up work is
required to further demonstrate the potential role of these proteins and their significance in the
group of patients and their implications in GBC prognosis. Two proteins, APOE and ITIH3,
from the differentially expressed plasma proteins were shown to be elevated in non-metastatic
(Stages I-111) compared to metastatic (Stage 1V) GBC patients and may be further investigated
as markers. APOE and ITIH3 may also have prognostic functions in GBC patients which

would need to be investigated further.
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The study also identified a group of commonly dysregulated proteins (CDPs) expressed at both
the tissue and plasma levels. Statistical tests demonstrated their ability to distinguish between
GBC and control groups. The expression of these proteins and their ability to distinguish
between the different groups suggest their significance in GBC as potential biomarkers in this
patient sample group, however, this needs to be further validated. Future studies would need to
be conducted to verify the expression of the identified dysregulated proteins in a larger,
independent patient sample group and evaluate the plasma of healthy participants. Moreover,
the suitability of the identified dysregulated proteins compared to the well-known clinical
biomarkers CA 19-9 and CEA could also be further investigated.
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6 CHAPTERG: STUDY LIMITATIONS

The main limitation of this study was the low number of tissue samples, especially in the
normal gallbladder tissue group. Specifically, the low number of GBC tumours could be
attributed to patients not being biopsied because of presenting at an advanced stage of the
disease. Some missing clinicopathological information, such as tumour differentiation, CA 19-
9 and CEA levels also limited the analyses that could be conducted. For example, comparison

of the utility of clinical tumour markers such as CA 19-9 and CEA to identified proteins.

Additionally, the use of unmatched tissue and plasma samples may have limited the
identification of more potential markers of GBC in this patient cohort. Lastly, circulating levels
of the target proteins were not evaluated in healthy individuals preventing their assessment in

an additional and important control group.
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Figure S3.4: Representative MS2 _YWGVASFLQK .2 precursor chromatogram overview for retinol-
binding protein 4 in tissue and plasma sample populations. The MS2 precursor chromatogram overview for
representative samples for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample populations.
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Figure S3.5: Representative MS2 _AADDTWEPFASGK_.2 precursor chromatogram overview for
transthyretin in tissue and plasma sample populations. The MS2 precursor chromatogram overview for
representative samples for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample populations.

112



_NFPSPVDAAFR_.2

ST DO X —— B X —— T BT S—— B ||V T — T DB Y Y S——— DR [T ——— T LT T
1 {
il ;
'
|
|
H
1890
GBC Tissue
2
3
§
E o
0 !
A7
Af/j\ " ’%\/k\/\
0 . . . ' . w9 s .
" 120 125 1o
Retention Time
=R DB IO TP T S8 50 e R = R s == Frediied Reterion Vire |
9000
2000
roon
oo
GD Tissue
25000
‘g
b
£
1000
2000
200
. ~
\\
o el
e s 30
Retention Time
C7 DB X T 1.0 T S 1 5 | T S T T — LG T MR Freaciea fwian e )
u“
0
g GBC Plasma
&
Sa
il
|
|
|
0 |
/ \
‘/,,\:.\\
0 /.-\:V\/ V\\_
" o 128 "o ns
Retention Time
SR 777540 M I7+]- 308 200 miz Bl 64282 e o - i LT S D B PRI == Preaced Reenton Time ]
5
2
D
2 BBP Plasma
z
4
£
]
"
s

115 20 125 0 1s

Retention Time

Figure S3.6: Representative MS2 _NFPSPVDAAFR_.2 precursor chromatogram overview for hemopexin
in tissue and plasma sample populations. The MS2 precursor chromatogram overview for representative
samples for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample populations.
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Figure S3.7: Representative MS2 VLGAFSDGLAHLDNLK .3 precursor chromatogram overview for
haemoglobin subunit B in tissue and plasma sample populations. The MS2 precursor chromatogram overview

for representative samples for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample populations.
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Figure S3.8: Representative MS2 _TYFPHFDLSHGSAQVK .3 precursor chromatogram overview for
haemoglobin subunit A in tissue and plasma sample populations. The MS2 precursor chromatogram overview
for representative samples for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample populations.
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Figure S3.9: Representative MS2 _ AFVNC[Carbamidomethyl (C)]DENSR_.2 precursor chromatogram
overview for polymeric immunoglobulin receptor in tissue and plasma sample populations. The MS2
precursor chromatogram overview for representative samples for GBC tissue, GD tissue, GBC plasma, and BBP

plasma sample populations.
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Figure S3.10: Representative MS2 _ALMDETMK_.2 precursor chromatogram overview for
apolipoprotein E in tissue and plasma sample populations. The MS2 precursor chromatogram overview for
representative samples for GBC tissue, GD tissue, GBC plasma, and BBP plasma sample populations.
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Figure S3.11: Hierarchical cluster analysis for the differentially expressed proteins. Hierarchical cluster
analyses are shown in the heatmap and dendrograms for all quantified proteins in the GBC/Normal (A), GBC/GD
(B), and GBC/BBP plasma (C) comparisons. The cluster brackets on the right side of the heatmaps indicate
proteins clustered together based on detection intensity. The clustering brackets on the top indicate clustering
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brackets indicate a close similarity. Blue to yellow colouring indicates low to high expression of the proteins. The
heatmaps were generated in Spectronaut v16.
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Figure S3.12: Spearman’s Rho values and p-values for correlation of commonly dysregulated proteins. The
Rho correlation values (below) and the corresponding p-values (above) for the CDPs. The yellow-coloured cells
indicate significant Rho and p-values.
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Table S3.1: TNM staging and gallstone disease history for gallbladder cancer plasma patients

Patient Number TNM Staging Gallstone History

1 T4 N2 M1 No
2 T4 N2 M1 Yes
3 Unknown Unknown
4 T4 N2 M1 Unknown
5 Unknown Yes
6 Unknown Yes
7 T2a N1 M1 Yes
8 Unknown No
9 T1NO MO No
10 T3 NO MO Unknown
11 T3 NO MO Unknown
12 T3N1 M1 No
13 T2b N1 MO Unknown
14 T2b N1 M1 Yes
15 T3 NO MO Unknown
16 T3 NO MO No
17 T2b N1 MO Unknown
18 Tl No
19 Unknown Yes
20 T2b Unknown
21 Unknown No
22 Unknown No
23 Unknown Yes
24 Unknown Unknown
25 T3 N1 M1 No
26 Unknown Unknown
27 Unknown Yes
28 Unknown Yes
29 Unknown No
30 Unknown No
31 T4 No
32 T3 N1 Mx No
33 T4 No
34 Unknown Yes
35 T4 No
36 T4 No
37 Unknown Yes
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38
39
40
42
43
44
45
46
47
48
49
50
51
52
53
55
56

T4 N2 M1
T4
T1
T1
T1
T4 N2 Mx
Tl
Unknown
Tl
T4
T4
T4 N2 MO
T1
Unknown
Unknown
Unknown

Unknown

No

No

No

No

No

Yes

No

No

No

No

Yes

No

Yes
Unknown
Unknown
Unknown

Unknown

Table S3.2: The total precursors, peptides, and protein groups identified for each individual

patient for the gallbladder cancer versus normal comparison

Sample number

Normal 1
Normal 2
Normal 3
Normal 4
Normal 5

Gallbladder cancer (GBC) 7

GBC 8

GBC11
GBC 12
GBC 13
GBC 14
GBC 15
GBC 16
GBC 17
GBC 18
GBC 19
GBC 21
GBC 22
GBC 24
GBC 25
GBC 26
GBC 27

Precursors

13 787
14 787
18 102
12 269
12 968
10 697
22 169
12 654

8 768
16 236
24 683
22 469
24 670
18 541
11 367
19 298
22 882
23 240
20129
21035
21 206
12779

Peptides

11 276
12108
14 760
10 042

1043

8692
18 111
10 528

7202
12998
19 538
17795
19 762
14 956

9482
15 580
17 873
18 334
16 169
16 673
16 754
10 327

Protein Groups

1813
1 869
2116
1680
1749
1605
2 349
1801
1320
1957
2413
2415
2 457
2161
1674
2159
2258
2338
2 145
2 259
2192
1701
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Table S3.3: All dysregulated proteins in gallbladder cancer compared to normal

GBC 28
GBC 29
GBC 30
GBC 31
GBC 32
GBC 33
GBC 34
GBC 35
GBC 36
GBC 37

Protein Group

Q15063
P04732
P31327
P07148
Q99715
P02792

P04004
P54868

P52895

P52758

P04908

Q7L7LO

Q93077

P07996

Protein Name

POSTN — Periostin

MT1E — Metallothionein 1E
CPSM — Carbamoyl-
phosphate synthase

FABPL — Fatty acid binding
protein

COCAL - Collagen alpha-
1(XII) chain

FRIL — Ferritin light chain
VTNC - Vitronectin
HMCS2 —
Hydroxymethylglutaryl-CoA
synthase

AK1C2 — Aldo-keto
reductase family 1 member
Cc2

RIDA — 2-iminobutanoate/2-
iminopropanoate deaminase
H2A1B — Histone H2A type
1-B/E

H2A3 — Histone H2A type 3
H2A1C — Histone H2A type
1-C

TSP — Thrombospondin-1

21113
21030
10 382
18 048
19 162
13 757
11 388
13199
24 206
21 250

Protein

Name

POSTN

MTI1E

CPSM

FABPL

COCAl

FRIL

VTNC
HMCS2

AK1C2

RIDA

H2A1B

H2A3
H2A1C

TSP

16 615
16 689

8 452
14 368
15315
11 461

9301
10 534
19 161
17 136

No. of Average Log,

Unique
Peptides
59

3

103

14

143

11

18
26

54

Ratio

5.02066359

4.712206662

4.483369762

4.024563036

4.004558467

3.964146323

3.915829431
3.915381366

3.848081936

3.70928337

3.601816369

3.601816369
3.601816369

3.251710872

p-value

2284
2 245
1583
2001
2214
1943
1688
1629
2430
2339

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001
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g-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001



P04264 KSC1 — Keratin, type Il KSC1 54 3.25004815 <0.001 <0.001
cytoskeletal 1

P12004 PCNA — Proliferating cell PCNA 10 3.172973883 <0.001 <0.001
nuclear antigen

P02751 FINC — Fibronectin FINC 117 3.0986923 <0.001 <0.001

Q7Z4W1 DCXR — L-xylulose DCXR 13 2.983416149 <0.001 <0.001
reductase

P02649 APOE — Apolipoprotein E APOE 26 2.968525542 <0.001 <0.001

Q06278 AOXA — Aldehyde oxidase 1 AOXA 43 2.942234669 <0.001 <0.001

PO7477 TRY1 — Serine protease 1 TRY1 2 2.931102462 <0.001 <0.001

Q02338 BDH — 3-hydroxybutyrate BDH 15 2.900769273 <0.001 <0.001
dehydrogenase 1

P01833 PIGR — Polymeric PIGR 29 2.898754081 <0.001 <0.001
immunoglobulin receptor

P01911 DRB1 - HLA class Il DRB1 10 2.740000646 <0.001 <0.001
histocompatibility antigen,
DRB1 beta chain

P15153 RAC2 — Rac family small RAC2 5 2.737986073 <0.001 <0.001
GTPase 2

P05413 FABPH — Fatty acid binding FABPH 11 2.731079529 <0.01 <0.01
protein

P24821 TENA — Tenascin C TENA 84 2.712643782 <0.001 <0.001

P13611 CSPG2 — Versican core CSPG2 31 2.635654171 <0.001 <0.001
protein

P35555 FBN1 — Fibrillin-1 FBN1 108 2.619872137 <0.001 <0.001

Q08426 ECHP — Peroxisomal ECHP 39 2.608263782 <0.001 <0.001
bifunctional enzyme

P00747 PLMN - Plasminogen PLMN 54 2.587929691 <0.001 <0.001

P19971 TYPH — Thymidine TYPH 25 2.561671217 <0.001 <0.001
phosphorylase

P34897 GLYM — Serine GLYM 21 2.51078038 <0.001 <0.001
hydroxymethyltransferase 2

P02452 CO1A1 — Collagen alpha- CO1A1 29 2.507681268 <0.001 <0.001
1(1) chain

P02748 CO9 - Complement C9 CO09 26 2.454653675 <0.001 <0.001

P11215 ITAM — Integrin subunit ITAM 31 2.441464589 <0.001 <0.001
alpha M

Q00688 FKBP3 — Integrin alpha-M FKBP3 11 2.427845643 <0.001 <0.001

P09110 THIK - Acetyl-CoA THIK 17 2.383977059 <0.001 <0.001

acyltransferase
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P21333
P62736
P09493

Q03135
P51911

P18085

P09525
P10301

P20231
Q15661

P20774
P07951

Q9HBI1
P00918

P06703

Q01995

P17661

QINZN4

014950

P19105

P24844

P35749
Q6NZI2

060271

FLNA — Filamin-A

ACTA — Actin alpha 2
TPML1 — Tropomyosin alpha-
1 chain

CAV1 - Caveolin 1

CNN1 - Calponin 1

ARF4 — ADP ribosylation
factor 4

ANXA4 — Annexin A4
RRAS — Ras-related protein
R-Ras

TRYB2 — Tryptase beta 2
TRYBL1 — Tryptase
alpha/beta 1

MIME — Mimecan

TPM2 — Tropomyosin beta
chain

PARVB — Beta-parvin
CAH2 — Carbonic anhydrase
2

S10A6 — Protein S100-A6
TAGL — Transgelin

DESM — Desmin

EHD2 — EH domain-
containing protein 2

ML12B — Myaosin regulatory
light chain 12B

ML12A — Myosin regulatory
light chain 12A

MYL9 — Myosin regulatory
light polypeptide 9

MYH11 — Myosin-11
CAVNL1 - Caveolae-
associated protein 1

JIP4 — C-Jun-amino-terminal

kinase-interacting protein 4

FLNA
ACTA
TPM1

CAV1

CNN1

ARF4

ANXA4
RRAS

TRYB2
TRYB1

MIME
TPM2

PARVB
CAH2

S10A6

TAGL

DESM

EHD2

ML12B

ML12A

MYL9

MYH11
CAVN1

JIP4

169
21
25

27

36

14

16
16

23

26

18

31

53

36

10

10

231
19

24

-2.489748582
-2.492619937
-2.60007637

-2.651299406

-2.741320166

-2.756697069

-2.787707074
-2.788038724

-2.800721074
-2.800721074

-2.895872701
-2.980807556

-3.106309788
-3.359399413

-3.362875006

-3.372011937

-3.441316866

-3.475631992

-3.549636751

-3.549636751

-3.628772097

-3.652336209
-3.822693564

-4.856406351

<0.001
<0.001
<0.01

<0.001

<0.001

<0.001

<0.01
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001

<0.01

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.01
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<0.001
<0.001
<0.01

<0.001

<0.001

<0.001

<0.01
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001

<0.01

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.01



Table S3.4: The total precursors, peptides, and protein groups identified for each individual

patient for the gallbladder cancer versus gallstone disease comparison

Sample number
Gallstone disease (GD) 1
GD?2
GD3
GD4
GD5
GD 6
GD7
GD9
GD 10
GD 11
GD 12
GD 14
GD 15
Gallbladder cancer (GBC) 7
GBC 8
GBC 11
GBC 12
GBC 13
GBC 14
GBC 15
GBC 16
GBC 17
GBC 18
GBC 19
GBC 21
GBC 22
GBC 24
GBC 25
GBC 26
GBC 27
GBC 28
GBC 29
GBC 30
GBC 31
GBC 32
GBC 33
GBC 34
GBC 35
GBC 36
GBC 37

Precursors

12 737

6 375
11 297

8701
10 836
14 447
13 195
18 144
11 417
13 248
16 728
15737
12 518
10 699
22129
12 663

8 768
16 239
24 647
22 470
24 653
18 551
11 360
19 301
22 882
23 220
20 115
21 040
21 099
12785
21105
21035
10 390
18 053
19 163
13755
11 387
13 203
21187
21223

10 125
5128
9099
7031
8 758

11514

10 688

14 182
9 157

10 413

13401

12 323
9 927
8 693

18 073

10 536
7201

13 000

19 502

17 795

19744

14 966
9474

15 581

17 872

18 313

16 154

16 677

16 745

10 333

16 605

16 693
8 459

14 372

15314

11 459
9 300

10 537

19 141

17 107

Protein Groups

1623

958
1472
1203

138
1802
1758
1993
1446
1581
2013
1793
1612
1545
2 338
1809
1319
1957
2 400
2414
2450
2163
1671
2159
2 245
2332
2142
2 263
2191
1707
2281
2244
1589
2006
2210
1945
1687
1631
2423
2326
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Table S3.5: All differentially abundant proteins in gallbladder cancer compared to gallstone

disease

Protein Group
P52895

P31327
P11498
Q04828

Q02338
P52758

Q99715
060701
P07996
Q7Z4W1
P35442
P42765
P05062

P42330
QB8IUX7
Q14956
P16219
P12004
P06731

Q96HE7
Q08380
060218

Q15063
P01833

P00966
P11413

P08263
P16930
P23141
P02649

Protein Name

AK1C2 — Aldo-keto reductase family 1
member C2

CPSM - Carbamoyl-phosphate synthase
PYC — Pyruvate carboxylase

AK1C1 — Aldo-keto reductase family 1
member C1

BDH — D-beta-hydroxybutyrate
dehydrogenase

RIDA - 2-iminobutanoate/2-
iminopropanoate deaminase

COCAL - Collagen alpha-1(XII) chain

UGDH — UDP-glucose 6-dehydrogenase
TSP1 — Thrombospondin-1

DCXR — L-xylulose reductase

TSP2 — Thrombospondin-2

THIM — 3-ketoacyl-CoA thiolase

ALDOB - Fructose-bisphosphate
aldolase B

AK1C3 — Aldo-keto reductase family 1
member C3

AEBP1 — Adipocyte enhancer-binding
protein 1

GPNMB — Transmembrane glycoprotein
NMB

ACADS - Short-chain specific acyl-
CoA dehydrogenase

PCNA — Proliferating cell nuclear
antigen

CEAMS — Carcinoembryonic antigen-
related cell adhesion molecule 5
ERO1A — ERO1-like protein alpha

LG3BP — Galectin-3-binding protein
AK1BA — Aldo-keto reductase family 1

member B10
POSTN — Periostin

PIGR — Polymeric immunoglobulin
receptor

ASSY — Argininosuccinate synthase
G6PD — Glucose-6-phosphate 1-
dehydrogenase

GSTAL — Glutathione S-transferase Al
FAAA — Fumarylacetoacetase

EST1 — Liver carboxylesterase 1

APOE — Apolipoprotein E

No. of Unique
Peptides
5

103
56
23

15

143
31
54
13
37
31
26

12

24

17

10

23
17
26

59
29

21
40

31
15
36
26

Average p-value g-value
Log, Ratio

4.953323214 <0.001 <0.001
4.323381454 <0.001 <0.001
4.065746017 <0.001 <0.001
3.67721375 <0.001 <0.001
3.638123672 <0.001 <0.001
3.587142384 <0.001 <0.001
3.374782172 <0.001 <0.001
3.088888829 <0.001 <0.001
3.003882122 <0.001 <0.001
2.844273258 <0.001 <0.001
2.780811447 <0.001 <0.001
2.691117194 <0.001 <0.001
2.64136246 <0.001 <0.001
2.626561093 <0.001 <0.001
2.608124891 <0.001 <0.001
2.592714206 <0.001 <0.001
2.557209494 <0.001 <0.001
2.479580402 <0.001 <0.001
2.468455016 <0.001 <0.001
2.418763344 <0.001 <0.001
2.371437513 <0.001 <0.001
2.356581673 <0.001 <0.001
2.216168479 <0.001 <0.001
2.196173212 <0.001 <0.001
2.176407723 <0.001 <0.001
2.17522764 <0.001 <0.001
2.172464657 <0.001 <0.001
2.127056816 <0.001 <0.001
2.109240352 <0.001 <0.001
2.088429222 <0.001 <0.001
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P51659

P00167
Q30154

P09467
P08729
P17174
Q16698
Q16881
P05783
P10809
P24752
P16949
P34897

P16435

P59665
P59666
P00367
095831
P19971
P38117

P30084
P24821
P05787
P07858
P38646
P11586
Q01813

Q01469
P08727
P05141
Q9Y2Q3

P15153
P08195

P31949
P07339
Q9BPWS
P21796

DHB4 — Peroxisomal multifunctional
enzyme type 2
CYB5 — Cytochrome b5

DRB5 — HLA class Il histocompatibility
antigen
F16P1 — Fructose-1,6-bisphosphatase 1

K2C7 — Keratin, type Il cytoskeletal 7
AATC — Aspartate aminotransferase
DECR - 2,4-dienoyl-CoA reductase
TRXR1 — Thioredoxin reductase 1
K1C18 — Keratin, type | cytoskeletal 18
CHB60 — 60 kDa heat shock protein
THIL — Acetyl-CoA acetyltransferase
STMNL1 - Stathmin

GLYM — Serine
hydroxymethyltransferase

NCPR — NADPH--cytochrome P450
reductase

DEF1 — Neutrophil defensin 1

DEF3 — Neutrophil defensin 3

DHES3 — Glutamate dehydrogenase 1
AIFM1 — Apoptosis-inducing factor 1
TYPH — Thymidine phosphorylase
ETFB — Electron transfer flavoprotein

subunit beta
ECHM - Enoyl-CoA hydratase

TENA — Tenascin

K2C8 — Keratin, type Il cytoskeletal 8
CATB — Cathepsin B

GRP75 — Stress-70 protein

C1TC - C-1-tetrahydrofolate synthase
PFKAP — ATP-dependent 6-
phosphofructokinase

FABPS — Fatty acid-binding protein 5
K1C19 — Keratin, type | cytoskeletal 19
ADT2 — ADP/ATP translocase 2
GSTK1 — Glutathione S-transferase
kappa 1

RAC2 — Ras-related C3 botulinum toxin
substrate 2

4F2 — 4F2 cell-surface antigen heavy
chain

S10AB — Protein S100-Al11

CATD - Cathepsin D

NIPS1 — NipSnap homolog 1

VDACL! - Voltage-dependent anion-
selective channel protein 1

36

17
48
26
18
19
37
54
33

21

27

33
27
25
21

22
84
47
14
43
55
31

21
30
10
12

15

28

21

2.081996564

2.076020282
2.07583031

2.063445957
2.054256483
2.046466287
2.016535491
1.980805794
1.975434726
1.920904009
1.914611807
1.895356424
1.862362934

1.848717579

1.838381823
1.838381823
1.830040693
1.805722015
1.795493292
1.791739209

1.764578278
1.763552536
1.751221966
1.745793698
1.744767062
1.742940969
1.742191304

1.736882963
1.703228728
1.692862602
1.680971617

1.675119445

1.665178905

1.662021978
1.649144014
1.626564893
1.614328869

<0.001

<0.001
<0.01

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.05
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.01
<0.001

<0.001

<0.001
<0.01

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.01
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.01
<0.001
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P43304

075874
P07099
P08238

P13804

Q9HOW9
P22307
P05107
P48735
015533
P01903

P40121
P50225
P20292

P61604
P23229
P04004
Q6YN16

Q13283

Q15185
P28161

043294

P05090
P01619

P14543
P04433

Q7Z5L7
P12109
P08185
P04196
Q96AC1
Q9HBI1
Q15404
Q06828
P02787
P11047
P04908

GPDM - Glycerol-3-phosphate
dehydrogenase

IDHC - Isocitrate dehydrogenase
HYEP — Epoxide hydrolase 1

HS90B — Heat shock protein HSP 90-
beta

ETFA — Electron transfer flavoprotein
subunit alpha

CKO054 — Ester hydrolase C11orf54
SCP2 — Sterol carrier protein 2

ITB2 — Integrin beta-2

IDHP — Isocitrate dehydrogenase
TPSN — Tapasin

DRA — HLA class Il histocompatibility
antigen, DR alpha chain

CAPG — Macrophage-capping protein
ST1A1 - Sulfotransferase 1A1
AL5AP — Arachidonate 5-lipoxygenase-
activating protein

CH10 — 10 kDa heat shock protein
ITAG — Integrin alpha-6

VTNC - Vitronectin

HSDL2 — Hydroxysteroid
dehydrogenase-like protein 2

G3BP1 - Ras GTPase-activating
protein-binding protein 1

TEBP — Prostaglandin E synthase 3
GSTM2 — Glutathione S-transferase Mu
2

TGFI1 — Transforming growth factor
beta-1-induced transcript 1 protein
APOD - Apolipoprotein D

KV320 — Immunoglobulin kappa
variable 3-20

NID1 — Nidogen-1

KV311 — Immunoglobulin kappa
variable 3-11

PODN - Podocan

CO6AL1 — Collagen alpha-1(VI) chain
CBG - Corticosteroid-binding globulin
HRG — Histidine-rich glycoprotein
FERM2 — Fermitin family homolog 2
PARVB — Beta-parvin

RSU1 — Ras suppressor protein 1
FMOD - Fibromodulin

TRFE — Serotransferrin

LAMC1 — Laminin subunit gamma-1
H2A1B — Histone H2A type 1-B/E

24

26
33
53

17

11
36
32
30

17
11

14
23
18
19

15

[op]

13

12

34

20
51

5
18
32

3
11
11
74
67

2

1.597357909

1.595013547
1.586795424
1.576348982

1.570324464

1.569835702
1.565157933
1.563240053
1.558495224
1.558452978
1.552950249

1.551524099
1.546602828
1.54098875

1.533125541
1.528409047
1.508175969
1.477875786

1.476789382

1.476785049
-1.479098041

-1.481158888

-1.497688594
-1.508669451

-1.512686623
-1.531428044

-1.535722608

-1.53845217
-1.541950634
-1.546626855
-1.553301196
-1.560212729
-1.562357193
-1.578801641
-1.583597892

-1.59617644
-1.597290839

<0.001

<0.001
<0.001
<0.001

<0.001

<0.01
<0.001
<0.001
<0.001
<0.001
<0.01

<0.001
<0.01
<0.001

<0.001
<0.001

<0.01
<0.001

<0.001

<0.001
<0.001

<0.001

<0.01
<0.001

<0.001
<0.01

<0.001
<0.001
<0.001

<0.01
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.01
<0.001
<0.001
<0.001
<0.001
<0.01

<0.001
<0.01
<0.001

<0.001
<0.001

<0.01
<0.001

<0.001

<0.001
<0.001

<0.001

<0.01
<0.001

<0.001
<0.01

<0.001
<0.001
<0.001

<0.01
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Q7L7LO
Q93077
Q9BZQ8
P43121

P12111
P02790
Q13418
P43652
QIUBX5
P55083

P01614

P02753
P01871

P00568
Q13228
AQA075B6H7

P60033
P60660
P49961

P14649
P05546
P01591
Q93052
000159
P00739
QBUWY5
Q53TN4
P09455
P02671
P68133
Q14315
P02743
P60981
P10301
P01023
Q68CZ2
P07738
075368

P02768

H2A3 — Histone H2A type 3
H2A1C — Histone H2A type 1-C
NIBA1 — Niban 1

MUC18 — Cell surface glycoprotein
MUC18

COB6A3 — Collagen alpha-3(VI) chain
HEMO — Hemopexin

ILK — Integrin-linked protein kinase
AFAM — Afamin

FBLNS — Fibulin-5

MFAP4 — Microfibril-associated
glycoprotein 4

KVD40 — Immunoglobulin kappa
variable 2D-40

RET4 — Retinol-binding protein 4

IGHM — Immunoglobulin heavy
constant mu
KAD1 — Adenylate kinase isoenzyme 1

SBP1 — Methanethiol oxidase

KV37 — Probable non-functional
immunoglobulin kappa variable 3-7
CD81 — CD81 antigen

MYL6 — Myosin light polypeptide 6
ENTP1 — Ectonucleoside triphosphate

diphosphohydrolase 1
MYL6B — Myosin light chain 6B

HEP2 — Heparin cofactor 2

IGJ — Immunoglobulin J chain

LPP — Lipoma-preferred partner
MYO1C — Unconventional myosin-Ic
HPTR — Haptoglobin-related protein
OLFL1 — Olfactomedin-like protein 1
CYBR1 — Cytochrome b reductase 1
RET1 — Retinol-binding protein 1
FIBA — Fibrinogen alpha chain
ACTS — Alpha-actin-1

FLNC — Filamin-C

SAMP — Serum amyloid P-component
DEST — Destrin

RRAS — Ras-related protein R-Ras
A2MG — Alpha-2-macroglobulin
TENS3 — Tensin-3

PMGE — Bisphosphoglycerate mutase

SH3L1 — SH3 domain-binding glutamic
acid-rich-like protein 1
ALBU — Albumin

2
2
17
17

184
31
23
23
15

107
11
12
14
75
20
11

100

-1.597290839
-1.597290839
-1.598688541
-1.598813306

-1.61580628
-1.618488319
-1.636966035
-1.650870889
-1.674528913
-1.674834435

-1.687001286

-1.68830487
-1.709143093

-1.735247741
-1.73889701
-1.744984995

-1.749183973
-1.766841827
-1.770423909

-1.777243042
-1.778561033
-1.784962119
-1.792208928

-1.79914756
-1.807881632
-1.813201967

-1.82094853
-1.828235131
-1.879968132
-1.911461545

-1.92873136
-1.943145428
-1.967869924
-1.986053122

-2.00585659
-2.008561926
-2.021951202
-2.022416573

-2.027978309

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.05

<0.01
<0.01
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.01
<0.001
<0.001

<0.01
<0.001
<0.001
<0.001

<0.05
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.01

<0.01
<0.01
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.01
<0.001
<0.001

<0.01
<0.001
<0.001
<0.001

<0.01
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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P18206
P06753
P69891
Q8WU39

Q05707
P21291

P13716

P21333
P02647
P07585
P08294

Q86Y46
P55268
P39059
015230
Q9HBLO
Q13425
Q15746
P02654
QINR12
P62736
P12277
P02766
P09493
P07951
Q16853

P02652
P34949
Q9BX66

Q01995
Q99459

P35749
P32119
P20231
Q15661
Q03135
P68871
Q6NZI2
P11277

VINC — Vinculin
TPM3 — Tropomyosin alpha-3 chain
HBG1 — Haemoglobin subunit gamma-1

MZB1 — Marginal zone B- and B1-cell-
specific protein

COEAL - Collagen alpha-1(XIV) chain
CSRP1 — Cysteine and glycine-rich
protein 1

HEM2 — Delta-aminolevulinic acid
dehydratase

FLNA — Filamin-A

APOAL — Apolipoprotein A-

PGS2 — Decorin

SODE - Extracellular superoxide
dismutase
K2C73 — Keratin, type Il cytoskeletal 73

LAMB2 — Laminin subunit beta-2
COFA1 — Collagen alpha-1(XV) chain
LAMADS — Laminin subunit alpha-5
TENSL1 — Tensin-1

SNTB2 — Beta-2-syntrophin

MYLK — Myosin light chain kinase
APOC1 — Apolipoprotein C-I

PDLI7 — PDZ and LIM domain protein 7
ACTA — Actin alpha 2

KCRB - Creatine kinase B-type

TTR — Transthyretin

TPM1 — Tropomyosin alpha-1 chain
TPM2 — Tropomyosin beta chain
AOC3 — Membrane primary amine
oxidase

APOAZ2 — Apolipoprotein A-lI

MPI — Mannose-6-phosphate isomerase

SRBS1 — Sorbin and SH3 domain-
containing protein 1
TAGL — Transgelin

CDCS5L — Cell division cycle 5-like
protein

MYH11 — Myosin-11

PRDX2 — Peroxiredoxin-2

TRYB2 — Tryptase beta-2

TRYBL1 - Tryptase alpha/beta-1

CAV1 - Caveolin-1

HBB — Haemoglobin subunit beta
CAVNL1 — Caveolae-associated protein 1
SPTB1 — Spectrin beta chain

82
36

68
13

15

169
35
26
12

58
15
84
46
13
48

21
21
21
11
25
26
21

35

31
17

231
17
16
16

22
19
86

-2.036145639
-2.048250457
-2.075686751
-2.080293581

-2.09873457
-2.1514253

-2.180358021

-2.187590377

-2.18857284
-2.206845035
-2.218963629

-2.230272282
-2.231997226

-2.26081612
-2.279449202
-2.299559932

-2.41437426
-2.437637008
-2.463745607
-2.514497229
-2.608621477
-2.779624442
-2.796960584
-2.832043183
-2.841326704
-2.882510929

-2.910543359
-3.016282551
-3.046542825

-3.075365695
-3.092589754

-3.238178757

-3.29406503
-3.371269387
-3.371269387
-3.408389459
-3.465642881
-3.521064707
-3.671171173

<0.001
<0.001
<0.001

<0.01

<0.001
<0.001

<0.01

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.05
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.01

<0.001
<0.01
<0.001
<0.001
<0.001
<0.01
<0.001
<0.01

<0.001
<0.001
<0.001

<0.01

<0.001
<0.001

<0.01

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.05
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.01

<0.001
<0.01
<0.001
<0.001
<0.001
<0.01
<0.001
<0.01
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P20774

QINZN4

P69905
P51911
P24844

P02042
P00918
060271

P02730
P00915
P17661

Table S3.6: The total precursors, peptides, and protein groups

patient for the gallstone disease versus normal comparison

MIME — Mimecan

EHD2 — EH domain-containing protein 2
HBA — Haemoglobin subunit alpha
CNNL1 - Calponin-1

MYL9 — Myosin regulatory light
polypeptide 9

HBD — Haemoglobin subunit delta
CAH2 — Carbonic anhydrase 2

JIP4 — C-Jun-amino-terminal kinase-
interacting protein 4

B3AT — Band 3 anion transport protein
CAH1 — Carbonic anhydrase 1

DESM — Desmin

Sample number Precursors

Normal 1 13 662
Normal 2 14 615
Normal 3 17719
Normal 4 12 162
Normal 5 12 849
Gallstone disease (GD) 1 12 635
GD 2 6356
GD 3 11225
GD 4 8658
GD5 10718
GD 6 14 238
GD7 13001
GD9 17 922
GD 10 11 333
GD 11 13 161
GD 12 16 474
GD 14 15571
GD 15 12 409

23
36
20
27

10
18
24

23
19
53

Peptides

-3.70936941
-3.733255327
-3.769500318
-3.789798779
-3.939013593

-4.021552107
-4.035396298
-4.346847515

-4.674344703
-4.723264666
-4.845020339

<0.001
<0.001

<0.01
<0.001
<0.001

<0.01
<0.01
<0.001

<0.01
<0.01
<0.001

<0.001
<0.001

<0.01
<0.001
<0.001

<0.01
<0.01
<0.001

<0.01
<0.01
<0.001

identified for each individual

Protein Groups

11 157
11940
14 386
9940
10 426
10 030
5107
9029
6990
8645
11 310
10 498
13 967
9076
10 329
13159
12 161
9822

1706
1723
1870
1650
1652
1540

931
1410
1163
1443
1647
1614
1828
1379
1511
1823
1658
1523
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Table S3.7: All differentially expressed proteins in gallstone disease compared to normal

Protein Groups

P04908
Q7L7LO
Q93077
AOA075B6H7

PO7477
P00747
P62316

P01834
P01871

Q15063
P01714

AOAOAOMSI15

P16157
P01860

P00739
P04003
P04264

P02730
P00915
P11277
AOA0B4J1X5

P02671
P02792
P06331

P04732
P04004
P01859

P01701
PODOX7

Q99459
AOAO087WSY6

P04433

AO0A0B4J1VO0

Protein Name

H2A1B - Histone H2A type 1-B/E A
H2A3 — Histone H2A type 3
H2A1C — Histone H2A type 1-C

KV37 — Probable non-functional
immunoglobulin kappa variable 3-7
TRY1 — Serine protease 1

PLMN — Plasminogen

SMD2 — Small nuclear
ribonucleoprotein Sm D2

IGKC - Immunoglobulin kappa
constant

IGHM — Immunoglobulin heavy
constant mu

POSTN — Periostin

LV319 — Immunoglobulin lambda
variable 3-19

HV349 — Immunoglobulin heavy
variable 3-49

ANK1 — Ankyrin-1

IGHG3 — Immunoglobulin heavy
constant gamma 3

HPTR — Haptoglobin-related protein

C4BPA — C4b-binding protein alpha
chain
KSC1 — Keratin, type 1l cytoskeletal 1

B3AT — Band 3 anion transport protein
CAHL1 — Carbonic anhydrase 1
SPTB1 - Spectrin beta chain

HV374 — Immunoglobulin heavy
variable 3-74
FIBA — Fibrinogen alpha chain

FRIL — Ferritin light chain

HV434 — Immunoglobulin heavy
variable 4-34
MT1E — Metallothionein-1E

VTNC - vitronectin

IGHG2 — Immunoglobulin heavy
constant gamma 2

LV151 — Immunoglobulin lambda
variable 1-51

IGK — Immunoglobulin kappa light
chain

CDCS5L — Cell division 5-like protein

KVD15 — Immunoglobulin kappa
variable 3D-15

KV311 — Immunoglobulin kappa
variable 3-11

HV315 — Immunoglobulin heavy
variable 3-15

No. of Unique Average Log2

Peptides
2

2
2
2

2
54
12

2
7

59

27
33

23
19
86

60
11

18
16

14

17

Ratio

5.026480401
5.026480401
5.026480401
3.512519933

3.471879053
3.378687829
3.366337484

3.331233775

3.146650537

3.104959339
3.013745266

2.947311103

2.852903234
2.839500671

2.830130286

2.828428874

2.776773217

2.770443432
2.750828743
2.721829734
2.687754081

2.681953918
2.681790254
2.634933097

2.611219085
2.583194465
2.576554825

2.549826612

2.521000794

2.51908653
2.516676165

2.507837652

2.433286309

p-value

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.05

<0.001
<0.001

<0.001
<0.001

<0.001

<0.01
<0.001

<0.001
<0.001
<0.001

<0.01
<0.001
<0.01
<0.001

<0.001
<0.001
<0.001

<0.05
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001

<0.001

g-value
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<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.01

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.01
<0.001

<0.001
<0.001
<0.001

<0.01
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001



P01619

P11678
P12724
AOAO0C4DH67

P01591
PODOX5

P18077
P04040
PODOX6

P51659
014950
P19105

P46779
Q92734
095861

P02533
P21397

P07339
Q96199

Q16762
QINX63
P53597

P15559
Q06210

P12235
P02538

P46977

P06703
P21266
P17174
Q04917
P10515

P35268
Q96C19

P08134

KV320 — Immunoglobulin kappa
variable 3-20
PERE — Eosinophil peroxidase

ECP — Eosinophil cationic protein

KV108 — Immunoglobulin kappa
variable 1-8
IGJ — Immunoglobulin J chain

IGG1 — Immunoglobulin gamma-1
heavy chain
RL35A — 60S ribosomal protein L35a

CATA — Catalase

IGM — Immunoglobulin mu heavy
chain

DHB4 — Peroxisomal multifunctional
enzyme type 2

ML12B — Myosin regulatory light chain
12B

ML12A — Myosin regulatory light chain
12A

RL28 — 60S ribosomal protein L28

TFG - Protein TFG

BPNT1 —3°(2°),5’-biphosphate
nucleotidase 1

K1C14 — Keratin 1, cytoskeletal 14

AOFA — Amine oxidase [flavin-
containing] A
CATD - Cathepsin D

SUCB2 — Succinate--CoA ligase
subunit beta
THTR - thiosulphate sulphurtransferase

MIC19 — MICQOS complex subunit

SUCA — Succinate--CoA ligase subunit
alpha
NQO1 — NAD(P)H dehydrogenase 1

GFPT1 — Glutamine—fructose-6-
phosphate aminotransferase
ADT1 — ADP/ATP translocase 1

K2CB6A — Keratin, type Il cytoskeletal
6A

STT3A — Dolichyl-
diphosphooligosaccharide--protein
glycosyltransferase subunit

S10A6 — Protein S100-A6

GSTM3 — Glutathione S-transferase mu
AATC — Aspartate aminotransferase
1433F — 14-3-3 protein eta

ODP2 — Dihydrolipoyllysine-residue
acetyltransferase component of
pyruvate dehydrogenase complex
RL22 — 60S ribosomal protein L22

EFHD2 — EF-hand domain-containing
D2

RHOC — Rho-related GTP-binding
protein RhoC

30

35
20

36

10

10

15

27
20

28
20

14
13

14
31

38

19
26
15
15

18

2412259567

2.374181688
2.351447295
2.325851945

2.274713422
2.261475057

2.259865522
2.236763293
2.222687712

-2.234912265

-2.238596873

-2.238596873

-2.248073806
-2.258641507
-2.264004031

-2.264244572
-2.27090425

-2.281231719
-2.284271329

-2.296616563
-2.300496493
-2.32923445

-2.34160178
-2.373925504

-2.379055509
-2.41007921

-2.4514888

-2.468148229
-2.477088168
-2.499709041
-2.512646513
-2.513441998

-2.527634306
-2.535237465

-2.555907738

<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.01
<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.01

<0.001
<0.01

<0.001
<0.01

<0.01
<0.01
<0.01

<0.001
<0.01

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001

<0.01

<0.001
<0.001

<0.05

133

<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.01

<0.001
<0.001

<0.001
<0.01

<0.01
<0.01
<0.01

<0.001
<0.001

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001

<0.01

<0.001
<0.001

<0.01



P42330

094788
P61204
P84077
P35222
P05787
P07099
P05023

P08727
P13073

P09525
P05062

P08729
P14406

P15144
Q9Y646
Q14914
060610
P84085

014880

Q04828
P05026

P19012
P23141
A5A3EOD

Q9H2U2
Q02338

P27216
P56470
P18085
P18283
P00167
P08263
Q58FF6

Q13576
060218

095154

AK1C3 — Aldo-keto reductase family 1
member C3
AL1A2 — Retinal dehydrogenase 2

ARF3 — ADP-ribosylation factor 3
ARF1 — ADP-ribosylation factor 1
CTNB1 — Catenin beta-1

K2C8 — Keratin, type Il cytoskeletal 8
HYEP — Epoxide hydrolase 1

AT1AL - Sodium/potassium-
transporting ATPase subunit alpha-1
K1C19 — Keratin, type | cytoskeletal 19
COX41 — Cytochrome c oxidase
subunit 4 isoform 1

ANXA4 — Annexin A4

ALDOB - Fructose-biphosphate
aldolase B

K2C7 — Keratin, type Il cytoskeletal 7
CX7A2 — Cytochrome c oxidase
subunit 7A2

AMPN — Aminopeptidase N

CBPQ — Carboxypeptidase

PTGRL1 — Prostaglandin reductase 1
DIAP1 — Protein diaphanous homolog 1
ARF5 — ADP-ribosylation factor 5

MGST3 — Microsomal glutathione S-
transferase 3

AK1C1 — Aldo-keto reductase family 1
member C1

AT1B1 - Sodium/potassium-
transporting ATPase subunit beta-1
K1C15 — Keratin, type | cytoskeletal 15

EST1 — Liver carboxylesterase 1
POTEF — POTE ankyrin domain family
member F

IPYR2 — Inorganic pyrophosphatase 2
BDH — D-beta-hydroxybutyrate
dehydrogenase

ANX13 — Annexin A13

LEG4 — Galectin-4

ARF4 — ADP-ribosylation factor 4
GPX2 — Glutathione peroxidase 2
CYB5 — Cytochrome b5

GSTAL - Glutathione S-transferase Al
H90B4 — Putative heat shock protein
HSP 90-beta 4

IQGA2 — Ras GTPase-activating-like
protein

AK1BA — Aldo-keto reductase family 1
member B10

ARKT73 — Aflatoxin B1 aldehyde
reductase member 3

12

24
47
33
4

30

11

36

48

36

16

11

23

12

36

13

20
15

N N 00 © O

26

-2.558817553

-2.568421381
-2.584212523
-2.584212523
-2.586923641
-2.673299682
-2.703562532

-2.74670505

2.752332751
-2.81690633

2.869026412
2.877305513

2.926438029
2.934592568

2.944084687
2.949875634
2.991988947
2.994977469
-3.01626769
3.035528926

3.047828204

3.064770063

3.115263073
-3.14804674
3.244731193

3.362175046
3.382846245

3.549757494
-3.61095977
-3.67162195
3.702170816
-3.74134519
-3.777706713
-3.788347121

-3.808015946

-3.832896149

-4.998339249

<0.01

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.01

<0.001
<0.001

<0.01
<0.01
<0.01
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.01
<0.01

<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

<0.01
<0.001

<0.001

<0.001

<0.001
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<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.01

<0.001
<0.001

<0.01
<0.01
<0.01
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.01
<0.001

<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

<0.01
<0.001

<0.001

<0.001

<0.001



Table S3.8: Proteins commonly dysregulated in gallbladder cancer compared to gallstone

disease and normal with relative average Log: fold changes

Common Proteins in GBC/Normal & GBC/GD
Protein Name
CPSM — Carbamoyl-phosphate synthase
COCAL1 - Collagen alpha-1(XI1I) chain
AK1C2 - Aldo-keto reductase family 1 member C2
RIDA - 2-iminobutanoate/2-iminopropanoate deaminase
TSP1 - Thrombospondin-1
PCNA - Proliferating cell nuclear antigen
DCXR — L-xylulose reductase
APOE - Apolipoprotein E
PIGR - Polymeric immunoglobulin receptor
RAC2 — Ras-related C3 botulinum toxin substrate 2
TENA - Tenascin
TYPH — Thymidine phosphorylase
GLYM - Serine hydroxymethyltransferase 2
FLNA — Filamin-A
ACTA — Actin alpha 2
TPML1 - Tropomyosin alpha-1 chain
CAV1 - Caveolin 1
CNNL1 - Calponin 1
RRAS — Ras-related protein R-Ras
TRYB2 - Tryptase beta 2
TRYBL - Tryptase alpha/beta 1
MIME — Mimecan
TPM2 — Tropomyosin beta chain
PARVB - Beta-parvin
CAH2 — Carbonic anhydrase 2
TAGL - Transgelin
DESM - Desmin
EHD2 — EH domain-containing protein 2
MYL9 — Myosin regulatory light polypeptide 9
MYH11 - Myosin-11
CAVNL1 - Caveolae-associated protein 1
JIP4 — C-Jun-amino-terminal kinase-interacting protein 4

Common Proteins in GBC/GD & GD/Normal
Protein Name

AK1C1 - Aldo-keto reductase family 1 member C1
ALDOB - Fructose-bisphosphate aldolase B
AK1C3 - Aldo-keto reductase family 1 member C3
AKI1BA — Aldo-keto reductase family 1 member B10
GSTAL - Glutathione S-transferase Al

EST1 - Liver carboxylesterase 1

DHB4 — Peroxisomal multifunctional enzyme type 2
CYBS5 - Cytochrome b5

K2C7 — Keratin, type Il cytoskeletal 7

Average Log, Fold Change

GBC/Normal
4.483369762
4.004558467
3.848081936

3.70928337
3.251710872
3.172973883
2.983416149
2.968525542
2.898754081
2.737986073
2.712643782
2.561671217

2.51078038

-2.489748582

-2.492619937
-2.60007637

-2.651299406

-2.741320166

-2.788038724

-2.800721074

-2.800721074

-2.895872701

-2.980807556

-3.106309788

-3.359399413

-3.372011937

-3.441316866

-3.475631992

-3.628772097

-3.652336209

-3.822693564

-4.856406351

Average Log, Fold Change

GBC/GD
3.67721375
2.64136246

2.626561093
2.356581673
2.172464657
2.109240352
2.081996564
2.076020282
2.054256483

GBC/GD
4.323381454
3.374782172
4.953323214
3.587142384
3.003882122
2.479580402
2.844273258
2.088429222
2.196173212
1.675119445
1.763552536
1.795493292
1.862362934
-2.187590377
-2.608621477
-2.832043183
-3.408389459
-3.789798779
-1.986053122
-3.371269387
-3.371269387

-3.70936941
-2.841326704
-1.560212729
-4.035396298
-3.075365695
-4.845020339
-3.733255327
-3.939013593
-3.238178757
-3.521064707
-4.346847515

GD/Normal
-3.047828204
-2.877305513
-2.558817553
-3.832896149
-3.777706713

-3.14804674
-2.234912265

-3.74134519
-2.926438029
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AATC — Aspartate aminotransferase

K2C8 — Keratin, type 11 cytoskeletal 8

K1C19 - Keratin, type | cytoskeletal 19
CATD - Cathepsin D

HYEP - Epoxide hydrolase 1

KV320 — Immunoglobulin kappa variable 3-20
KV311 — Immunoglobulin kappa variable 3-11
IGHM — Immunoglobulin heavy constant mu

KV37 - Probable non-functional immunoglobulin kappa variable

3-7

1GJ — Immunoglobulin J chain

HPTR - Haptoglobin-related protein
FIBA - Fibrinogen alpha chain

CDC5L — Cell division cycle 5-like protein
SPTB1 - Spectrin beta chain

B3AT - Band 3 anion transport protein
CAH1 - Carbonic anhydrase 1

Common Proteins in GBC/Normal & GD/Normal
Protein Name
MTL1E — Metallothionein 1E
FRIL — Ferritin light chain
KSC1 - Keratin, type Il cytoskeletal 1
TRY1 - Serine protease 1
PLMN — Plasminogen
ARF4 — ADP ribosylation factor 4
ANXA4 — Annexin A4
S10A6 — Protein S100-A6
ML12B — Myosin regulatory light chain 12B
ML12A — Myosin regulatory light chain 12A

Common Proteins in GBC/Normal, GBC/GD, & GD/Normal
Protein Name
POSTN — Periostin
VTNC - Vitronectin
H2A1B — Histone H2A type 1-B/E
H2A3 — Histone H2A type 3;
H2A1C - Histone H2A type 1-C
BDH - D-beta-hydroxybutyrate dehydrogenase

2.046466287
1.751221966
1.703228728
1.649144014
1.586795424
-1.508669451
-1.531428044
-1.709143093
-1.744984995

-1.784962119
-1.807881632
-1.879968132
-3.092589754
-3.671171173
-4.674344703
-4.723264666

Average Log, Fold Change

GBC/Normal
4.712206662
3.964146323

3.25004815
2.931102462
2.587929691

-2.756697069

-2.787707074

-3.362875006

-3.549636751

-3.549636751

Average Log, Fold Change

GBC/Normal
5.02066359
3.915829431
3.601816369
3.601816369
3.601816369
2.900769273

-2.499709041
-2.673299682
-2.752332751
-2.281231719
-2.703562532
2.412259567
2.507837652
3.146650537
3.512519933

2.274713422
2.830130286
2.681953918

2.51908653
2.721829734
2.770443432
2.750828743

GD/Normal
2.611219085
2.681790254
2.776773217
3.471879053
3.378687829
-3.67162195
-2.869026412
-2.468148229
-2.238596873
-2.238596873

GBC/GD
2.216168479
1.508175969
-1.597290839
-1.597290839
-1.597290839

3.638123672

GD/Normal
3.104959339
2.583194465
5.026480401
5.026480401
5.026480401

-3.382846245
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Table S3.9: The total precursors, peptides, and protein groups identified for each individual

patient for the gallbladder cancer versus benign biliary pathology plasma comparison

Sample number Precursor
Benign biliary
pathology (BBP) 1
BBP 2
BBP 3
BBP 4
BBP 5
BBP 6
BBP 9
BBP 10
BBP 11
BBP 12
BBP 13
BBP 14
BBP 15
BBP 16
BBP 17
BBP 18
BBP 19
BBP 23
BBP 24
BBP 25
BBP 26
BBP 27
BBP 28
BBP 30
BBP 31
BBP 32
BBP 33
BBP 34
BBP 35
BBP 36
BBP 37
BBP 38
BBP 39
BBP 40
BBP 41
BBP 42
BBP 43
BBP 44
BBP 45
BBP 46
BBP 47
BBP 48
BBP 49
BBP 50
BBP 51
BBP 52
BBP 53

3915

3714
3516
3992
3673
3854
3 666
3754
3809
3981
3826
4082
3695
3639
3836
3807
4099
3789
3746
3890
3717
3816
3863
3629
3807
3613
3925
3969
3747
3958
3737
3 569
3845
4122
3957
4088
4070
4 062
4012
4230
3999
4034
4043
3910
3950
3790
3859

2618

2501
2381
2654
2461
2544
2479
2504
2552
2612
2554
2704
2 488
2442
2 567
2519
2 686
2536
2 509
2594
2 497
2544
2 587
2451
2515
2438
2575
2615
2484
2594
2509
2402
2 552
2681
2582
2671
2638
2661
2642
2753
2 626
2 649
2648
2574
2610
2503
2541

Protein Groups

232

225
220
237
228
230
224
229
226
230
235
244
230
226
232
229
229
236
231
237
221
232
234
240
234
222
227
234
225
232
238
225
234
229
232
246
227
239
245
238
236
238
230
233
239
227
236
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BBP 54
BBP 55
BBP 56
BBP 57
BBP 58
BBP 59
BBP 60
BBP 61
BBP 62
BBP 63
BBP 64
BBP 65
BBP 67
BBP 68
BBP 70
BBP 71
BBP 72
BBP 73
BBP 74
BBP 75
BBP 76
BBP 77
BBP 78
BBP 79
BBP 80
BBP 83
Gallbladder cancer
(GBC) 1
GBC 2
GBC3
GBC 4
GBC5
GBC6
GBC7
GBC 8
GBC9
GBC 10
GBC 11
GBC 12
GBC 13
GBC 14
GBC 15
GBC 16
GBC 17
GBC 18
GBC 19
GBC 20
GBC 21
GBC 22
GBC 23
GBC 24
GBC 25

3696
3 864
3853
4123
3879
4002
3874
3883
3829
4 062
4049
3739
3 664
3809
3766
3551
3539
3785
3395
3704
3746
3499
3182
3897
4030
3727
3850

4016
3963
3713
3932
3740
3895
3741
3854
3970
3991
3964
3833
4035
3931
3826
3732
3813
3722
3783
3893
3783
3994
3884
3934

2 460
2 546
2534
2681
2 567
2633
2590
2560
2530
2 647
2617
2 463
2429
2513
2479
2372
2323
2485
2250
2454
2 460
2313
2 167
2 562
2641
2454
2 569

2 656
2639
2500
2592
2 488
2590
2530
2561
2635
2638
2618
2 566
2 666
2 585
2 545
2520
2 569
2 467
2538
2 585
2514
2616
2 562
2593

232
231
230
235
229
233
237
227
227
235
229
224
216
227
224
225
224
222
215
228
231
221
216
228
240
216
227

229
240
229
231
224
224
234
226
229
232
227
227
233
215
224
230
238
225
238
221
224
221
236
230
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GBC 26
GBC 27
GBC 28
GBC 29
GBC 30
GBC 31
GBC 32
GBC 33
GBC 34
GBC 35
GBC 36
GBC 37
GBC 38
GBC 39
GBC 40
GBC 42
GBC 43
GBC 44
GBC 45
GBC 46
GBC 47
GBC 48
GBC 49
GBC 50
GBC 51
GBC 52
GBC 53
GBC 55
GBC 56

biliary pathology plasma

Protein Groups Protein Name

P02741
P02750

P18428

P01011
Q06033

P02763

PODJIS
P01009
QIY6R7

CRP — C-reactive protein

A2GL — Leucine-rich alpha-2-
glycoprotein

LBP — Lipopolysaccharide-binding
protein

AACT - Alpha-1-antichymotrypsin

ITIH3 — Inter-alpha-trypsin inhibitor
heavy chain H3

Al1AGL1 - Alpha-1-acid glycoprotein
1

SAAL — Serum amyloid A-1 protein

A1AT — Alpha-1-antitrypsin
FCGBP — IgGFc-binding protein

3627
3976
4 155
3675
4 026
4192
4 060
3890
3958
4141
4161
4101
4171
4184
4094
4 007
4 005
3996
3692
3734
3760
3620
3786
3728
3933
3946
3593
3952
3914

No. of Unique

Peptides

12

10

24
18

13

32
12

2419
2 605
2679
2441
2 659
2715
2642
2555
2623
2716
2693
2676
2714
2734
2700
2631
2630
2615
2430
2 468
2 453
2388
2488
2451
2542
2 566
2 403
2577
2 588

Average Log; Ratio

2.650327304
1.239250891

1.15874307

1.07655644
1.05262098

1.029932151

1.010432073
0.933125857
0.843403272

227
228
238
220
231
242
231
228
246
234
242
229
240
240
240
235
233
237
223
234
232
216
220
225
227
227
226
230
236

Table S3.10: All differentially abundant proteins in gallbladder cancer compared to benign

p-value

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
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g-value

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001



P01833

P02776
P02649
P03952
P01700

P02765
P02790
P02753
P06396
P29622
P17936

Q9UGM5
P60709
P05452
P02647
P68871
P49908
P69905
014791
Q96PD5

P02766
P20742
P27169

P02652

PIGR — Polymeric immunoglobulin
receptor
PLF4 — Platelet factor 4

APOE — Apolipoprotein E
KLKB1 — Plasma kallikrein

LV147 — Immunoglobulin lambda
variable 1-47
FETUA — Fetuin-A

HEMO — Hemopexin

RET4 — Retinol-binding protein 4
GELS — Gelsolin

KAIN — Kallistatin

IBP3 — Insulin-like growth factor-
binding protein 3
FETUB — Fetuin-B

ACTB — Actin, cytoplasmic 1
TETN — Tetranectin

APOA1 — Apolipoprotein A-I

HBB — Haemoglobin subunit beta
SEPP1 — Selenoprotein P

HBA — Haemoglobin subunit alpha
APOLL1 - Apolipoprotein L1

PGRP2 — Peptidoglycan recognition

protein 2
TTR — Transthyretin

PZP — Pregnancy zone protein

PON1 — Serum
paraoxonase/arylesterase 1
APOA2 — Apolipoprotein A-11

16

18
23

10
26

26
12

16

30
15

10
13

10
35

Table S3.11: Proteins associated with non-metastatic vs metastatic staging for gallbladder

cancer plasma patients

Protein Name

APOAL - Apolipoprotein A-I

APOAZ2 — Apolipoprotein A-11

RET4 — Retinol-binding protein 4

TTR - Transthyretin

HEMO - Hemopexin

HBB — Haemoglobin subunit beta

HBA — Haemoglobin subunit alpha

PIGR - Polymeric immunoglobulin receptor
APOE* — Apolipoprotein E

CRP — C-reactive protein

Non-metastatic Raw
Value Mean

1180.14
80.07
26.12

205.75
1033.80
2196.72

697.44

39.21
926.01
461.85

0.727327957 <0.001 <0.001
0.704884661 <0.05 <0.01
0.691933152 <0.001 <0.001
-0.681121022 <0.001 <0.001
-0.70219583 <0.001 <0.001
-0.711729896 <0.001 <0.001
-0.739818383 <0.001 <0.001
-0.748467682 <0.001 <0.001
-0.773859647 <0.001 <0.001
-0.815267411 <0.001 <0.001
-0.889184722 <0.001 <0.001
-0.919334394 <0.001 <0.001
-0.94638678 <0.001 <0.001
-0.951549061 <0.001 <0.001
-0.957554639 <0.001 <0.001
-0.977033982 <0.001 <0.001
-0.990550309 <0.001 <0.001
-1.088464667 <0.001 <0.001
-1.094391403 <0.001 <0.001
-1.125975222 <0.001 <0.001
-1.147028578 <0.001 <0.001
-1.170088816 <0.001 <0.001
-1.263906253 <0.001 <0.001
-1.474317396 <0.001 <0.001

Metastatic Raw p-value

Value Mean

1497.55 0.1275

146.11 0.2348

20.39 0.5730

197.60 0.7853

1457.41 0.1474

1183.42 0.6761

379.40 0.7029

35.96 0.7029

552.41 0.0143*

274.26 0.8990
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GELS - Gelsolin

APOL1 - Apolipoprotein L1
Al1AT - Alpha-1-antitrypsin

AACT - Alpha-1-antichymotrypsin

LV147 — Immunoglobulin lambda variable 1-47
A2GL - Leucine-rich alpha-2-glycoprotein
AlAG1 - Alpha-1-acid glycoprotein 1

FETUA - Fetuin-A

PLF4 — Platelet factor 4
KLKB1 - Plasma kallikrein
TETN — Tetranectin

SAA1L — Serum amyloid A-1 protein
IBP3 — Insulin-like growth factor-binding protein 3

LBP - Lipopolysaccharide-binding protein
PZP — Pregnancy zone protein

PONL1 - Serum paraoxonase/arylesterase 1

KAIN — Kallistatin

SEPP1 — Selenoprotein P
ACTB - Actin, cytoplasmic 1

ITIH3* — Inter-alpha-trypsin inhibitor heavy chain

H3

PGRP2 — Peptidoglycan recognition protein 2

FETUB - Fetuin-B
FCGBP — IgGFc-binding protein

31.96
11.40

40335.51
3379.44

84.55

705.06
1982.38
430.90

11.28
27.03
4.28
68.78
7.82
49.98
17.63
38.29
6.14
2.83
10.81
94.64

7.39
24.49
3.68

34.29
11.52
30706.32
2353.12
53.27
498.34
1477.00
476.94
3.52
26.95
517
62.65
9.94
24.60
23.37
52.04
591
3.36
22.42
60.16

7.16
27.70
3.31

0.9855
0.6497
0.1098
0.3526
0.5009
0.2348
0.5244
0.2348
0.1653
0.7029
0.4779
0.6995
0.5358
0.3919
0.3426
0.1184
0.8079
0.5855
0.0940
0.0173*

0.4337
0.3460
0.7606

Table S3.12: Commonly dysregulated proteins across group comparisons with relative average

Logz fold changes

Common Proteins
in GBC/Normal &
GBC/GD

CAH2 — Carbonic
anhydrase 2

JIP4 — C-Jun-amino-
terminal kinase-
interacting protein 4

VTNC — Vitronectin

H2A1B; H2A3; H2A1C
— Histone H2A type 1-
B/E; Histone H2A type
3; Histone H2A type 1-C
TPM2 — Tropomyosin
beta chain

Average Log; Fold Change

GBC/Norm

-3.359399413

-4.856406351

3.915829431

3.601816369

-2.980807556

GBC/GD

-4.035396298

-4.346847515

1.508175969

-1.597290839

-2.841326704

Common Proteins in
GBC/GD & GBC/BBP

APOA1L -
Apolipoprotein A-I
APOA2 —
Apolipoprotein A-11

RET4 — Retinol-
binding protein 4
TTR - Transthyretin

HEMO - Hemopexin

Average Log; Fold Change

GBC/GD

-2.18857284

-2.910543359

-1.68830487

-2.796960584

-1.618488319

GBC/BBP

-0.957554639

-1.474317396

-0.748467682

-1.147028578

-0.739818383
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TSP1 -
Thrombospondin-1
TPM1 - Tropomyosin
alpha-1 chain

RRAS — Ras-related
protein R-Ras

PCNA - Proliferating
cell nuclear antigen
RAC2 - Ras-related C3
botulinum toxin
substrate 2

DESM - Desmin

TYPH — Thymidine
phosphorylase
TRYB2; TRYB1 -
Tryptase beta-2;
Tryptase alpha/beta-1
MIME — Mimecan
FLNA — Filamin-A
TENA - Tenascin
MYL9 — Myosin
regulatory light
polypeptide 9

GLYM - Serine
hydroxymethyltransfera
se

MYH11 - Myosin-11
CNN1 - Calponin-1
RIDA - 2-
iminobutanoate/2-
iminopropanoate
deaminase

AK1C2 — Aldo-keto
reductase family 1
member C2

ACTA — Actin, aortic
smooth muscle
TAGL - Transgelin

BDH — D-beta-
hydroxybutyrate
dehydrogenase
CAV1 - Caveolin-1

POSTN — Periostin

CAVNL1 — Caveolae-
associated protein 1
DCXR - L-xylulose
reductase

COCAL1 - Collagen
alpha-1(X11) chain
PARVB - Beta-parvin
EHD2 — EH domain-
containing protein 2
CPSM - Carbamoyl-
phosphate synthase
Norm = Normal

GD = Gallstone Disease

3.251710872

-2.60007637

-2.788038724

3.172973883

2.737986073

-3.441316866

2561671217

-2.800721074

-2.895872701
-2.489748582

2.712643782
-3.628772097

2.51078038

-3.652336209
-2.741320166
3.70928337

3.848081936

-2.492619937

-3.372011937
2.900769273

-2.651299406
5.02066359
-3.822693564

2.983416149

4.004558467

-3.106309788
-3.475631992

4.483369762

3.003882122

-2.832043183

-1.986053122

2.479580402

1.675119445

-4.845020339

1.795493292

-3.371269387

-3.70936941
-2.187590377
1.763552536
-3.939013593

1.862362934

-3.238178757
-3.789798779
3.587142384

4.953323214

-2.608621477

-3.075365695
3.638123672

-3.408389459
2.216168479
-3.521064707

2.844273258

3.374782172

-1.560212729
-3.733255327

4.323381454

HBB — Haemoglobin
subunit beta

HBA — Haemoglobin
subunit alpha

Common Proteins in
GBC/Normal,
GBC/GD, & GBC/BBP

PIGR - Polymeric
immunoglobulin
receptor

APOE -
Apolipoprotein E

-3.465642881

-3.769500318

-0.977033982

-1.088464667

Average Log, Fold Change

GBC/Normal

2.898754081

2.968525542

GBC/GD GBC/BBP
2.196173212 0.727327957

2.088429222 0.691933152
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GBC = Gallbladder Cancer
BBP = Benign Biliary Pathology

Table S3.13: Protein coverage and number of samples identified in for the commonly

dysregulated proteins

Protein Protein Sequence Coverage Number of Samples Identified In CVs

GBC/GD GBC/BBP GBC/Normal GBC/GD GBC/BBP GBC/Normal GBC BBP
Plasma Plasma

APOA1 - 73% 72% 100% 100% 89% 51.2%

Apolipoprotein A-I

APOA2 - 64% 42% 100% 100% 110.6% 53.8%

Apolipoprotein A-11

RET4 — Retinol-binding 41% 59% 97.5% 100% 76% 51.3%

protein 4

TTR - Transthyretin 69% 69% 100% 100% 93.7% 54.8%

HEMO — Hemopexin 51% 71% 100% 100% 67.2% 39.6%

HBB — Haemoglobin 96% 96% 100% 100% 165.4% 273.6%

subunit beta

HBA — Haemoglobin 96% 65% 100% 100% 168.2% 273.4%

subunit alpha

PIGR - Polymeric 36% 24% 35% 75% 93.7% 81.2% 56.4% 73.6%

immunoglobulin

receptor

APOE - Apolipoprotein 64% 59% 64% 100% 100% 100% 83.2% 81.1%

E
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APPENDIX C: STUDY INFORMATION

e
UNIVERSITY U

STUDY INFORMATION DOCUMENT

Study title: Potential protein biomarker discovery for gallbladder cancer in a South
African cohort

Greetings Sir/Madam:

Introduction:

Good day, we, Prof. Geoffrey Candy and Mr. Pavan Baichan, are doing research on gallbladder carcinoma.
Research is a process used in seeking new knowledge. In this study we want to learn the protein expression profile
of gallbladder carcinoma. This will be done so by drawing blood samples as well as tumour biopsies. This will
allow us to study to protein expression for gallbladder carcinoma and potentially develop a new, simpler diagnostic
technique in order to diagnose Gallbladder carcinomas sooner to provide better quality care.

This is a research study and is not part of your normal and routine care which you will receive while in hospital.
The study hopes to find out why the cancer starts, what makes it different, and can we find ways to best kill it by
using drugs or other ways.

Invitation to Participate: In order for us to study the cancer, we are asking you to take part
in a research study.

What is involved in the study: You have been diagnosed with gallbladder carcinoma,
cholecystitis, or have been invited to volunteer as you have no gallbladder disease. The doctors
would have told you that they need to biopsy your gallbladder in order to determine a way
forward in treating your illness. When they perform this, we are asking your permission to take
one additional small (5 mm X 5 mm) piece of the cancer or gallbladder (normal or inflamed).
We will then study the differences in the proteins between the normal, inflamed, and cancer
tissues. We would do this by separating and identifying the proteins using laboratory methods
and instruments.

In this way we hope to find differences between the proteins. If we are fortunate and successful,
these proteins could be targeted by removing, destroying, or inactivating them using drugs. If
so we may find a marker for the cancer or even slow or stop the cancer from growing.

Risks of being involved in the study: We are taking pieces of the cancer, inflamed, and normal tissue from the
gallbladder. There is no risk to you directly. Furthermore, we will only do this if the treating surgeon doing the
procedure says we may safely do this. If the surgeon decides it is not safe to take the samples, we will not take the
sample or include you in the study.

Benefits of being in the study: This is a research study. We do not know at this time what we
will find, if anything. Research studies like this can take years to complete and we need samples
from a number of patients to make sure we are seeing the same differences in all the patients.
So at this time you will not benefit from taking part in this study. However, if you do take part,
we may find better ways to treat or diagnose other patients in the future. However, should there
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be a discovery which may benefit you we would contact your treating doctor who would
contact you through your clinic.

Participation is voluntary: If you decide to not participate in the study, this is your right and
this will not influence the way you are treated while in hospital. If you decline to take part, we
simply will not take the samples indicated. If you change your mind later, we would destroy
the samples we have taken. Again there will be no penalty or loss of benefits or care that you
receive. Either way you will need to contact Prof. Geoffrey Candy to ensure that this happens
— the contact details are below. Finally, your participation in this study will not cost you
anything.

Reimbursements: Participation in the study is entirely voluntary and you would not be paid
for taking part in the study. None of the scientists or doctors are being paid if you decide to
participate in the study.

Confidentiality: As with any medical records, every effort will be made to keep all your
personal information confidential. Your name will not be disclosed to any external third parties.
In order to keep your identify confidential, a specialised identity code will be assigned to you;
only the investigators of this study will have access to the files which links your name to the
specialised identity code. However, absolute confidentiality cannot be guaranteed and personal
information may be disclosed if required by law. Organisations such as the Research Ethics
Committee of the University of the Witwatersrand may inspect and/or copy your research
records for quality assurance and data analysis where this is required (this includes groups such
as the Medicines Control Council.

For this study we are only interested in the cancer and diagnosis, not in names and personal
information. It is the intention to publish the data, showing proteins which may be of interest
for all the patients in the group — not that of individuals participating in the study.

Contact details of researcher/s: If you have further queries or questions, Prof. Geoffrey Candy can be contacted
on 011-717 2574 or 083-226 2436

Outputs: As previously mentioned, it is the intention to publish the data, showing proteins
which may be of interest for all the patients in the group — not that of individuals participating
in the study.

Contact details of HREC administrator and chair:

This study has been approved by the Human Research Ethics Committee (Medical) of the
University of the Witwatersrand, Johannesburg (“Committee”). A principal function of this
Committee is to safeguard the rights and dignity of all human subjects who agree to participate
in a research project and the integrity of the research.

If you have any concern over the way the study is being conducted, please contact the
Chairperson of this Committee who is Professor Clement Penny, who may be contacted on
telephone number 011 717 2301, or by e-mail on Clement.Penny@wits.ac.za. The telephone
numbers for the Committee secretariat are 011 717 2700/1234 and the e-mail addresses are
Zanele.Ndlovu@wits.ac.za and Rhulani.Mukansi@wits.ac.za

Thank you for reading this Study Information Sheet.

Date: February 2019
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APPENDIX D: INFORMED CONSENT (GALLBLADDER
CANCER PATIENTYS)

Consent Form: Protein expression profiling of Gallbladder Carcinoma in a South African
Cohort

Dear Patient,

You are currently admitted to our hospital and have been diagnosed with gallbladder cancer. The
Hospital not only renders treatment but is also actively involved in conducting research aimed at
improving the quality of care that we deliver. From time to time such research involves the use of patient
records from which information is extracted. We will also in this study be using a tissue and blood
sample taken via percutaneous biopsy and venously for protein expression profiling of the gallbladder.
This sampling will not jeopardize your safety and will be part of the standard processes for diagnosing
your tumour. The use of such information and sample is subject to the following:

1. Approval from the Human Research Ethics Committee (Medical) of the University of the
Witwatersrand.

2. As with any medical records, every effort will be made to keep all your personal information
confidential. Your name will not be disclosed to any external third parties. In order to keep your
identify confidential, a specialised identity code will be assigned to you; only the investigators of
this study will have access to the files which links your name to the specialised identity code.
However, absolute confidentiality cannot be guaranteed and personal information may be disclosed
if required by law. Organisations such as the Research Ethics Committee of the University of the
Witwatersrand may inspect and/or copy your research records for quality assurance and data analysis
where this is required for this study we are only interested in the cancer and diagnosis, not in names
and personal information. It is the intention to publish the data, showing proteins which may be of
interest for all the patients in the group — not that of individuals participating in the study.

We would like to obtain your consent to use information from your file for the purpose of research,

subject to the aforementioned conditions. If you choose not to give consent, this will not compromise

your treatment in any way. If at any time you choose to withdraw consent you are free to do so and will
not be prejudiced in any way.

Should you wish to contact us at any stage regarding consent, contact Dr J Devar at (011) 9339267.

A. Consent Given

I hereby give consent for my records to be used as per the
above mentioned conditions for the purposes of research:

PATIENT:

Name Signature Date
RESEARCHER:

Name Signature Date
WITNESS:

Name Signature Date
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APPENDIX E: INFORMED CONSENT (GALLSTONE
DISEASE PATIENTYS)

Consent Form: Protein expression profiling of Gallstone disease in a South African Cohort

Dear Patient,

You are currently admitted to our hospital and have been diagnosed with cholelithiasis (gallstone
disease). The Hospital not only renders treatment but is also actively involved in conducting research
aimed at improving the quality of care that we deliver. From time to time such research involves the
use of patient records from which information is extracted. We will also in this study be using a tissue
and blood sample taken via percutaneous biopsy and venously for protein expression profiling of the
gallbladder. This sampling will not jeopardize your safety and will be part of the standard processes for
diagnosing your tumour. The use of such information and sample is subject to the following:

3. Approval from the Human Research Ethics Committee (Medical) of the University of the
Witwatersrand.

4. As with any medical records, every effort will be made to keep all your personal information
confidential. Your name will not be disclosed to any external third parties. In order to keep your
identify confidential, a specialised identity code will be assigned to you; only the investigators of
this study will have access to the files which links your name to the specialised identity code.
However, absolute confidentiality cannot be guaranteed and personal information may be disclosed
if required by law. Organisations such as the Research Ethics Committee of the University of the
Witwatersrand may inspect and/or copy your research records for quality assurance and data analysis
where this is required For this study we are only interested in the cancer and diagnosis, not in names
and personal information. It is the intention to publish the data, showing proteins which may be of
interest for all the patients in the group — not that of individuals participating in the study.

We would like to obtain your consent to use information from your file for the purpose of research,

subject to the aforementioned conditions. If you choose not to give consent, this will not compromise

your treatment in any way. If at any time you choose to withdraw consent you are free to do so and will
not be prejudiced in any way.

Should you wish to contact us at any stage regarding consent, contact Dr J Devar at (011) 9339267.

B. Consent Given

I hereby give consent for my records to be used as per the
above mentioned conditions for the purposes of research:

PATIENT:

Name Signature Date
RESEARCHER:

Name Signature Date
WITNESS:

Name Signature Date
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APPENDIX F: INFORMED CONSENT (NORMAL
GALLBLADDER PATIENTS)

Consent Form: Protein expression profiling of Gallbladder Carcinoma in a South African
Cohort

Dear Patient,

You are currently admitted to our hospital for treatment of problems you are currently experiencing.
The Hospital not only renders treatment but is also actively involved in conducting research aimed at
improving the quality of care that we deliver. From time to time such research involves the use of patient
records from which information is extracted. We will also in this study be using a tissue and blood
sample taken via percutaneous biopsy and venously for protein expression profiling of the gallbladder.
You have not been diagnosed with any gallbladder disease, so your sampling would serve as a normal
sample group in which to compare against. This sampling will not jeopardize your safety and will be
part of the standard processes for diagnosing your tumour. The use of such information and sample is
subject to the following:

5. Approval from the Human Research Ethics Committee (Medical) of the University of the
Witwatersrand.

6. As with any medical records, every effort will be made to keep all your personal information
confidential. Your name will not be disclosed to any external third parties. In order to keep your
identify confidential, a specialised identity code will be assigned to you; only the investigators of
this study will have access to the files which links your name to the specialised identity code.
However, absolute confidentiality cannot be guaranteed and personal information may be disclosed
if required by law. Organisations such as the Research Ethics Committee of the University of the
Witwatersrand may inspect and/or copy your research records for quality assurance and data analysis
where this is required For this study we are only interested in the cancer and diagnosis, not in names
and personal information. It is the intention to publish the data, showing proteins which may be of
interest for all the patients in the group — not that of individuals participating in the study.

We would like to obtain your consent to use information from your file for the purpose of research,

subject to the aforementioned conditions. If you choose not to give consent, this will not compromise

your treatment in any way. If at any time you choose to withdraw consent you are free to do so and will
not be prejudiced in any way.

Should you wish to contact us at any stage regarding consent, contact Dr J Devar at (011) 9339267.

C. Consent Given

I hereby give consent for my records to be used as per the
above mentioned conditions for the purposes of research:

PATIENT:

Name Signature Date
RESEARCHER:

Name Signature Date
WITNESS:

Name Signature Date
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APPENDIX G: PERMISSION TO CONDUCT RESEARCH

MEDICAL ADVISORY COMMITTEE

CHRIS HANI BARAGWANATH ACADEMIC HOSPITAL

PERMISSION TO CONDUCT RESEARCH

Date: 13" February 2019
TITLE OF PROJECT:

Potential Protein Biomarker Discovery for Gallbladder Cancer in a South African Cohort.

UNIVERSITY: Witswatersrand
Principal Investigator: Dr Baichan

Department: Surgery

Supervisor : Prof G Candy
Permission Head Department (where research conducted): Yes

The Medical Advisory Committee recommends that the said research be conducted at Chris Hani
Baragwanath Academic Hospital. The CEQ / management of Chris Hani Baragwanath Academic
Hospital is accordingly informed and the study is subject to:-
¢ Permission having been granted by the Committee for Research on Human Subjects of
the University of the Witwatersrand.
* The Hospital will not incur extra costs as a result of the research being conducted on its
patients within the hospital
e The MAC will be informed of any serious adverse events as soon as they occur

e Permission is granted for the duration of the Ethics Committee Approval.

............. _ * N o S0

Reco d Approved/Net-
(On behalf,of the MAC) Hospital Managemen

Date:/j/ﬁz/gd)fq i Date: fe —VD(‘(
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