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ABSTRACT 

 

In 2020, gastric cancer proved to be an important health issue by not only being the 6th most 

diagnosed cancer, but also the 3rd most common cause of cancer-related deaths, after lung and liver 

cancer. Helicobacter pylori (H. pylori) is the main risk factor for gastric cancer incidences as it 

accounts for over 90% of all gastric cancer cases. H. pylori infection can either be cytotoxic-

associated gene A (cagA)-positive or cagA-negative. cagA-positive H. pylori infection results in 

higher incidence, and more aggressive gastric cancers. Infection consequences in the 

administration of its respective oncogenic protein, CagA, which upon phosphorylation by a Src 

family kinase initiates a chain of molecular events leading to carcinogenesis. Protein tyrosine 

kinases (PTKs) are a multigene family with functions including cell to cell signaling regarding 

growth, differentiation, adhesion, motility, and cell death. PTKs have been implicated in many 

human diseases, including cancer. There are 32 non-receptor PTKs (NRTKs) including the Breast 

Tumour Kinase (BRK) Family Kinases (BFKs) consisting of BRK, Fyn-Related Kinase (FRK), 

and Src-Related Kinase Lacking C-Terminal Regulatory Tyrosine and N-Terminal Myristylation 

Sites (SRMS). BRK has been previously characterized as an oncogene in many cancers, namely 

breast, where breast cancer patients show unfavourable prognoses when BRK is overexpressed. 

Similarly, BRK has also been found to be implicated in gastric cancer, demonstrating the same 

unfavourable prognosis when overexpressed in gastric cancer patients. The BRK gene has been 

shown to have positive selection in East Asian populations, revealing a strong correlation with 

gastric cancer as it is highly endemic in Eastern Asia. In addition, a recent study indicated that 

BRK transcript and protein levels were significantly high in metastatic gastric cancer patients 

irrespective of tumor stage, suggesting that BRK could be a potential biomarker and therapeutic 

target for metastatic gastric cancer patients. This project characterizes BFKs in gastric cancer, as 

well as explores BRK’s presence and potential role as an oncogene in gastric cancer. Here we 

discover that BRK is present in AGS and NCIN87 gastric cancer cell lines, that it localizes in a 

cyto-nuclear pattern in AGS gastric cancer cells, and that BRK is indeed in its active form in both 

AGS and NCIN87 gastric cancer cell lines. In addition, BRK knockout (BRK-/-) AGS gastric 

cancer cells, generated using the CRISPR/Cas-9 genome editing system, showed that BRK-/- AGS 

cells proliferated, migrated, and invaded at a significantly slower rate than parental AGS gastric 

cancer cells, indicating that BRK does play a significant role in these processes in gastric cancer.  
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1.0 INTRODUCTION 

 

1.1 Gastric cancer 

 

1.1.1 Statistics 

Gastric cancer is an important health issue as it is the 6th most common cancer worldwide following 

female breast, lung, prostate, nonmelanoma of the skin, and colon with 1,089,103 new diagnoses 

in 2020. Gastric cancer is also the third most common cause of cancer-related deaths worldwide 

after lung and liver cancer in 2020 with 768,793 number of deaths (Sung et al., 2021). The high 

incidence and mortality of gastric cancer is because most early-stage gastric cancers are 

asymptomatic and therefore disease is usually diagnosed at an advanced stage. Gastric cancer rates 

are 2-fold higher in men than in women and it presents itself primarily in East Asian countries, 

with Japan and Mongolia having the highest number of cases in males and females, respectively, 

while rates in North America and African regions are generally low (Sung et al., 2021). In 2020, 

gastric cancer was the most diagnosed cancer and the leading cause of cancer-related deaths in 

men in South Central Asia, mainly in Iran, Afghanistan, Turkmenistan, and Kyrgyzstan (Sung et 

al., 2021). Despite the general decrease in the incidence of gastric cancer in recent years, there has 

been a notable increase in the incidence of gastric cancer among adults younger than 50 years of 

age, in both low-risk and high-risk countries such as the United States of America (USA), Canada, 

the United Kingdom, Chile, and Belarus (Arnold et al., 2020; Heer et al., 2020). Despite the general 

decrease in gastric cancer incidences in the past few decades, it remains one of the most important 

health issues of recent years, as it is one of the most common cancers, with a high mortality-to-

incidence ratio (Wong et al., 2021).  

 

1.1.2 Classifications 

 

1.1.2.1 Anatomical Classification 

Gastric cancer can be classified into anatomical, histological, and molecular categories. 

Anatomically, most gastric cancers are true gastric cancers (non-cardia), while the remainder are 

gastro-oesophageal-junction cancers (cardia) based on the anatomical location of the primary 

tumour. This classification is of importance as cardia and non-cardia gastric cancers differ in 
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incidence, distribution, cause, prognosis, and treatment (Van Cutsem et al., 2016). The principal 

cause of non-cardia gastric cancer cases is chronic Helicobacter pylori (H. pylori) infections, with 

almost all cases of non-cardia gastric cancers resulting from this bacterium, while other risk factors 

include alcohol consumption, smoking, and salted preserved foods (1994; Plummer et al., 2015; 

Sung et al., 2021). Although cardia gastric cancers can occur in the presence of H. pylori infection, 

they are generally not associated, rather risk factors for cardia gastric cancer cases more often 

include excess body weight and gastroesophageal reflux disease injury, resembling characteristics 

of esophageal adenocarcinoma (Sung et al., 2021). Incidence rates for non-cardia gastric cancers 

have been on the decline recently in most populations due to the phenomenon of unconscious 

prevention including decreased prevalence of H. pylori infections and improvements in the 

preservation of storage foods, while cardia gastric cancers are largely reported in low-risk 

populations and appeared to stabilize in recent years (Boyd, 1897; Dikken et al., 2012; Sung et al., 

2019). Cardia gastric cancers can be categorized according to the Siewert classification, where 

Siewert type I cancers, known as distal oesophageal adenocarcinomas, and Siewert type III, known 

as subcardial gastric cancers, have epicentres located at least 1 cm above or at least 2 cm below 

the gastro-oesophageal junction, respectively. However, Siewert type II, true carcinomas of the 

cardia, have tumours located 1-2 cm below the gastro-oesophageal junction. Because there is no 

known biological difference between Siewert type II and III tumours, the Siewert classification 

has since been criticized. Therefore, to aid in correct tumour classification, the TNM classification 

has introduced simplified categories, where the “T” depicts tumour size, “N” depicts number of 

nearby cancerous lymph nodes, and the “M” depicts whether the cancer has metastasized. In TNM 

classification, oesophageal carcinomas are tumours where the epicentres are in the distal 

oesophagus, the gastro-oesophageal junction, or within proximal 5 cm of the stomach. Whereas 

gastric carcinoma are tumours with epicentres within 5 cm of the gastro-oesophageal junction but 

the tumour does not extend into the gastro-oesophageal junction or oesophagus, or if the epicentre 

is more than 5 cm distal to the gastro-oesophageal junction (Figure 1) (Demicco et al., 2011; Edge 

and Compton, 2010; Siewert and Stein, 1998).  
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Figure 1: Anatomical classification of gastric cancer. Anatomical classification of gastric 
cancer with the Siewert classification on the left, where Type I tumours, known as distal 
oesophageal adenocarcinomas, have epicentres located at least 1 cm above the gastro-oesophageal 
junction, Siewert Type II tumours, known as true carcinomas of the cardia, have tumours located 
1-2 cm below the gastro-oesophageal junction, and Type III tumours, known as subcardial gastric 
cancers, have epicentres located at least 2 cm below the gastro-oesophageal junction. Whereas on 
the right, TNM gastric cancer classification where oesophageal carcinomas are tumours with 
epicentres in the distal oesophagus, the gastro-oesophageal junction, or within proximal 5 cm of 
the stomach, and gastric carcinoma are tumours with epicentres within 5 cm of the gastro-
oesophageal junction but the tumour does not extend into the gastro-oesophageal junction or 
oesophagus, or if the epicentre is more than 5 cm distal to the gastro-oesophageal junction 
(Demicco et al., 2011; Edge and Compton, 2010; Siewert and Stein, 1998). Created with 
BioRender.com. 
 
1.1.2.2 Histological Classification 

Gastric cancers can be classified into two different histological classification schemes including 

the Lauren and The World Health Organization (WHO) schemes (Lauren, 1965; Nagtegaal et al., 

2020). The Lauren scheme is simple and robust, categorizing gastric carcinomas as diffuse (poorly 

differentiated and are composed of solitary or poorly cohesive tumour cells in the absence of gland 

formation), or intestinal (moderately differentiated and form glandular structures reminiscent of 

colorectal adenocarcinomas), while the WHO classification includes five main histopathological 

cancer entities including tubular, papillary, mucinous, poorly cohesive, and rare variants. The 

WHO’s tubular and papillary carcinomas roughly translate to Lauren’s intestinal carcinomas while 

the WHO’s poorly cohesive carcinomas correspond to Lauren’s diffuse type (Van Cutsem et al., 

2016).  
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1.1.2.3 Molecular Classification 

The Cancer Genome Atlas (TCGA) molecular classification of gastric cancers, recognized as the 

most comprehensive molecular characterization of gastric carcinoma, can be categorized as 

Epstein-Barr virus (EBV)-positive, accounting for 9% of all gastric cancers, microsatellite unstable 

(MSI), accounting for 22%, genomically stable (GS), accounting for 20%, and chromosomally 

unstable tumours (CIN) accounting for the majority at 50% of all gastric carcinomas (Figure 2) 

(Cancer Genome Atlas Research, 2014). EBV-positive gastric cancer, most frequently presenting 

in male patients, is characterized by its common tumour location in the fundus and is absent of 

intestinal metaplasia. EBV-positive gastric cancers are characterized by high DNA 

hypermethylation, phosphoinositide 3-kinase (PI3K) mutations, AT-rich interactive domain-

containing protein 1A (ARID1A), and BCL-6 corepressor (BCOR) mutations, programmed death 

ligand-1/2 (PD-L1/2) overexpression, amplified Janus-associated kinase 1 (JAK2), and Erb-B2 

receptor tyrosine kinase 2 (ERBB2). As such, particular therapeutic options for EBV-positive 

gastric cancers include PI3K and JAK2 inhibitors as well as immune checkpoint antagonists 

(Cancer Genome Atlas Research, 2014). MSI gastric cancers, frequently diagnosed in the antrum 

of older females, are mostly a result of promoter methylation leading to transcriptional silencing 

of deoxyribonucleic acid (DNA) mismatch repair gene MLH1, resulting in genetic and 

microsatellite instability (Leung et al., 1999a). MSI gastric cancers are frequently associated with 

H. pylori infection along with intestinal metaplasia (Leung et al., 1999b). GS gastric cancers, 

frequently found in younger patients, are mainly associated with low somatic copy number 

aberrations and exhibit high expression of molecules in the cell adhesion and angiogenesis-related 

pathways, such as mutations of E-cadherin and Ras homolog family member A (RHOA) (Wang 

et al., 2019). CIN gastric cancer, exhibited mainly in the gastro-oesophageal junction, show 

aneuploidy and focal activation of receptor tyrosine kinases-Ras (RTK/RAS) pathway, as  well as 

amplification of receptor tyrosine-protein kinase erbB-2 (ERBB2/HER2), Kirsten rat sarcoma 

virus/Neuroblastoma RAS viral oncogene homolog (KRAS/NRAS), epidermal growth factor 

receptor (EGFR), receptor tyrosine-protein kinase erbB-3 (ERBB3/HER3), fibroblast growth 

factor receptor 2 (FGFR2), and mesenchymal epithelial transition factor (MET). CIN gastric 

cancers also exhibit high mutations of TP53 and amplification of cell cycle mediator genes (Wang 

et al., 2019). As such, CIN gastric cancers can be treated with many drugs including, but not limited 
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to, trastuzumab, bevacizumab, and ramucirumab (Lordick et al., 2013; Ohtsu et al., 2011; Waddell 

et al., 2013).  

 

 

Figure 2: Molecular classification of gastric cancer. Molecular classification of gastric cancer 
where Epstein-Barr virus-positive tumours account for 9% and are mainly seen in the fundus. 
Microsatellite unstable tumours, encompassing 22%, are mainly found in the antrum. Genomically 
stable tumours, encompassing 20%, are similarly mainly seen in the antrum. The majority of all 
gastric cancer at 50%, chromosomally unstable tumours are mainly found in the gastro-
oesophageal junction (Cancer Genome Atlas Research, 2014). Created with BioRender.com. 
 

1.1.3 Diagnosis and Prognosis 

Gastric cancer early detection rate is very low due to lack of specific signs or symptoms of early 

disease, and as a result most patients are diagnosed with advanced-stage disease (Song et al., 2017). 

The most common symptoms at the time of diagnosis include anorexia, dyspepsia, weight loss, 

and abdominal pain, with patients exhibiting tumours in the gastro-oesophageal junction or 

proximal stomach also presenting with dysphagia. Gastric cancer diagnosis currently relies on 

endoscopy and biopsy, with endoscopic ultrasonography along with chest and abdomen computed 

tomography (CT) being the primary means of diagnosing and staging locally advanced disease 

(Van Cutsem et al., 2016). Gastric cancer is most frequently diagnosed in older patients, where it 

is notably 2-fold higher in men than in women. However, when diagnosed before 40 years of age, 

gastric cancer is actually more prevalent in women than in men, suggesting that sex hormones, 

especially oestrogen, may play an important role in the development of disease in younger patients 
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(Kono et al., 2020).  As a result of common advanced-stage disease diagnosis, prognosis for gastric 

cancer patients is dismal. Patients with gastric cancer show the three high and three low 

characteristics, where the incidence, metastasis, and mortality rates are high while early diagnosis 

rate, radical resection rate, and 5-year survival rates are very low (Wu et al., 2015). The overall 5-

year survival rate is about 20% in most areas of the world, apart from Japan where survival rates 

are above 70% due to Japan’s extensive mass screening programs (Isobe et al., 2011). As a result, 

it is crucial that disease be diagnosed as early as possible, ideally before the development of 

premalignant lesions, for radical cure to be possible (Pasechnikov et al., 2014).  

 

1.1.4 Screening and Prevention 

Due to the frequent advanced-stage disease diagnosis of gastric cancer, the need for adequate 

screening and prevention is essential. Given the low incidence of gastric cancer in North America, 

it may not be worthwhile to implement extensive efforts towards screening and prevention. 

Nevertheless, intense screening and prevention methods have been used with great success in East 

Asia, the region with the highest rates of gastric cancer. In Japan, the country with the highest rates 

of gastric cancer in men in 2020, large-scale screening programs using photofluorography along 

with more aggressive surgical approaches, have led to detection at earlier disease stages 

contributing to the high overall estimated survival rate of 70% (Isobe et al., 2011). Both primary 

and secondary methods can be effective for gastric cancer prevention. Primary prevention methods 

include avoidance of known carcinogens, enhancement of host defence mechanisms, changes in 

lifestyle, and chemoprevention, while secondary prevention methods include screening and 

treating premalignant lesions or early-stage cancers (Kakizoe, 2003; Kato and Asaka, 2012).  

 

1.1.5 Treatment 

 

1.1.5.1 Treatment of resectable disease 

The only curative treatment for gastric cancer patients is surgical resection. As such, adjuvant and 

neoadjuvant therapies are crucial for the treatment of resectable disease, this includes perioperative 

chemotherapy and postoperative chemoradiotherapy (Van Cutsem et al., 2011).  Most European 

countries exercise perioperative chemotherapy, increasing 5-year overall survival (OS) from 23% 

to 36% as opposed to surgery alone, whereas East Asia’s current standard is adjuvant 
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chemotherapy, where the survival benefit increased 5.8% at 5 years and 7.4% at 10 years as 

compared to surgery alone (Cunningham et al., 2006; Group et al., 2010). 

 

1.1.5.2 Treatment of metastatic disease 

Outlook for patients with metastatic gastric cancer is very poor, with median survival ranging from 

4 to 12 months when treated with combination cytotoxic chemotherapy (Glimelius et al., 1997; 

Hong et al., 2004; Murad et al., 1993; Wagner et al., 2010). Once metastatic disease has been 

reached, first and second-line treatment options remain. First-line treatment and combination 

treatment, as opposed to single agent treatment, have clear OS advantage compared with best 

supportive care (Wagner et al., 2006). The most common chemotherapy treatment for metastatic 

gastric cancer is fluorouracil (5FU) and cisplatin. Standard first-line treatment therapies differ 

slightly by region, with Western countries using fluoropyrimidine with a platinum-based 

treatment, while Asia mainly relies on oral fluoropyrimidine, either S1 or capecitabine based (Van 

Cutsem et al., 2011). With metastatic disease usually comes increased rates of HER2 

overexpression, seen equally in patients from both Europe and Asia. Rates favour intestinal 

tumours (32%) rather than diffuse-type (6.1%), and gastro-oesophageal junction tumours (32.2%) 

rather than gastric tumours (21.4%). As a result, patients with metastatic gastric adenocarcinoma 

who are eligible for first-line therapy should also be tested for HER2-neu status and patients with 

HER2-overexpression tumours should be treated with a cisplatin/fluoropyrimidine and 

trastuzumab combination, where an increased OS of nearly 3 months is expected (Bang et al., 

2010). Appropriate second-line treatment for metastatic disease includes irinotecan, FOLinic acid-

Fluorouracil-IRInotecan (FOLFIRI), docetaxel, and paclitaxel, where the commonality of the 

regular use of second-line therapy in Asia resulted in longer survival of patients compared with 

Western countries (Van Cutsem et al., 2011).  

 

1.1.6 Helicobacter pylori-mediated gastric cancer 

Helicobacter pylori (H. pylori) is the main risk factor for gastric cancer as it accounts for over 90% 

of all cases while the remaining 10% are a result of heredity (Van Cutsem et al., 2016). Discovered 

in the epithelial lining of the stomach, H. pylori is a micro-aerophilic, spiral-shaped, gram-negative 

bacterium estimated to infect approximately half of the world’s population, capable of colonizing 

the gastric mucosa and eliciting an immune response (Hatakeyama, 2017; Warren and Marshall, 
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1983). H. pylori has evolved to survive the harsh environment of the stomach through its secretion 

of urease, an enzyme converting urea into ammonia and bicarbonate, which neutralizes gastric 

acid. H. pylori infection is primarily acquired during childhood and the transmission occurs 

through an oral-oral or fecal-oral route primarily within families, particularly in the setting of poor 

sanitation and hygiene. It persists in the stomach over the lifetime unless eradicated with 

antibiotics. Classified as a group I carcinogen, a definite cause of cancer in humans, in 1994 by 

both the International Agency for Research on Cancer (IARC) and the WHO, H. pylori infection 

is associated with both intestinal and diffuse-type gastric cancers (Hatakeyama, 2017).  

 

1.1.7 CagA 

H. pylori infection can either be cytotoxic-associated gene A (cagA)-positive or cagA-negative 

depending on the presence or absence of cagA, a gene encoding the CagA protein, in its bacterial 

genome (Hatakeyama, 2017). The cagA gene is localized at one end of the cag pathogenicity island 

(cag PAI), a 40-kilobase genomic DNA segment obtained through horizontal DNA transfer from 

an unknown source (Akopyants et al., 1998; Censini et al., 1996). These cag PAIs contain 27-31 

genes, including cagA, along with 18 genes encoding the proteins required to assemble the type 

IV secretion system (T4SS), which forms a structure resembling a syringe capable of delivering 

macromolecules across both outer and inner bacterial membranes (Backert et al., 2015). CagA 

delivery is triggered by the cytotoxic-associated gene L (CagL) component of the T4SS interacting 

with the host membrane’s β1-integrin. CagL then activates integrin signaling which simulates Src 

family kinase (SFK) activity, which then phosphorylates CagA (Kwok et al., 2007). Once 

delivered into gastric epithelial cells, CagA is secured to the inner leaflet of the plasma membrane 

through two unique mechanisms, depending on the polarity of the cell. Polarized gastric epithelia 

require interaction with the central region of CagA, which include the PS-binding motif, while 

non-polarized gastric epithelia require the tethering of the C-terminal region of CagA (Higashi et 

al., 2005; Murata-Kamiya et al., 2010). Once localized to the membrane, CagA then undergoes 

tyrosine phosphorylation of its EPIYA motifs, comprising of a Glu-Pro-Ile-Tyr-Ala pattern, in the 

C-terminal polymorphic region by SFK members such as proto-oncogene tyrosine-protein kinase 

Src (c-Src), proto-oncogene tyrosine-protein kinase Yes (Yes), proto-oncogene tyrosine-protein 

kinase Fyn (Fyn), and/or proto-oncogene tyrosine-protein kinase Lyn (Lyn), expressed in gastric 
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epithelia to instigate downstream signaling cascades initiated by phosphorylated CagA (Higashi 

et al., 2002b; Selbach et al., 2002; Stein et al., 2002).  

 

1.1.7.1 EPIYA motifs 

CagA is tyrosine phosphorylated on its EPIYA motif, a segment comprised of a Glu-Pro-Ile-Tyr-

Ala pattern, present in multiple copies in the C-terminal polymorphic region of the protein (Higashi 

et al., 2002b). Depending on the flanking sequences, these EPIYA motifs can be categorized into 

4 distinct types; EPIYA-A, EPIYA-B, EPIYA-C, and EPIYA-D. (Higashi et al., 2002a; Higashi 

et al., 2005). The different EPIYA motifs vary in prevalence in different locations. Europe, North 

America, and Australia are considered to have “Western” CagA, which possess EPIYA-A and 

EPIYA-B segments followed by an EPIYA-C segment, with the EPIYA-C segment existing in 1-

3 copies among different Western CagA species (Hatakeyama, 2006). Japan, Korea, and China, 

among other East Asian regions, are considered to have “East Asian” CagA, which possess an 

EPIYA-A, EPIYA-B, and EPIYA-D pattern rather than the repeatable EPIYA-C found in Western 

CagA (Figure 3) (Higashi et al., 2002a). The EPIYA motif of CagA is not only important for 

CagA’s tyrosine phosphorylation, but also its localization as it acts as a membrane targeting signal 

for CagA within gastric epithelial cells (Higashi et al., 2005).  
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Figure 3: Molecular structure of the EPIYA motif. Molecular structure of the EPIYA motifs of 
CagA with Western CagA displaying an EPIYA-A, EPIYA-B, EPIYA-C pattern, where the 
EPIYA-C segment can appear in 1-3 repeats, and East Asian CagA displaying an EPIYA-A, 
EPIYA-B, EPIYA-D pattern (Hatakeyama, 2006). Created with BioRender.com. 
 

1.1.7.2 EPIYA-dependent CagA signaling  

Upon phosphorylation of its EPIYA motif by SFKs, CagA interacts with Src homology 2 domain 

(SH2)-containing protein tyrosine phosphatase 2 (SHP-2) (Higashi et al., 2002b). This CagA-SHP-

2 complex is evident in the gastric mucosa of cagA-positive H. pylori-infected gastric cancer 

patients (Yamazaki et al., 2003). The binding of CagA’s tyrosine phosphorylated EPIYA-C and 

EPIYA-D segments of Western and East Asian CagA, respectively, to SHP-2 elicits a 

conformational change resulting in the activation of SHP-2 phosphatase (Higashi et al., 2002b). In 

particular, East Asian CagA has a higher and stronger affinity for binding with SHP-2 than Western 

CagA as the sequence flanking the tyrosine phosphorylation site of the EPIYA-D segment 

perfectly matches the consensus high-affinity binding sequence for the SH2 domains of SHP-2, 

whereas Western CagA’s flanking tyrosine phosphorylation site of the EPIYA-C segment does 

not (Higashi et al., 2002a; Naito et al., 2006). This CagA-SHP-2 complex is critical for the induced 

morphologic transformation of cagA-positive H. pylori-infected gastric cancer, termed the 

hummingbird phenotype. This hummingbird phenotype is characterized by an elongated cell shape 
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with dramatic cytoskeletal rearrangements resulting in prominent cell motility (Higashi et al., 

2004; Higashi et al., 2002b; Segal et al., 1999). As a result of the CagA-SHP-2 complex, the 

activating tyrosine phosphorylation site of focal adhesion kinase (FAK) is dephosphorylated, 

leading to its downregulation resulting in the development of the hummingbird phenotype by 

CagA (Hatakeyama, 2006). In addition, SHP-2 is essential for the activation of the Ras- 

extracellular-signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) pathway 

and is also involved in cell morphogenesis as well as cell motility, where CagA induces sustained 

ERK activation, morphologically inducing the hummingbird phenotype (Neel et al., 2003). This 

can be seen through the inhibition of CagA phosphorylation and thus disruption of CagA-SHP-2 

complex formation, knockdown of SHP-2 expression by small interfering ribonucleic acid 

(siRNA), or the inhibition of ERK signaling, all leading to the elimination of the hummingbird 

phenotype by CagA (Higashi et al., 2004; Higashi et al., 2002b; Higuchi et al., 2004). This ERK 

activation via SHP-2 can result in the progression from the G1 to the S phase of the cell cycle, 

resulting in the phenomenon that CagA deregulates the cell cycle at least partly through 

deregulated ERK activation (Roovers and Assoian, 2000). ERK MAPK activity is also required 

for initiation of the hummingbird phenotype by CagA, suggesting a role for persistent ERK 

activation in cell morphology and movement (Higashi et al., 2004). As with CagA, SHP-2 is 

catalytically activated by the binding with the membrane associated scaffold/adaptor proteins such 

as Grb2-associated binding (GAB) proteins, proposing the idea that CagA acts as a non-

physiological scaffold/hub protein imitating the function of GAB proteins (Hatakeyama, 2003). 

Moreover, upon dephosphorylation of parafibromin by SHP-2, parafibromin stably interacts with 

β-catenin resulting in the activation of wingless-related integration site  (Wnt) genes (Hatakeyama, 

2017). The Wnt pathway, in combination with the Hedgehog (Hh) and Notch pathways, plays an 

essential role in the development, homeostasis, and pathogenesis of multicellular organisms. 

Parafibromin then competitively interacts with β-catenin and the transcriptional effector of the Hh 

pathway, Gli family zinc finger 1 (Gli1), thereby potentiating transactivation of Wnt and Hh target 

genes in a mutually exclusive fashion (Kikuchi et al., 2016). In addition, activated parafibromin 

acts as an initiator of the activation of Wnt and Notch-target genes as a result of its intracellular 

binding to the Notch domain (Hatakeyama, 2017).  The tyrosine phosphorylated EPIYA-A or 

EPIYA-B segments, acts as a docking site for c-Src, and in addition, the tyrosine phosphorylated 

EPIYA-B segment can also bind to PI3K to activate lipid kinase activity (Hatakeyama, 2017). 
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CagA also binds Crk proto-oncogene (Crk) adaptor proteins in a tyrosine phosphorylated-

dependent fashion where adherens junctions are disrupted through the adaptor function of Crk 

(Suzuki et al., 2005). Furthermore, Grb2 binds to CagA via its EPIYA motif, activating the Ras 

signaling pathway to stimulate atypical cellular proliferation (Figure 4) (Mimuro et al., 2002).  

 

Figure 4: EPIYA-phosphorylation-dependent CagA signaling. When infected with cagA-
positive H. pylori, CagA is injected via the T4SS where upon phosphorylation of its EPIYA motif 
by SFKs can phosphorylate Crk adaptor proteins to disrupt adherens junctions (Suzuki et al., 
2005). EPIYA-phosphorylated CagA can also phosphorylate and bind to SHP-2 which can 
dephosphorylate parafibromin which can then bind to β-catenin to activate Wnt/Notch signaling, 
and dephosphorylate FAK as well as initiate ERK signaling to initiate formation of the 
Hummingbird phenotype in addition to activating the PI3K pathway to promote cell growth, 
survival, angiogenesis, cell migration, and invasion (Hatakeyama, 2006; Hatakeyama, 2017; 
Higashi et al., 2004). Created with BioRender.com. 
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1.1.7.3 EPIYA-independent CagA signaling  

The function of CagA in gastric cancer is not always dependent on EPIYA motif phosphorylation. 

The CM motif can act as a binding site for the serine/threonine kinase Partitioning defective-1 

(PAR1) which is essential for the establishment of cell polarity (Saadat et al., 2007; Zeaiter et al., 

2008). PAR1 regulates the stability of microtubules by phosphorylating microtubule-associated 

proteins (MAPs) such as MAP1, MAP2, and tau (Matenia and Mandelkow, 2009). CagA is capable 

of binding all PAR1 isoforms, diminishing PAR1 kinase activity, which underlies junctional and 

polarity defects caused by delivery of CagA in the polarized epithelial layer, producing oncogenic-

susceptible cells (Amieva et al., 2003; Halaoui and McCaffrey, 2015; Saadat et al., 2007; Zeaiter 

et al., 2008). The CM motif can also bind to the activated c-Met, thereby potentiating c-Met-

dependent mitogenic responses and enhancing c-Met mediated activation of PI3K/AKT signaling 

leading to the stimulation of Wnt and nuclear factor κB (NF-κB) signaling thus initiating 

oncogenic inflammatory responses (Churin et al., 2003; DiDonato et al., 2012; Suzuki et al., 2009). 

Additionally, through the CM motif, CagA can interact intracellularly with E-cadherin thereby 

disrupting the E-cadherin/β-catenin complex resulting in atypical activation of Wnt signaling 

(Murata-Kamiya et al., 2007). Moreover, through the CM motif, CagA associates with glycogen 

synthase kinase (GSK)-3B resulting in the initiation of Wnt activation through the inhibition of 

GSK-3B kinase activity via CagA’s sequestering of GSK-3B to the insoluble fraction (Lee et al., 

2014). Further, EPIYA-independent CagA functions can occur in CagA’s N-terminal, where CagA 

binds to the gastric tumour suppressor, RUNX family transcription factor 3 (RUNX3), promoting 

proteasome mediated degradation of RUNX3 through the recruitment of E3 ubiquitin ligase 

(Tsang et al., 2010). CagA’s N-terminal also enhances proteasome degradation of p53 in 

conjunction with apoptosis-stimulating protein of p53 (ASPP2), collectively indicating that the N-

terminal of CagA promotes survival of CagA-containing cells by disrupting pro-apoptotic 

signaling (Figure 5) (Buti et al., 2011; Hatakeyama, 2017).  
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Figure 5: EPIYA-phosphorylation-independent CagA signaling. When infected with cagA-
positive H. Pylori, CagA is injected via the T4SS where independent of phosphorylation of its 
EPIYA motif by SFKs, through its CM domain, CagA can act as a binding site for PAR1 
diminishing PAR1 kinase activity therefore producing junctional and polarity defects (Saadat et 
al., 2007; Zeaiter et al., 2008). The CM motif can also bind to activated c-Met to enhance PI3K 
signaling leading to Wnt and NF-κB stimulation (Churin et al., 2003; DiDonato et al., 2012; Suzuki 
et al., 2009). CagA’s CM region can also enhance Wnt/Notch signaling through its disruption of 
E-cadherin’s binding to β-catenin, as well as the inhibition of GSK-3B kinase activity (Lee et al., 
2014; Murata-Kamiya et al., 2007). In addition, CagA’s N-terminal region can bind to and promote 
the degradation of RUNX3, as well as p53 in association with ASPP2 (Buti et al., 2011; Tsang et 
al., 2010). Furthermore, CagA induces STAT3 (Bronte-Tinkew et al., 2009). Created with 
BioRender.com. 
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1.2 Tyrosine kinases 

Protein tyrosine kinases (PTKs) possess essential catalytic activity by which cells in multicellular 

organisms communicate for the binding of polypeptide ligands to cell surface receptors, in 

particular for embryonic development, metabolism, and immune system function (Hubbard and 

Till, 2000). Tyrosine kinases can be divided into either receptor tyrosine kinase (RTKs) or non-

receptor tyrosine kinase (NRTKs). The tyrosine kinase family is the second largest enzyme family 

and the fifth largest gene family in humans. Of the 90 tyrosine kinases, 58 are RTKs while the 

remaining 32 are NRTKs (Roskoski, 2004). RTKs are characterized by being transmembrane 

glycoproteins with extracellular segments typically containing diverse globular domains such as 

immunoglobulin (Ig)-like domains, fibronectin type III-like domains, cysteine-rich domains, and 

epidermal growth factor (EGF)-like domains. The cytoplasmic portion of the enzyme consists of 

only a juxtamembrane region, followed by a tyrosine kinase catalytic domain and a carboxy-

terminal region (Hubbard and Till, 2000). Upon binding of an associated ligand to an RTK, they 

are activated, transducing extracellular signaling to the cytoplasm through the phosphorylation of 

its tyrosine residues. Through this mechanism, RTKs activate many signaling pathways ultimately 

leading to cell proliferation, differentiation, migration, and metabolic changes (Schlessinger and 

Ullrich, 1992). This family of tyrosine kinases contains the essential receptors for insulin and for 

many growth factors such as epidermal growth factor (EGF), fibroblast growth factor (FGF), 

platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and nerve 

growth factor (NGF) (Hubbard and Till, 2000). In particular, the development of the vascular 

system and the effects of hormone insulin are mediated by several subfamilies of RTKs and their 

respective ligands (White, 1998; Yancopoulos et al., 1998). However, NRTKs are characterised 

as cytosolic proteins, lacking the extracellular ligand-binding and transmembrane domains (Neet 

and Hunter, 1996). Some NRTKs are anchored to the cell membrane through amino-terminal 

modification, such as myrystoylation. NRTKs possess a domain that mediates protein-

protein/lipid/DNA interactions with the most common protein-protein interaction domains in 

NRTKs being the SH2 and Src homology 3 (SH3) domains (Kuriyan and Cowburn, 1997).  The 

SH2 domains are compact segments of ~100 residues that bind phosphotyrosine residues in a 

sequence-specific manner whereas the much smaller SH3 domains are segments of ~60 residues 

which bind proline-rich sequences capable of forming polyproline type II helices (Hubbard and 

Till, 2000). NRTKs include Src, the Janus Kinases (Jaks), tyrosine-protein kinase Abl1 (Abl), and 
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the Breast Tumour Family Kinases (BFKs) among others. NRTKs are essential components of 

signaling cascades triggered by RTKs and other receptors such as G-protein-coupled receptors and 

immune system receptors (Hubbard and Till, 2000). NRTKs are crucial elements for processes 

including mitogenesis, T- and B-cell activation, cytoskeleton restructuring, as well as are critical 

components in immune system regulation (Hubbard and Till, 2000).  

 

1.2.1 Tyrosine kinase receptor regulation 

PTKs catalyze their reactions through the transfer of the γ phosphate of adenosine 5’-triphosphate 

(ATP) to the hydroxyl group of a tyrosine in a protein substrate. RTK activation requires the 

enhancement of intrinsic catalytic activity, followed by the establishment of binding sites to recruit 

downstream signaling proteins. In general, this is accomplished by the autophosphorylation of 

tyrosine residues; autophosphorylation in the activation loop within the kinase domain results in 

the stimulation of kinase activity, whereas autophosphorylation in the juxtamembrane, kinase 

insert, and/or carboxy-terminal regions generates docking sites for modular domains recognizing 

the specific sequence (Kuriyan and Cowburn, 1997). RTKs contain between one and three 

tyrosines in the kinase activation loop, all of which comprise VII and VIII subdomains of the 

proteins kinase catalytic core (Hanks and Quinn, 1991). Binding of ligands to their respective 

extracellular domain of RTKs mediates noncovalent oligomerization of monomeric receptors, or 

induces structural change in heterotetrametric receptors, such as the insulin receptor, facilitating 

tyrosine autophosphorylation in the cytoplasmic domains (Hubbard and Till, 2000). As in RTK 

regulation, the most common method of regulation of NRTKs is tyrosine phosphorylation; 

phosphorylation of tyrosines in the activation loop leads to increased enzymatic activity of NRTKs 

(Hubbard and Till, 2000). NRTK activation loop phosphorylation occurs via trans-

autophosphorylation or phosphorylation by another NRTK. These phosphorylations can 

negatively regulate kinase activity, where protein tyrosine phosphatases can restore NRTKs to 

basal activity, or positively regulate NRTK activity (Neet and Hunter, 1996).  
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1.2.2 Src family kinases 

Present in nearly all metazoan cells, the SFKs are NRTKs who’s activation is regulated by diverse 

growth factor, cytokine, adhesion, and antigen receptors essential for spawning an appropriate 

cellular response to external stimuli (Brown and Cooper, 1996; Thomas and Brugge, 1997). SFKs 

are proto-oncogenes which play key roles in cell morphology, motility, proliferation, and survival 

(Roskoski, 2004). There are 11 members of the SFKs including the BFKs (Roskoski, 2004). 

Members of the SFKs exhibit a conserved domain structure consisting of the SH3, SH2, and SH1 

(or the kinase) domains (Boggon and Eck, 2004). SFKs are unique un that they contain a short C-

terminal tail bearing a conserved autoinhibitory phosphorylation site, Tyr527 in Src (Cooper et al., 

1986). As all PTK’s, SFKs require phosphorylation within a conserved segment of the kinase 

domain; the activation loop, for full catalytic activation. In Src this autophosphorylation is Tyr416 

(Figure 6) (Smart et al., 1981).  

 
Figure 6: Src protein structure. Src family kinases share a conserved domain structure, including 
the SH3 domain, recognizing proline-rich motifs, the SH2 domain, recognizing phosphotyrosine 
segments, connected to the kinase domain through a Type II helix SH2-kinase linker, containing 
the activating conserved tyrosine residue, Tyr416 in Src, followed by the C-terminal tail containing 
the autoinhibitory conserved tyrosine residue, Tyr527 in Src (Boggon and Eck, 2004). Created 
with BioRender.com. 
 

1.2.3 Src family kinase regulation 

SFKs are commonly dormant during most of the cell cycle, but are transiently activated by cell-

cycle-dependent, C-terminal tail dephosphorylation and activation loop phosphorylation 

(Roskoski, 2004). Playing roles in cell adhesion, morphology, and motility, SFKs are mediated by 
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RTKs, integrin receptors, G-protein coupled receptors, antigen- and Fc-coupled receptors, 

cytokine receptors, and steroid hormone receptors (Thomas and Brugge, 1997). The conserved 

domains of SFKs, in particular the SH2, SH3, and kinase domains, serve four major functions. 

Firstly, they limit the activity of the enzyme via intramolecular interactions. Secondly, proteins 

that contain SH2 or SH3 ligands can bind to the SH2 or SH3 domains of SFKs and can therefore 

attract them to specific cellular locations. Thirdly, proteins can activate SFK activity because of 

displacing intramolecular SH2 or SH3 domains. Finally, proteins containing SH2 or SH3 ligands 

can heighten their ability to function as substrates for SFKs (Brown and Cooper, 1996; Thomas 

and Brugge, 1997).  SFK activity is regulated by intramolecular interactions of tyrosine 

phosphorylation along with SH2 and SH3 mediated protein-protein interactions (Parsons and 

Parsons, 2004). The intramolecular interaction of SFKs must be at an equilibrium between being  

strong enough to maintain the catalytic domain in an inactive conformation, yet weak enough to 

allow for activation by exogenous ligands (Roskoski, 2004). SFKs are phosphorylated on 

conserved tyrosine residues, Tyr527 and Tyr 416 in Src, which are the autoinhibitory and 

activating residues, respectively. Autophosphorylation of the conserved inhibitory tyrosine, 

Tyr527 in Src, just six residues from the C-terminus, promotes the joining of the SH2, SH3, and 

kinase domains into an autoinhibited conformation, maintained by intramolecular interactions.  

Proteins that can then bind to SFK SH2 or SH3 domains disrupt the clamped inhibitory 

conformation, activating the kinase through the dissociation or displacement of the conserved 

inhibitory tyrosine, Tyr527 in Src, from the SH2 binding pocket, therefore unlatching the clamp 

and no longer locking the catalytic domain in its inactive conformation (Harrison, 2003; Xu et al., 

1999). Together, these intramolecular interactions not only limit accessibility of the kinase domain 

but also SH3 and SH2 domain binding, therefore further limiting the potential for these proteins 

to participate in cellular signaling (Figure 7) (Summy and Gallick, 2003).  
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Figure 7: Src activation. In its inhibitory state, Src is held in a clamped, inactive conformation 
via the intramolecular interactions of the autophosphorylation of the conserved inhibitory tyrosine 
in Src family kinases, Tyr527 in Src. When binding of appropriate SH3 or SH2 domains of 
respective Src family kinase ligands, the C-terminus unlatches from the Src family kinase SH2 
domain via the dephosphorylation of the conserved inhibitory tyrosine, Tyr527 in Src,  allowing 
the enzyme to enter its active form, which is heightened by the autophosphorylation of the 
conserved activating tyrosine in Src family kinases, Tyr416 in Src (Roskoski, 2004). Created with 
BioRender.com. 
 

1.2.4 The SH3 domain 

The SH3 domain of SFKs contains β-barrel architecture consisting of five antiparallel β-strands 

and two prominent loops known as the RT and n-Src loops (Musacchio et al., 1992; Noble et al., 

1993; Yu et al., 1992). Th RT and n-Src loops are found at each end of a surface composed of 

aromatic and hydrophobic residues that encompass the recognition site for proline-rich sequences 

with the “PXXP” motif. In complex with the SH3 domain, these sequences then adopt a 

polyproline type II helical conformation.  For SFK SH3 domains, additional specificity and 

binding affinity are conferred by coordination of a lysine or arginine residue just N- or C-terminal 

to the PXXP core (Boggon and Eck, 2004). 
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1.2.5 The SH2 domain 

The SH2 domain of SFKs consists of a central β-sheet, with a single helix against each side. These 

elements help form the SH2 domain into two recognition pockets; the first coordinating 

phosphotyrosine and the second binding one or more hydrophobic residues just C-terminal to the 

phosphotyrosine (Eck et al., 1993; Waksman et al., 1993). Among varying SH2 domains, the 

recognition pocket for phosphotyrosines is highly conserved and contains a universally preserved 

arginine residue, Arg175 in Src, that forms essential electrostatic interactions with the 

phosphorylated tyrosine (Waksman et al., 1992). The SH2 domain has since evolved essential 

interdomain interactions that confer specific recognition and/or regulatory properties (Boggon and 

Eck, 2004). 

 

1.2.6 The kinase domain 

The kinase, or SH1, domain of SFKs is critical for activation of the protein, as it contains the 

conserved activation tyrosine, Tyr416 in Src. SFKs share the bilobed protein kinase fold 

representative in all tyrosine and ser/thr kinases. The N-terminal lobe of the kinase domain is 

composed of a single α-helix and five β-strands, while the C-terminal lobe is mainly α-helical, and 

contains the regulatory activation loop with the above mentioned conserved activation tyrosine, 

Tyr416 in Src, with nucleotide binding and phosphor transfer occurring in between the two lobes 

(Knighton et al., 1991). The adenine moiety of the bound ligand is coordinated by interactions 

mainly with the N-lobe along with a short hinge segment that connects both lobes. Bound 

nucleotide phosphates from the ligand are coordinated by the glycine-rich G loop, otherwise 

known as the P loop for phosphate binding (Hubbard and Till, 2000; Taylor et al., 1992).   

 

1.2.7 Src family kinases in cancer 

SFKs play critical roles in many cellular signal transduction pathways regarding cell division, 

motility, adhesion, angiogenesis, and survival. As such, SFKs have a constitutively high specific 

activity in a large number of human tumours, even in the absence if activating mutations, 

suggesting that they may play an important role in the malignant process as they are capable of 

promoting several aspects of tumour progression and metastasis, as Src was the first transforming 

protein isolated (Summy and Gallick, 2003). As such, the activation of SFKs has been extensively 

studied in cancers including colorectal, breast, human melanoma, pancreatic, ovarian, bladder, 
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gastric, oesophageal, lung, and brain cancers along with leukemias, lymphomas, and myelomas. 

SFK activation and function has been most extensively studied and characterized in colorectal 

cancer where Src protein levels and kinase activity is seen to not only be elevated in colon 

carcinomas relative to normal colonic mucosa, but that Src activation positively correlated with 

the malignant potential of the cells, with its highest activity seen in moderate to well differentiated 

colonic lesions while poorly differentiated carcinomas exhibited Src activity comparable to that of 

normal colonic mucosa (Summy and Gallick, 2003; Weber et al., 1992). As such, elevated SFK 

and Src activity played a role as an indicator of prognosis of all stages of colon carcinoma 

(Aligayer et al., 2002). In addition, extensive evidence has been shows to support a role for SFKs 

in the progression of breast cancer,  as first seen in elevated Src kinase activity in breast carcinoma 

as compared to normal breast epithelium (Jacobs and Rubsamen, 1983). As such, the first 

comprehensive study of breast tumours showed that all tumour samples studied showed elevated 

PTK activity relative to normal controls, with 70% of this tyrosine kinase activity attributed to 

SFK activity (Ottenhoff-Kalff et al., 1992). Since, it has been established that Src activation in 

breast cancer is downstream of the estradiol receptor in a hormone-dependent fashion, leading to 

subsequent activation of the MAPK pathway (Migliaccio et al., 1996). In addition, SFK activity 

in breast cancer is necessary for the activation of the PI3K/AKT pathway leading to downstream 

cyclin D1 transcription and cell cycle progression (Castoria et al., 2001). Further, Src plays an 

essential role in breast cancer cell invasion, where SFKs contribute to cell motility through 

shedding of the L1 adhesion molecule (Gutwein et al., 2000). Thus, SFKs in breast cancer have 

been studied intently and have therefore been recognized to not only contribute to the growth and 

survival of breast cancer cells, but also the motility, invasiveness, and therefore metastatic 

potential of breast cancer (Summy and Gallick, 2003). Moreover, SFK activity, in particular Src 

kinase activity is seen to be elevated in gastric carcinoma tissues in comparison to normal gastric 

epithelia (Takekura et al., 1990).  

 

1.3 BRK family kinases 

As part of the SFKs within the family of NRTKs, the Breast tumour family kinases (BFKs) 

comprise three members including Breast tumour kinase (BRK), otherwise known as PTK6, Fyn-

related kinase (FRK), otherwise known as PTK5, and Src-related kinase lacking C-terminal 

tyrosine and N-terminal myristoylation sites (SRMS), otherwise known as PTK70. As part of the 
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SFKs, all BFKs contain the classic Src homology domains including the SH2, SH3, and kinase 

domains.  However, notable unlike SFKs, BFKs do not contain any membrane-anchoring N-

terminal myrystoylation and palmitoylation signals, thereby rendering them soluble kinases, thus 

broadening their availability to intracellular substrates (Goel and Lukong, 2015). All members of 

the BFKs contain 8 exons, interspersed by 7 introns, contributing to their evolutionary distinctness 

from SFKs (Serfas and Tyner, 2003).   

 

1.3.1 Fyn-related kinase (FRK) 

Discovered in 1993, FRK is one of the three BFKs that has since been discovered to be involved 

as a regulatory protein in diverse malignancies such as breast, liver, and brain cancers (Goel and 

Lukong, 2016). In humans, FRK stems from chromosome 6q21-q.22.3 and encodes a 505 amino 

acid protein, in a region unusually destabilized by the loss of heterozygosity in nearly 48% of all 

breast tumours, malignant melanomas, and non-small cell lung cancers (Becher et al., 1983a; 

Becher et al., 1983b; Brauer and Tyner, 2009; Girard et al., 2000; Sheng et al., 1996). Although 

ligand specificity varies, FRK shares the same Src homology domains conserved with SFKs and 

BFKs alike (Goel and Lukong, 2016). Similar to that of Src and BFKs, FRK shares the conserved 

autoinhibitory and activating tyrosine residues, Tyr387 and Tyr497, respectively (Figure 8). 

However, unique to FRK is the presence of a nuclear localization signal (NLS) within the SH2 

domain, the deletion if which resulted in a diffused cytoplasmic localization of FRK (Goel and 

Lukong, 2016). As such, FRK’s localization plays an essential role in its activity. FRK can play 

both tumour-suppressive and oncogenic roles, with its bonafide substrates of phosphatase and 

tensin homolog (PTEN), EGFR, and breast cancer type 1 susceptibility protein (BRCA1). The 

tumour suppressor PTEN was the first substrate identified of FRK’s. FRK is known to 

phosphorylate PTEN, specifically on the Tyr336 residue, precluding the degradation of PTEN 

thereby enhancing PTEN’s stability and cellular turnover (Yim et al., 2009). FRK has also been 

shown to associate with EGFR, enhancing EGFR’s phosphorylation at Tyr1173 while inducing 

the suppression of phosphorylation at Tyr1068, resulting in EGFR’s internalization suggesting that 

EGFR may be a physiological target of FRK in many malignancies (Jin and Craven, 2014).  More 

recently, BRCA1 has been found to be a substrate of FRK’s, where FRK phosphorylates BRCA1 

on Tyr1152 resulting in BRCA1’s enhanced stabilization (Kim et al., 2017). Although mainly 

studied as a tumour suppressor, FRK has some known oncogenic effects while mutated in 
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hepatocellular carcinoma as seen in FRK-activating mutations producing high levels of STAT3 

and could form tumours in xenograft mouse models (Pilati et al., 2014).  

 

Figure 8: FRK protein structure. Sharing Src homology domains of SFKs and BFKs, FRK is a 
505 amino acid protein comprised of a PXXP type II helix-recognizing SH3 domain, a 
phosphotyrosine-recognizing SH2 domain, and a kinase domain containing the activating 
conserved tyrosine residue, Tyr387, with the C-terminal tail containing the inhibitory conserved 
tyrosine reside, Tyr497 (Goel and Lukong, 2016). Created with BioRender.com. 
 

1.3.2 Src-related kinase lacking C-terminal tyrosine and N-terminal myristoylation sites 

(SRMS) 

Another member of the BFKs, SRMS is a unique 488 amino acid protein in that although it is 

comprised of the Src homology domains; the SH2, SH3, and kinase domains, it lacks the N-

terminal myristoylation site found in Src and other BFKs (Figure 9) (McClendon and Miller, 

2020). With its highest mRNA levels in the lung, testes, and liver, the human SRMS gene maps to 

chromosome 20q13.3, only 1.5 kbp away from the BRK gene, suggesting the two may genetically 

interact (Brauer and Tyner, 2010; Park et al., 1997). This area of chromosome 20 is greatly 

amplified in breast cancer and as such, SRMS is highly expressed in most breast carcinoma cells 

as compared to normal mammary tissue (Goel et al., 2013; Hodgson et al., 2003). Expressed widely 

in normal mammalian tissue, SRMS is found to localize in distinct cytoplasmic punctae in breast 

and cervical cancer cell lines (Goel et al., 2013). Being the least characterized member of the 

BFKs, SRMS currently only has two bonafide identified substrates including docking protein 1 

(Dok1) and BRK (McClendon and Miller, 2020). The adaptor protein, Dok1, is a negative 
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regulator of multiple signaling pathways, acting as a tumour suppressor. SRMS is known to bind 

to Dok1 via the SH2 and SH3 domains, increasing Dok1 phosphorylation potentially modulating 

Dok1’s function (Goel et al., 2013; Liang et al., 2002; Noguchi et al., 1999). BRK has also been 

shown to be a direct substrate of SRMS, where SRMS phosphorylates BRK at its Tyr447 residue. 

Although not directly inhibiting BRK’s kinase activity, SRMS acts in tandem with protein tyrosine 

phosphatase 1B to modulate BRK’s activity (Fan et al., 2015).   

 

Figure 9: SRMS protein structure. Sharing Src homology domains of SFKs and BFKs, SRMS 
is a 488 amino acid protein comprised of a PXXP type II helix-recognizing SH3 domain, a 
phosphotyrosine-recognizing SH2 domain, and a kinase domain containing the activating 
conserved tyrosine residue, Tyr380, although notably lacking a C-terminal tail containing the 
inhibitory conserved tyrosine reside (McClendon and Miller, 2020). Created with BioRender.com. 
 

1.4 Breast Tumour Kinase (BRK) 

 

1.4.1 BRK gene discovery 

The name-bearing member of the BFKs, BRK is encoded on chromosome 20q13.3 (Llor et al., 

1999; Park et al., 1997). Sharing almost 44% amino acid sequence identity with SFKs, BRK is 

composed of eight exons with six exon boundaries conserved with the structurally related 

drosophila Src 41 (Dsrc41), the Drosophila Src gene, suggesting a common evolutionary ancestor 

or origin (Mitchell et al., 1997). BRK’s full length complementary deoxyribonucleic acid (cDNA) 

was identified and cloned from breast carcinoma cell lines MCF7 and T47D as well as from a 

human intestinal cDNA library (Llor et al., 1999; Mitchell et al., 1994). Just 813 bp upstream of 
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the translational start site, BRK’s functional gene promoter was mapped, displaying critical cis-

acting elements including those for Sp1 transcription factor (Sp1), activator protein 1 and 2 

(AP1/2), and NF-κB (Kang et al., 2002). In addition, multiple hypoxic response elements within 

the BRK promoter region amplify BRK expression in response to hypoxia (Regan Anderson et al., 

2013).  

 

1.4.2 BRK protein structure and activation 

BRK, the 451 amino acid protein, is analogous to SFKs and other BFKs, in that it contains an SH2, 

SH3, and a kinase domain, containing the conserved inhibitory and activating tyrosine residues 

(Figure 10). Autophosphorylation at Tyr342 enhances catalytic activity, stabilizing the enzyme in 

its “unlatched” or “open” conformation, whereas phosphorylation of Tyr447 has an inverse effect 

(Figure 11) (Goel and Lukong, 2015). A mutation at Tyr342 renders BRK catalytically inactive 

while a mutation of Tyr447 to phenylalanine constitutively activates the enzyme, resulting in 

catalytic activity that’s 2.5-fold higher than wild type BRK. In addition, a mutation at Lys219 will 

also render BRK inactive, specifically kinase dead, as this lysine residue is critical for ATP-

binding (Qiu and Miller, 2002; Qiu and Miller, 2004).  Moreover, mutating residues within the 

SH3 domain facilitating interactions with the SH2-kinase linker region results in BRK’s increased 

catalytic activity (Ko et al., 2009). In addition, it has been shown that deleting the SH2 and SH3 

domains individually also results in BRK’s increased kinase activity as seen through increased 

levels of autophosphorylation (Qiu and Miller, 2004).  
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Figure 10: BRK protein structure. Sharing Src homology domains of SFKs and BFKs, BRK is 
a 451 amino acid protein comprised of a PXXP type II helix-recognizing SH3 domain, a 
phosphotyrosine-recognizing SH2 domain, and a kinase domain containing the activating 
conserved tyrosine residue, Tyr342, and the conserved inhibitory tyrosine, Tyr447 (Goel and 
Lukong, 2015). Created with BioRender.com. 
 

 
Figure 11: BRK activation. In its inhibitory state, BRK is held in a clamped, inactive 
conformation via the intramolecular interactions of the autophosphorylation of the conserved 
inhibitory tyrosine, BRK’s Tyr447. When binding of appropriate SH3 or SH2 domains of 
respective BRK ligands, the C-terminus unlatches from the BRK’s SH2 domain via the 
dephosphorylation of Tyr447,  allowing the enzyme to enter its active form, which is heightened 
by the autophosphorylation of the conserved activating tyrosine, BRK’s Tyr342 (Goel and 
Lukong, 2015). Created with BioRender.com. 
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1.4.3 BRK localization 

BRK is known to localize to the nucleus, cytoplasm, and membrane. This localization variety is 

due to BRK’s lack of myristoylation/palmitoylation or nuclear localization signals and therefore 

allows BRK to have widened access to a multitude of intracellular proteins and thus a wide variety 

of potential BRK substrates and binding partners (Goel and Lukong, 2015). Notably an oncogene 

in cancers, BRK’s oncogenic function is mainly attributed to its cytosolic/membrane localization 

while BRK’s re-localization to its nuclear containment results in its tumour-suppressive role 

(Derry et al., 2003). This phenomenon is supported by the fact that BRK targeted to the plasma 

membrane in HEK293 cells promotes cell proliferation, while its targeting to the nucleus inhibits 

cell growth (Ie Kim and Lee, 2009). BRK has been shown to predominantly exist as a cytoplasmic 

kinase that is able to localize to the nucleus in specific  environments, as low levels of transiently 

expressed BRK show to maintain its oncogenic cytoplasmic localization while higher levels of 

exogenously expressed BRK localizes to the nucleus (Brauer et al., 2010).   

 

1.4.3.1 BRK’s oncogenic role 

BRK’s membrane-associated oncogenic role has been shown when BRK is added with membrane-

anchoring myristoylayion signals resulting in increased cell proliferation and migration via 

enhanced Wnt/β-catenin signaling through elevating β-catenin transcription, while nuclear 

targeted BRK annulled these effects (Palka-Hamblin et al., 2010). Moreover, BRK’s oncogenic 

membrane localized oncogenic role can be accredited to its interaction with signaling proteins such 

as transmembrane receptors of the ErbB family and insulin-like growth factor 1 receptor (IGF-

1R), along with cytoplasmic proteins known to translocate to the membrane such as paxillin, AKT, 

FAK, and insulin receptor substrate 4 (IRS4), among others (Goel and Lukong, 2015). Although 

notably not all nuclear localized BRK express tumour suppressive behaviours. The co-localization 

of BRK and Src associated in mitosis of 68 kDa (Sam68) within the nucleus resulted in induced 

RNA binding properties of Sam68, one of BRK’s known oncogenic mechanisms (Derry et al., 

2000; Lukong et al., 2005). 

 

1.4.3.2 BRK’s tumour suppressive role 

Although BRK’s nuclear tumour-suppressive role remains unclear, it has been shown that 

targeting BRK to the nucleus reflects a pro-tumour suppressive potential of the kinase as seen 
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through the consequent significant reduction in cell proliferation (Ie Kim and Lee, 2009). BRK 

has been shown to phosphorylate and yield a cytoplasmic re-localization of PTB-associated 

splicing factor (PSF) from the nucleus to result in PSF-mediated cell cycle arrest, consistent with 

BRK’s nuclear tumour suppressive role, proposing the phenomenon of nuclear tumour 

suppressive BRK influencing cellular distribution of its target proteins (Lukong et al., 2009).  

 

1.4.4 BRK cell signaling 

 

1.4.4.1 PI3K/AKT signaling 

The PI3K/AKT signaling is crucial for cell proliferation as it triggers the release of anti-apoptotic 

signals thus preventing cell death (Ang et al., 2021). AKT is a ser/thr kinase activated downstream 

of growth factor receptors where it is essential for regulating energy metabolism, proliferation, and 

cell survival. Activation of AKT requires phosphorylation of its Thr308 and Ser473 residues, as 

well as phosphorylation of AKT’s Tyr315 and Tyr326 by Src, which when mutated to 

phenylalanine, abolishes AKT’s activation potential (Zheng et al., 2010). AKT’s aberrant 

activation has been shown to be a key regulator in many cancers, which correlates with BRK’s 

membrane oncogenic role where BRK has been shown to potentiate the activation of the 

PI3K/AKT pathway, as AKT has been shown to be a direct substrate of BRK. BRK binds AKT 

through its SH3 and SH2 domains where it directly phosphorylates AKT’s Tyr315 and Tyr326 

residues resulting in AKT’s activation (Ang et al., 2021; Zheng et al., 2010).  

 

1.4.4.2 β-catenin signaling 

Epithelial-mesenchymal transition (EMT) is a process which occurs during normal embryonic 

development, tissue regeneration, organ fibrosis, and wound healing where the dynamic 

progression converts epithelial cells to mesenchymal phenotype. Characterized by loss of tight 

junction and adherens junctions proteins, such as E-cadherin, and increased expression of 

mesenchymal markers via both transcriptional and post-transcriptional mechanisms, EMT is also 

a process mediating tumour progression and metastatic development (Ito et al., 2016; Roche, 

2018). It has been shown that BRK  promotes EMT by regulating E-cadherin expression via zinc 

finger protein SNAIL (SNAIL) degradation therefore indirectly inhibiting the sequestering of β-

catenin, one of E-cadherin’s regulatory substrates, to E-cadherin allowing β-catenin to localize to 
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the cytoplasm where it can then contribute to the progression of Wnt/Notch signaling 

(Hatakeyama, 2017; Ito et al., 2016).  

 

1.4.4.3 STAT3 signaling 

Signal transducer and activator of transcription 3 (STAT3) is an important transcription factor that 

can be activated to increase cell proliferation and survival. BRK has been shown to modulate 

STAT3 signaling through its interaction with transducing activator protein 2 (STAP-2) which 

subsequently interacts with and activates STAT3 (Ikeda et al., 2009; Ikeda et al., 2010). In addition 

to this indirect regulation, it has been since shown that BRK interacts with STAT3 directly through 

phosphorylation of STAT3’s Tyr705 residue (Liu et al., 2006). Therefore, it can be proposed that 

BRK, STAP-2, and STAT3 form a complex where BRK can directly phosphorylate both resulting 

in the activation of both STAP-2 and STAT3, however activated STAP-2 can go on to further 

enhance the activity of STAT3 to ultimately lead to cell proliferation and survival (Ikeda et al., 

2011; Ikeda et al., 2010).  

 

1.4.4.4 FAK signaling 

Frequent substrates of SFKs, the adaptor protein, p130 CRK-associated substrate (p130CAS), and 

the NRTK, FAK, are found concentrated around the focal adhesions essential for cellular adhesion 

and migration (Zheng and Tyner, 2013). Following integrin clustering, FAK phosphorylates 

p130CAS on its C-terminal followed by Src phosphorylating p130CAS at several tyrosine residues 

within its substrate domain producing binding sites for the adaptor protein, CRK, leading to RAC 

activation inducing downstream cytoskeleton remodelling and cell migration (Sakai et al., 1994; 

Tachibana et al., 1997). BRK has been shown to not only phosphorylate p130CAS, but also FAK 

which once active phosphorylates p130CAS on its own to ultimately lead to downstream cell 

survival, growth, and migration (Zheng and Tyner, 2013).  

 

1.4.5 BRK in cancer 

BRK’s ability to de-regulate cellular proliferation, together with its expression pattern and the 

known importance of PTKs in tumorigenesis, proves that BRK plays an important functional role 

in cancer progression (Kamalati et al., 2000). As such, BRK has since been implicated in many 

cancers such as liver, lung, colon, prostate, but mainly in breast cancer (Peng et al., 2014; Zheng 
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et al., 2013). In hepatocellular carcinoma, one of the most lethal cancers due to metastasis, BRK 

was seen to be upregulated in comparison to adjacent normal tissue (Chen et al., 2016). In 

hepatocellular carcinoma, Paraspeckle component 1 (PSPC1) is a determinant of oncogenicity. 

PSPC1 is a nuclear substrate of BRK, however in hepatocellular carcinoma it has been shown that 

PSPC1 upregulation or mutation promotes EMT through the cytoplasmic, and therefore oncogenic, 

translocation of BRK and nuclear translocation of β-catenin, leading to tumorigenesis in liver 

cancer (Lang et al., 2019). Moreover, BRK has been shown to be upregulated and act as an 

oncogene in lung cancer, the leading cause of cancer-related deaths worldwide. It has been shown 

that BRK is overexpressed in non-small cell lung cancer, where it is associated with poor prognosis 

(Zhao et al., 2013). Furthermore, BRK levels were seen to be mainly in its cytoplasmic, and 

therefore oncogenic, localization as compared to normal lung tissue, suggesting BRK may play a 

role in tumour development in lung cancer (Fan et al., 2011). In addition, BRK has also been 

implicated in colon cancer as it has been shown to be overexpressed in differentiated colon 

adenocarcinoma cells, where it has been indicated that BRK expression activates the JAK/STAT3 

pathway leading to downstream proliferation, migration, invasion, xenograft tumour growth and 

metastasis (Li et al., 2020; Llor et al., 1999). BRK has been highly characterized in prostate cancer 

as well, where BRK has been shown to localize within the nuclei of normal prostate cells while it 

is translocated to its oncogenic membrane localization in poorly differentiated prostate tumours 

where it promotes cell migration through the phosphorylation of p130CAS (Zheng and Tyner, 

2013). BRK’s presence in prostate cancer has allowed for valuable therapeutic targets of its 

associated kinases including EGFR, MET, IGF1R, and PI3K (Alwanian and Tyner, 2020). BRK 

has most comprehensively been characterized in breast cancer, from which it was originally cloned 

in 1994, due to having extensive elevated activation in breast cancers, where it is overexpressed in 

over 85% of breast carcinomas (Goel and Lukong, 2015; Mitchell et al., 1994). BRK has been 

shown to be activated downstream of receptors activated by ligands such as EGF, hepatocyte 

growth factor (HGF), and insulin growth factor (IGF), where breast cancer cell proliferation, 

migration, and cell cycle regulation promoted breast cancer oncogenesis (Goel and Lukong, 2015). 

Supporting this, Kaplan-Meier plots showing the probability of surviving a particular disease in a 

given length of time while considering time in many small intervals where it is assumed that at 

any time patients who are censored have the same survival prospects as those who continue to be 

followed, the survival probabilities are the same for subjects recruited early and late in the study, 
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and that the event happens at the time specified, demonstrate that the higher overexpression of 

BRK in breast cancer, the poorer prognosis, or lower OS, was seen in breast cancer patients 

(Figure 12) (Goel et al., 2010).  

 

 
 
Figure 12: Kaplan-Meier plot of BRK in breast cancer. The relationship of the overexpression 
of BRK in breast cancer and decreased overall survival, where the probability of surviving a 
particular disease in a given length of time while considering time in many small intervals where 
it is assumed that at any time patients who are censored have the same survival prospects as those 
who continue to be followed, the survival probabilities are the same for subjects recruited early 
and late in the study, and that the event happens at the time specified  (Goel et al., 2010). Obtained 
from KMplot.com.  
 

1.4.5.1 BRK in gastric cancer 

Although BRK’s functional role has been studied in many cancers including liver, lung, colon, 

prostate, and breast, it’s role in gastric cancer has yet to be investigated. Despite this, it has been 

shown that BRK overexpression is implicated in gastric cancer.  Among the frequently amplified 

PTKs in gastric cancer, overexpression of BRK has been observed (Kubo et al., 2009). 

Furthermore, BRK transcript and protein levels were significantly high in metastatic gastric cancer 

patients irrespective of tumor stage, suggesting that BRK could be a potential biomarker and 

therapeutic target for metastatic gastric cancer patients (Montenegro et al., 2020). More 
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specifically, it has been shown that the BRK loci is under natural selection in East Asians and that 

this positive selection for the BRK gene was mainly related with gastric cancer incidence (Jha et 

al., 2015). Further supporting this, Kaplan-Meier plots show a similar trend as with overexpressed 

BRK in breast cancer patients. When overexpressed BRK is seen in gastric cancer patients, the 

lower OS, or poorer prognosis, is also seen (Figure 13).  

 

 
 
Figure 13: Kaplan-Meier plot of BRK in gastric cancer. The relationship of the overexpression 
of BRK in gastric cancer and decreased overall survival, where the probability of surviving a 
particular disease in a given length of time while considering time in many small intervals where 
it is assumed that; at any time patients who are censored have the same survival prospects as those 
who continue to be followed, the survival probabilities are the same for subjects recruited early 
and late in the study, and that the event happens at the time specified  (Goel et al., 2010). Obtained 
from KMplot.com. 
 

2.0 RATIONALE, HYPOTHESIS, AND OBJECTIVES 

 

2.1 Rationale 

BRK overexpression has been characterized as a key contributor for oncogenicity in many cancers, 

namely liver, lung, colon, prostate, and breast (Peng et al., 2014; Zheng et al., 2013). As such, 

statistical evidence shows that BRK is also overexpressed in gastric cancer, where BRK transcript 

and protein levels were significantly elevated in metastatic gastric cancer patients irrespective of 
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tumor stage (Montenegro et al., 2020). More specifically, it has been shown that the BRK loci is 

under natural selection in East Asians and that this positive selection for the BRK gene was mainly 

related with gastric cancer incidence (Jha et al., 2015). This correlates with the fact that gastric 

cancer is most prevalent East Asian countries, with Japan and Mongolia have the highest number 

of cases in males and females, respectively, due to the phenomenon that East Asian cagA-positive 

H. pylori-mediated gastric cancer is the most common and oncogenic source of gastric cancer, due 

to East Asian CagA’s EPIYA-D sequence (Sung et al., 2021). CagA is known to be activated 

through the phosphorylation of its EPIYA motif by SFKs at the membrane once delivered via the 

T4SS (Higashi et al., 2002b; Selbach et al., 2002; Stein et al., 2002). An SFK itself, BRK is also 

known to act oncogenically at its membrane localization, suggesting that BRK could act as one of 

CagA’s activating SFKs. In addition, CagA has been shown to interact with E-cadherin to impair 

the formation of E-cadherin with β-catenin, therefore allowing β-catenin to accumulate in the 

cytoplasm, activating downstream Wnt/Notch signaling to promote tumorigenesis (Murata-

Kamiya et al., 2007). BRK has also been shown to promote EMT by regulating E-cadherin 

expression via SNAIL degradation therefore indirectly inhibiting the sequestering of β-catenin, 

allowing it to also localize to the cytoplasm where it can then contribute to the progression of 

Wnt/Notch signaling (Hatakeyama, 2017; Ito et al., 2016). In addition, both CagA and BRK 

activate STAT3 signaling leading to adenocarcinoma (Bronte-Tinkew et al., 2009; Gierut et al., 

2011).  Furthermore, just as CagA, BRK is known to activate the PI3K/AKT pathway, proposing 

that CagA and BRK may work together to activate PI3K/AKT signaling in gastric cancer (Ang et 

al., 2021; Hatakeyama, 2017). As such, there may be possible crosstalk between BRK and CagA 

in gastric cancer, mediated by the East Asian CagA strain of H. pylori (Jha et al., 2015). 

 

2.2 Hypothesis 

We hypothesize that BRK plays an oncogenic role in gastric cancer and that its expression 

promotes the proliferation, migration, and invasion of gastric cancer cells.  

 

2.3 Objectives 

1. To evaluate gene and protein expression of BFKs in gastric cancer cell lines. 

2. To evaluate the subcellular localization patterns of BFKs in gastric cancer cells. 

3. To evaluate the activation status of BRK in gastric cancer cells. 
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4. To generate BRK knockout gastric cancer cells to evaluate the effect of BRK on gastric 

cancer cell proliferation, migration, and invasion. 

 

3.0 MATERIALS AND METHODS 

 

3.1 List of Reagents 

Product Name Catalogue Number Manufacturer Address 
2X Laemmli S3401 Sigma Aldrich St. Louis, Missouri, 

USA 
Acrylamide 1610156 Bio-Rad Hercules, California, 

USA 
Acetic acid A465250 Fisher 

Scientific 
Walton, 
Massachusetts, USA 

Agar BP1425-2 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Agarose BP1360 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Ammonium persulfate (APS) A3678 Sigma Aldrich St. Louis, Missouri, 
USA 

Ampicillin 0339-25g Amresco Solon, Ohio, USA 
Aprotinin A26279-10 mL Sigma Aldrich St. Louis, Missouri, 

USA 
Biscacrylamide N’N-
methylene 

172 Amresco Solon, Ohio, USA 

Bovine serum albumin 0332 Amresco Solon, Ohio, USA 
Chloramphenicol Bp904-100 Fisher 

Scientific 
Walton, 
Massachusetts, USA 

Coomassie stain 161-0406 Bio-Rad Hercules, California, 
USA 

4’,6-diamidino-2-
phenylindole (DAPI) 

P36941 Invitrogen Waltham, 
Massachusetts, USA 

Disodium phosphate 
(Na2HPO4) 

S375-500 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Dimethyl sulfoxide (DMSO) TS-20684 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Dithiothreitol (DTT) Bp172-25 Fisher 
Scientific 

Walton, 
Massachusetts, USA 
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Ethyl alcohol S25310 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Ethylenediaminetetraacetic 
acid  
(EDTA) 

Bp120-500 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Filter paper 1703969 Bio-Rad Hercules, California, 
USA 

GST binding resin 70541-3 Novagen Reno, Nevada, USA 
Gel red 41002 Biotium Fremont, California, 

USA 
Glycerol  G5516 Sigma Aldrich St. Louis, Missouri, 

USA 
Glycine S80028 Fisher 

Scientific 
Walton, 
Massachusetts, USA 

Hydrochloric acid (HCl) A508-P500 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
(HEPES) 

H3375 Sigma Aldrich St. Louis, Missouri, 
USA 

IPTG IPT001.10 Bioshop Burlington, Ontario, 
Canada 

Kanamycin 420311 EMD 
Millipore 

Oakville, Ontario, 
Canada 

LB media Bp1426-2 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Laemmli 2X 1001698428 Sigma Aldrich St. Louis, Missouri, 
USA 

Lipofectamine 3000 L3000001 Invitrogen Waltham, 
Massachusetts, USA 

Methanol A452-4 Fisher 
Chemicals 

Walton, 
Massachusetts, USA 

NaCl 0241-5kg Amresco Solon, Ohio, USA 
Nitrocellulose membrane 1620115 Bio-Rad Hercules, California, 

USA 
Potassium Chloride AC193780000 Fisher 

Scientific 
Walton, 
Massachusetts, USA 

Polyethyleneimine (PEI)  408727 Sigma Aldrich St. Louis, Missouri, 
USA 

Phenylmethylsulfonylfluoride 
(PMSF) 

711OCN Omnipur Caldwell, Idaho, USA 
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Sodium dodecyl sulfate 
(SDS) 

L3771 Sigma Aldrich St. Louis, Missouri, 
USA 

Sodium orthovanadate 
(Na3VO4) 

567540 EMD 
Millipore 

Oakville, Ontario, 
Canada 

Skim milk DF0032173 BD Difco Franklin Lakes, New 
Jersey, USA 

Taq polymerase EP0401 Thermo 
Scientific 

Logan, Utah, USA 

N,N,N ́,N -́
tetramethylethylenediamine  
(TEMED) 

0761-CA-100 mL Amresco Solon, Ohio, USA 

Tris base Bp152-5 Fisher 
Scientific 

Walton, 
Massachusetts, USA 

Triton 100X T8787-100 mL Sigma Aldrich St. Louis, Missouri, 
USA 

Tween  BP337500 Fisher Walton, 
Massachusetts, USA 

 

Table 1: List of reagents. List of all reagents used.  

 

3.2 Cell culture 

All culture equipment and latex gloves were decontaminated with a thorough spraying of 70% 

ethanol before use. All cell lines were maintained in high glucose (4.5 g/L) Dulbecco’s modified 

eagle media (DMEM) or Roswell Park Memorial Institute (RPMI) 1640 media (with L-glutamine), 

supplemented with 10% fetal bovine serum (FBS) and 5% penicillin-streptomycin (PenStrep) 

where cells were split using 0.25% Trypsin-EDTA (Table 2). Waste comprising of cells, trypsin 

and other components was disposed of with 30% bleach (Javex/Labpro) and sent in double sealed 

bags for autoclaving to be further disposed. 
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Product Name Catalogue Number Manufacturer Address 
DMEM/High Glucose  Sh30243.01 Ge Hyclone Pittsburgh, 

Pennsylvania, USA 
RPMI-1640 Sh30255.01 Ge Hyclone Pittsburgh, 

Pennsylvania, USA 
Trypsin-EDTA  Sh30042.02 Ge Hyclone Pittsburgh, 

Pennsylvania, USA 
Fetal Bovine Serum 
(FBS) 

F1051 Sigma Aldrich St. Louis, Missouri, 
USA 

Penicillin-Streptomycin 
(PenStrep) 

Sv30010 Ge Hyclone Pittsburgh, 
Pennsylvania, USA 

Table 2: List of media. List of all media and media additives used. 

3.2.1 Cell lines used 

Cell lines used included, HEK293, AGS, NCIN87, and BT20 (ATCC) [Table 3]. HEK293, AGS, 

and BT20 cells were grown in DMEM supplemented with 10% FBS and 5% PenStrep, while 

NCIN87 cells were grown in RPMI 1640 media also supplemented with 10% FBS and 5% 

PenStrep. The gastric cancer cell lines AGS and NCIN87, are cultured from the stomach of a 54-

year-old Caucasian female with gastric adenocarcinoma and the stomach of a male gastric 

carcinoma patient of unknown ethnicity, respectively. 

 

Product Name Catalogue Number Manufacturer Address 
HEK293 CRL-1573 ATCC Manassas, Virginia, 

USA 
BT20 HTB-19 ATCC Manassas, Virginia, 

USA 
AGS CRL-1739 ATCC Manassas, Virginia, 

USA 
NCIN87 CRL-5822 ATCC Manassas, Virginia, 

USA 

Table 3: List of cell lines. List of all cell lines used. 

3.2.2 Transfection 

All cells were transfected when 70% confluency was achieved, where 2.5 µg of DNA was then 

combined with 110 µL of 150 mM NaCl (Amresco). 15 µL of 1% PEI (Sigma Aldrich) was added 
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and incubated for 10 minutes at room temperature. The entire contents were then dispensed 

dropwise into the well. Cells were allowed to incubate for 24-48 hours and were assessed for 

fluorescence. 

 

3.2.3 Cell lysate preparation 

Once 90-95% confluency was achieved in six-well plates, cells were lysed. Media was removed 

from wells and 200 µL of 2X Laemmli buffer was added to each well. The cells and buffer were 

then scraped until all cells were lifted and the buffer had become viscous. Buffer and cells were 

then pipetted into a new tube and were then boiled at 100 °C for 5 minutes. 

 

3.3 Western blotting 

Protein samples derived from either whole cell lysates or immunoprecipitates, were resolved via 

SDS-polyacrylamide gel electrophoresis (PAGE). SDS-PAGE was performed using the Mini-

Protein 4 gel electrophoresis system (Bio-Rad). 10% polyacrylamide gels were made comprising 

of 10% acrylamide, 0.8% bis-acrylamide, 0.4% SDS, 375 mM Tris HCl pH 8.8, 0.16% (w/v) APS, 

0.1% TEMED and H2O. The stacking gel comprised 4% acrylamide, 0.8% bis-acrylamide, 0.4% 

SDS, 125 mM Tris HCL pH 6.8, 0.24% (w/v) APS, 0.1% (w/v) TEMED and H2O. Protein samples 

and protein ladder (NEB) were boiled at 100 °C for 5 minutes prior to loading the gels (Table 5). 

The gels were run in 1X SDS running buffer at a constant voltage of 100 volts for 2 hours or until 

the bromophenol blue dye front passed through the gel. Following electrophoresis, the resolving 

gel is overlaid with nitrocellulose paper (Bio-Rad), which is laid in between two pieces of 2.45 

mm filter paper (Bio-Rad), all pre-soaked in transfer buffer. The assembly was placed into the 

Western blotting electroblotting apparatus (Bio-Rad) filled with transfer buffer and protein transfer 

was allowed to proceed for 1.5 hours at a constant voltage of 100 volts at 4 °C.  

 

3.3.1 Imaging 

Completed nitrocellulose membranes from Western blotting analysis are then blocked with skim 

milk, rinsed with PBS, and incubated with a primary antibody overnight at 4 °C (Table 4). The 

following day, membranes are incubated with their respective secondary antibody for 1.5 hours at 

room temperature in the dark (Table 4). The membranes are then rinsed with PBST before being 

scanned for imaging using the Odyssey® DLx (LI-COR, Lincoln, Newark, USA).  
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Product Name Catalogue Number Manufacturer Address 
Primary Antibodies 
β-actin (C4) sc-47778 Santa Cruz 

Biotechnology 
Dallas, Texas, 
USA 

BRK (G-6) sc-166171 Santa Cruz 
Biotechnology 

Dallas, Texas, 
USA 

FRK (H-12) sc-166478 Santa Cruz 
Biotechnology 

Dallas, Texas, 
USA 

SRMS (A-4) sc-374524 Santa Cruz 
Biotechnology 

Dallas, Texas, 
USA 

GFP (B-2) sc-9996 Santa Cruz 
Biotechnology 

Dallas, Texas, 
USA 

P-Tyr-1000 
(PY1000) 

8954S Cell Signaling 
Technology 

Danvers, 
Massachusetts, 
USA 

Secondary Antibodies 
IRDye® Goat anti-
Rabbit IgG 

P/N 926-32211 LI-COR Lincoln, Newark, 
USA 

IRDye® Goat anti-
Mouse IgG 

P/N 926-32210 LI-COR Lincoln, Newark, 
USA 

Normal Mouse IgG sc-2025 Santa Cruz 
Biotechnology 

Dallas, Texas, 
USA 

Normal Rabbit IgG 2729S New England Biolabs, 
Inc.  

Whitby, Ontario, 
Canada 

Beads 
Protein A  sc-2001 Santa Cruz 

Biotechnology 
Dallas, Texas, 
USA 

Protein G sc-2002 Santa Cruz 
Biotechnology 

Dallas, Texas, 
USA 

Protein Standards 
Broad Range Protein 
Standard (10-250 
kDa) 

P7719S New England Biolabs, 
Inc. 

Whitby, Ontario, 
Canada 

Table 4: List of antibodies. List of all primary and secondary antibodies, beads, and protein 
standards used. 

3.4 Immunofluorescence 

Immunofluorescence was performed by fixing cells on coverslips, where they were then stained 

with 2 μg/mL of primary antibody for 1 hour at room temperature (Table 4). Cells were then 
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washed with 0.1% Triton 100X followed by staining with the 1:200 appropriate secondary 

antibody (Table 4). Coverslips were then mounted on glass slides with DAPI cell stain to be 

imaged.  

 

3.5 CRISPR/Cas-9 knockout  

Targeting the BRK gene, a single guide ribonucleic acid (sgRNA) was designed and synthesized 

by IDT, then annealed and ligated into the BbsI site of pSpCas9(BB)-2A-GFP (pX458) vector 

(Addgene, Watertown, Massachusetts), as described (Ran et al., 2013). AGS cells were seeded at 

1 x 106 cells in a 6-well plate, 24 hours before transfection. 2.5 ug of DNA was transfected to each 

well using Lipofectamine 3000. After 18 hours of transfection, the cells were then transferred into 

a 10 cm dish containing 5 μg/mL puromycin (Sigma) and maintained in selection medium until 

clones were visible, creating a polyclonal colony. Clones from the polyclonal colony were then 

picked individually and grown in 6-well plates until confluency, then transferred to 10 cm dishes 

to generate monoclonal colonies. Gene knockout was confirmed by western blot and Fluorescence 

Activated Cell Sorting (FACS) analyses. 

 

3.5.1 Primer design 

The follow guide RNA sequence was used to target Exon 1 of the BRK gene for CRISPR/Cas9-

mediated knockout:  5′-AGCCUGGUCCCGGGACACCA-3′. 

 

3.6 Proliferation assay 

Cell proliferation was analyzed by measuring mitochondrial viability using the Cell Counting Kit 

8 (CCK8) assay (CK04-05, Dojindo Molecular Technologies, Inc., Kumamoto, Japan). The CCK8 

compound, water-soluble tetrazolium salt (WST-8), is reduced by mitochondrial dehydrogenases 

causing it to adopt an orange colour based on the number of viable cells. 1000 stable cells were 

seeded in 96-well plates and cultured in 100 μL culture medium. 10 μL of CCK8 solution was then 

added to each well, and cells were incubated for 3 hours at 37 °C, where the absorbance was then 

read at 450 nm every 24 hours for a 5-day period (Figure 14).   
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Figure 14: Experimental design of CCK8 proliferation assay. Schematic of a 5-day CCK8 
proliferation assay where WST-8 is allowed to incubate with cells for 3 hours at 37 °C and can 
then be reduced by mitochondrial dehydrogenases of viable cells causing it to adopt an orange, 
where absorbance is then read at 450 nm every 24 hours. Created with BioRender.com. 

3.7 Migration assay 

Cell migration was analyzed using a wound healing scratch assay where cells were seeded to each 

well of a 6-well plate and allowed to grow to 70% confluency. A 200 µL pipette tip was then used 

create a scratch down the center of each well. The closure of each scratch was monitored and 

recorded every 6 hours over a 48-hour period by measuring the distance within the wound using 

imageJ (Figure 15).  
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Figure 15: Experimental design of migration scratch assay. Schematic of a migration scratch 
assay where A 200 µL pipette tip was used create a scratch down the center of each well of a 6-
well plate containing approximately 70% confluent cells. The closure of each scratch was 
monitored and recorded every 6 hours over a 48-hour period by measuring the distance within the 
wound. Created with BioRender.com. 

3.8 Invasion assay 

Cell invasion was analyzed using the QCM ECMatrix Cell Invasion assay (ECM550, EMD 

Millipore, Oakville, Ontario, Canada), following the manufacturer’s instructions (Figure 16).  
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Figure 16: Experimental design of QCM ECMatrix invasion assay. Schematic of an invasion 
assay where 2x105 cells were seeded in basement membrane-like polycarbonate chambers with 8 
um pores in 300 µL of serum free media. Each chamber was placed in a well of a 24-well plate 
containing 500 µL of 10% FBS culture medium and incubated for two days at 37 °C. Following 
incubation, the insert was removed and placed in 500 µL of the kit-provided trypan blue cell stain 
for 20 minutes. The dye-stained cells were then allowed to dissolve in 10% acetic acid where the 
absorbance of invaded cells was read at 560 nm. Created with BioRender.com. 
 

4.0 RESULTS 

 

4.1 Summary 

BFK gene and protein expression was explored in AGS and NCIN87 gastric cancer cell lines, BFK 

subcellular localization was explored in the AGS cell line, the cell line used for further 

experimentation due to ease of cell culture. AGS was then subjected to CRISPR/Cas9-mediated 

BRK knockout which was validated through western blot and FACS analyses. Knockout effects 

were then analysed anti-proliferative effects were assessed using the CCK8 proliferation assay, 

migratory effects were assessed with a wound healing scratch assay, and invasion was analysed 

using the QCM ECMatrix cell invasion assay.  
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4.2 Expression of BFKs in gastric cancer cell lines 

 

4.2.1 Gene expression of BFKs in gastric cancer cell lines 

Although statistically genomic expression of some BFKs have been implicated in gastric cancer, 

there is no data demonstrating gene expression of BFKs in gastric cancer (Jha et al., 2015; Kubo 

et al., 2009). As such, expression of BFKs in gastric cancer cell lines was explored using Real-

Time Quantitative Reverse Transcription polymerase chain reaction (qRT-PCR). Gene expression 

of BRK, SRMS, and FRK was analysed using AGS and NCIN87 gastric cancer cell lines, 

normalized to β-actin gene expression. BRK gene expression is highly expressed in both cell lines 

whereas SRMS gene expression is slightly expressed, and FRK gene expression is poorly 

expressed (Figure 17).  

 

 

Figure 17: qRT-PCR expression of BFKs in gastric cancer cell lines. Quantitative RT-PCR 
analysis of BRK, SRMS, and FRK gene expression in AGS and NCIN87 gastric cancer cell lines 
where isolated RNA was subjected to cDNA synthesis and qRT-PCR with gene expression values 
normalized relative to β-actin gene expression. qRT-PCR was repeated three times with different 
cell lysates. Values are the means ± standard deviation (SD) (n = 3). 
 

4.2.2 Protein expression of BFKs in gastric cancer cell lines 

To investigate whether BFK protein expression correlates with the above-mentioned gene 

expression (Figure 17), BFK protein expression was analyzed in AGS and NCIN87 cell lines. 

Through western blot analysis relative to β-actin expression, BRK is highly expressed in both AGS 
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and NCIN87 cell lines, as compared to the BRK-expressing BT20 breast cancer cell line used as a 

positive control, as previously described (Miah et al., 2014). BRK was seen to be expressed at a 

higher level in NCIN87 as compared to AGS (Figure 18-A). SRMS expression was then explored 

in AGS and NCIN87 cell lines, using the SRMS-expressing BT20 breast cancer cell line as a 

positive control, as previously described (Goel et al., 2013). SRMS was seen to be highly expressed 

in the NCIN87 cell line, while expression levels were virtually undetectable in the AGS cell lines 

(Figure 18-B). Finally, FRK expression was explored in both AGS and NCIN87 cell lines, using 

the FRK-expressing FRK-WT-GFP-transfected HEK293 cell line as a positive control. FRK 

protein expression was not detectable in both gastric cancer cell lines, AGS and NCIN87 (Figure 

18-C). 
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Figure 18: Expression of BFKs in gastric cancer cell lines. Western blot and quantification 
analysis of; BRK in AGS and NCIN87 gastric cancer cell lines using the BRK-expressing BT20 
breast cancer cell line as a positive control (A); SRMS in AGS and NCIN87 gastric cancer cell 
lines using the SRMS-expressing BT20 breast cancer cell line as a positive control (B); and FRK 
in AGS and NCIN87 gastric cancer cell lines using the FRK-expressing HEK293 FRK-WT-GFP 
cell line as a positive control (C). Western blots were repeated three times with different cell 
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lysates, where protein quantification is relative to β-actin expression. Values are the means ± 
standard deviation (SD) (n = 3). 
 

4.2.3 Subcellular localization of BFKs in AGS gastric cancer cells 

The localization pattern of BFKs in gastric cancer cells is unknown. Therefore, 

immunofluorescence microscopy was used to analyze the subcellular localization of BFKs in AGS 

gastric cancer cells. We observed that in AGS, BRK localizes in a cyto-nuclear pattern, consistent 

with BRK’s cytoplasmic oncogenic localization (Goel and Lukong, 2015) [Figure 19-A]. SRMS, 

in AGS cells, localizes predominantly in cytoplasmic punctae, consistent with SRMS’ previously 

described localization pattern (Goel et al., 2013) [Figure 19-B]. Consistent with the lack of FRK 

protein and gene expression in AGS cells, FRK immunofluorescence is not significant enough to 

localize (Figure 19-C). Each subcellular BFK immunofluorescence analysis was done alongside 

their respective BFK-GFP transfected localization in AGS gastric cancer cells. Consistent with 

endogenous BRK in AGS cells, transfected BRK-WT-GFP localize in a cytonuclear pattern 

(Figure 19-A). SRMS-WT-GFP localize in cytoplasmic punctae, although mainly cytosolic, as 

compared to endogenous SRMS (Figure 19-B). FRK-WT-GFP transfected AGS cells show a cyto-

nuclear localization pattern with slight punctae organization, as compared to not being expressed 

at an endogenous level in AGS cells (Figure 19-C).  
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Figure 19: Subcellular localization of BFKs in AGS gastric cancer cells. Immunofluorescence 
expression of; endogenous BRK in AGS cells using BRK-WT-GFP transfected AGS cells as a 
positive control (A); endogenous SRMS in AGS cells using SRMS-WT-GFP transfected AGS 
cells as a positive control (B); and endogenous FRK in AGS cells using FRK-WT-GFP transfected 
AGS cells as a positive control (C). Endogenous BRK, SRMS, and FRK were detected using their 
respective primary antibodies whereas all transfected BRK, SRMS, and FRK were detected using 
GFP primary antibody. Images acquired at 40x magnification.  
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4.3 Activation status of BRK in gastric cancer cell lines 

To support our hypothesis that BRK promotes cellular processes such as proliferation, migration, 

and invasion in gastric cancer cells, BRK must be in its active state (Figure 11). Therefore, using 

immunoprecipitation analysis, the activity status of BRK in AGS and NCIN87 gastric cancer cell 

lines was explored, using the active BRK-expressing HEK293 BRK-YF-GFP cell line as a positive 

control, as previously reported (Miah et al., 2014). BRK was initially immunoprecipitated using 

anti-BRK antibodies, where the immunoprecipitates were then probed through western blot 

analysis using anti-BRK (Figure 20-1A) and anti-PY1000 (Figure 20-1B) antibodies, which 

corresponded to Mouse IgG and Rabbit IgG secondary antibodies, respectively. We found that 

BRK migrated at approximately the same level as IgG bands and therefore data was difficult to 

interpret. However, when blotted for phosphotyrosine, distinction was visible, and the data 

suggested that BRK exists in its active form in both AGS and NCIN87 gastric cancer cell lines. 

To further support these findings, phosphotyrosine was then immunoprecipitated using anti-

PY1000 antibodies, where the immunoprecipitates were then probed through western blot analysis 

using anti-BRK (Figure 20-2A) and anti-PY1000 (Figure 20-2B) antibodies. In both blots, it can 

clearly be seen that BRK is indeed in its active, or tyrosine phosphorylated, state, where the 

distinction between BRK and IgG bands is clear. Therefore, it is shown that BRK is activated in 

both AGS and NCIN87 gastric cancer cell lines. 
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Figure 20: Immunoprecipitation analysis of BRK’s activation status in gastric cancer cell 
lines. Immunoprecipitation analysis of BRK (1) and PY1000 (2) pulldowns, blotted against BRK 
(A) and PY1000 (B), respectively, in AGS and NCIN87 gastric cancer cell lines with the active 
BRK-expressing, BRKYF-GFP transfected HEK293 cells as a positive control. Immunoblotting 
the total cell lysate (TCL), and IgG were used as positive and negative controls, respectively.  The 
asterisk (“*”) represents the approximate position of BRK.  
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4.4 CRISPR/Cas9 BRK knockout in the AGS gastric cancer cell line 

 

4.4.1 CRISPR/Cas9-generated polyclonal BRK knockout in AGS gastric cancer cells 

To investigate BRK’s cellular role in gastric cancer, a CRISPR/Cas9 BRK knockout AGS cell line 

was generated. Upon initial knockout, a polyclonal AGS BRK knockout cell line was produced 

(AGS BRK-/- PC). To investigate knockout level, both western blot and FACS analyses was 

performed. Western blot analysis indicated that a knockout level of 88% was achieved, relative to 

parental AGS BRK protein expression, normalized to β-actin expression (Figure 21).  

 

 
 

 
 
 
 
Figure 21: BRK expression in CRISPR/Cas9-derived polyclonal AGS BRK-/- cells. Western 
blot and quantification analysis of BRK expression in AGS BRK-/- and parental AGS cells. 
Western blots were repeated three times with different cell lysates, where protein quantification is 
relative to parental AGS, and is normalized to β-actin. Values are the means ± standard deviation 
(SD) (n = 3). 
 
4.4.1.1 FACS analysis of CRISPR/Cas9-generated polyclonal BRK knockout in AGS gastric 

cancer cells  

BRK knockout in AGS cells was achieved using the GFP expressing pX458 vector, therefore, 

FACS analysis was used as an additional knockout quantification method. Through FACS 

analysis, graciously performed by Natasa Arsic of Dr. Philip Griebel’s lab (VIDO, University of 

Saskatchewan), the initial AGS BRK-/- PC cell line was shown to have successful BRK knockout, 

based on GFP expression and thus pX458 incorporation, of 97.16% (Figure 22).  
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Figure 22: FACS analysis of BRK in parental and BRK-/- AGS cells. Fluorescence activated 
cell sorting analysis for GFP BRK-/- PC AGS cells as compared to parental AGS with an FSC-
Height and SSC-Height forward and side scatter area, respectively, followed by a GFP and FSC-
Height forward and side scatter, respectively.  
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4.4.2 CRISPR/Cas9-generated monoclonal BRK knockout in AGS gastric cancer cells 

As polyclonal colonies do not represent consistent amounts of which the knockout plasmid was 

incorporated into each individual cell, the BRK-/- PC AGS cell line could not accurately be used 

to further explore BRK’s role in AGS gastric cancer cells. As such, a monoclonal knockout colony, 

or colony representing consistent knockout plasmid expression, was sought after. Colony picking 

was performed from the BRK-/- PC AGS cell line to produce 9 monoclonal BRK-/- (BRK-/- MC1-

9) AGS cell lines (Figure 23).  AGS BRK-/- MC1-9 cell lines were then subjected to western blot 

analysis to indicate which expressed the highest BRK knockout, based on protein expression 

(Figure 24). While unable to derive a monoclonal colony exhibiting a 100% knockout of BRK, 

western blot analysis concluded that BRK-/- MC2, with the highest knockout level of 95.4% based 

on protein expression, would be best used for all subsequent experiments, and will henceforth be 

referred to as simply “AGS BRK-/-”.  

 

Figure 23: Experimental design for generation of monoclonal CRISPR/Cas9-generated 
BRK-/- AGS cells. Schematic of the generation of CRISPR/Cas9-generated BRK-/- AGS cells, 
where upon generation of initial polyclonal BRK-/- AGS cells, colony picking was performed to 
generate 9 individual monoclonal BRK-/- AGS colonies.   
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Figure 24: BRK expression in CRISPR/Cas9-derived monoclonal AGS BRK-/- cell lines. 
Western blot and quantification analysis of BRK expression in nine monoclonal AGS BRK-/- and 
parental AGS cell lines. Western blots were repeated three times with different cell lysates, where 
protein quantification is relative to parental AGS, and is normalized to β-actin. Values are the 
means ± standard deviation (SD) (n = 3).  
 

4.5 Proliferation assay of BRK-/- and parental AGS gastric cancer cells 

Since high BRK transcript expression correlates with poor prognosis in gastric cancer patients 

(Figure 13), we hypothesize that like in breast cancer, BRK can promote gastric cancer cell 

proliferation (Goel and Lukong, 2015). To investigate BRK’s role in AGS gastric cancer cell 

proliferation, we subjected BRK-/- and parental AGS cells to a 5-day CCK8 proliferation assay. 

The CCK8 compound was left to incubate with the cells for 3 hours, where it is reduced by 

mitochondrial dehydrogenases, and absorbance was read every 24-hours for a 5-day period 
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(Figure 14). After 5 days, AGS BRK-/- cells proliferated significantly slower than parental AGS 

cells, with a p-value of 0.042 (Figure 25). Therefore, it can be concluded that BRK does indeed 

play a significant role in AGS gastric cancer cell proliferation. 

 

Figure 25: Proliferation assay of BRK-/- and parental AGS gastric cancer cells. Five-day 
CCK8 proliferation assay of both BRK-/- and parental AGS cells, where data was recorded every 
24 hours. CCK8 readings were repeated three times with different cell lysates, and were 
normalized to “Day 1” absorbance readings. Values are the means ± standard deviation (SD) (n = 
3). 
 

4.6 Migration assay of BRK-/- and parental AGS gastric cancer cells 

BRK has previously been shown to promote cell migration (Miah et al., 2012). To further 

investigate BRK’s role in AGS gastric cancer cell migration, BRK-/- and parental AGS cells were 

subjected to a 48-hour scratch assay, otherwise known as a wound healing assay. The closure of 

each scratch made by a pipette tip was monitored and recorded every 6 hours over a 48-hour period 

by measuring the distance within the wound (Figure 15). After 48 hours, AGS BRK-/- cells 

migrated significantly slower than parental AGS cells, with a p-value of 0.00017 (Figure 26). 

Therefore, it can be concluded that BRK does indeed play a significant role in gastric cancer cell 

migration. 
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Figure 26: Migration assay of BRK-/- and parental AGS gastric cancer cells. Forty-eight-hour 
migration scratch assay of both BRK-/- and parental AGS cells, where data was recorded every 6 
hours. Data is relative to the initial scratch opening at 0 hours, which was set to “100% open”. 
Scratch assays were repeated three times with different cell lysates. Values are the means ± 
standard deviation (SD) (n = 3).   
 

4.7 Invasion assay of BRK-/- and parental AGS gastric cancer cells 

BRK has been shown to mediate EGF-stimulated cell motility and invasion (Chen et al., 2004). 

To investigate further, BRK’s role in gastric cancer cell invasion was analyzed where BRK-/- and 

parental AGS cells were subjected to a QCM ECMatrix invasion assay, to investigate BRK’s effect 

on the ability of AGS cells to become motile and to navigate through the basement-like membrane 

ECM (Figure 16). After 48 hours, AGS BRK-/- cells invaded significantly slower than parental 

AGS cells, with a p-value of 0.044 (Figure 27). Therefore, it can be concluded that BRK does 

indeed play a significant role in gastric cancer cell invasion, based on basement-membrane 

invasion. 
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Figure 27: Invasion assay of BRK-/- and parental AGS gastric cancer cells. QCM ECMatrix 
cell invasion assay of both BRK-/- and parental AGS cells. Invasion assays were repeated three 
times with different cell lysates. Values are the means ± standard deviation (SD) (n = 3).   
 

4.8 Expression of CagA in gastric cancer cells  

To further investigate BRK’s role in gastric cancer, particularly in association with CagA, it was 

attempted both by transfection and electroporation methods to express CagA in gastric cancer 

cells. However, neither method was successful due to the inability to extract CagA plasmids from 

the plasmid-sourced filter paper. Electroporation was graciously performed by Glinton Hanover 

of Dr. Andrew Freywald’s lab (University of Saskatchewan).  

 

5.0 DISCUSSION 

 

5.1 Characterization of BFKs in gastric cancer  

 

5.1.1 BFK expression in gastric cancer 

Gastric cancer primarily presents itself in East Asia, where it was the main source of cancer-related 

deaths in 2020 in men in South Central Asia (Sung et al., 2021). This prevalence in East Asia can 

be attributed to East Asian CagA, the gastric carcinoma virulence factor most prevalent in H. 

pylori-mediated gastric cancer (Hatakeyama, 2017). Due to the specific EPIYA pattern, East Asian 

CagA contains an EPIYA-A, B, D pattern perfectly matching to the SH2 domain of one of CagA’s 
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main binding partners, SHP-2, critical for downstream gastric carcinogenesis (Higashi et al., 

2002a).  SFKs have been known to be major drivers in cancer as they exhibit the ability to regulate 

oncogenic properties such as cell adhesion, proliferation, and migration among others (Parsons 

and Parsons, 2004). Among the frequently amplified PTK genes in gastric cancer, there is 

amplification of the BRK gene (Kubo et al., 2009). Furthermore, it has been shown that both the 

BRK and SRMS loci on chromosome 20q13.33 are under natural selection in East Asia (Jha et al., 

2015).  Therefore, it can be reasoned that BFKs, in particular BRK, may play an important potential 

role in gastric cancer.  

 

5.1.1.1 BRK expression in gastric cancer 

In gastric cancer, the BRK gene has been shown not only to be highly amplified, but to also have 

positive selection in East Asia, where gastric cancer is most prevalent (Jha et al., 2015). As such, 

BRK’s gene expression was explored in gastric cancer cell lines AGS and NCIN87. In both gastric 

cancer cell lines, BRK has high gene expression as seen in qRT-PCR analysis (Figure 17). 

Therefore, BRK protein expression was then explored using western blot analysis, where BRK 

exhibited high protein expression in both AGS and NCIN87 gastric cancer cell lines (Figure 18-

A). BRK’s high gene and protein expression are indicative of BRK’s potential oncogenic role in 

gastric cancer. BRK amplification has been associated with many cancers, namely liver, lung, 

colon, prostate, and breast because of its ability to de-regulate cellular proliferation through various 

signaling cascades (Kamalati et al., 2000; Peng et al., 2014; Zheng et al., 2013). In addition, it has 

been shown that the overexpression of BRK in gastric cancer patients results in poorer OS, just as 

its effect in breast cancer patients, where BRK is a known oncogene (Figures 12 and 13) (Goel 

and Lukong, 2015).  

 

5.1.1.2 SRMS expression in gastric cancer 

Just as the BRK gene, the SRMS gene has been shown to have a positive selection in East Asia, 

where gastric cancer is most prevalent, as a result of being located on the same locus (Jha et al., 

2015). Although, SRMS has yet to have any conclusive link to any human disease state, it has been 

found to be differentially expressed in gastric cancer samples (Yoo et al., 2017). It has also been 

shown that SRMS is overexpressed in breast cancer, where expression correlates with tumour 

grade and severity (Goel et al., 2013). As such, SRMS’ gene expression was analyzed in gastric 
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cancer cell lines AGS and NCIN87. In both cell lines, SRMS had slight gene expression (Figure 

17). Therefore, SRMS’ protein expression was analyzed through western blot analyses. Notably 

minimal in the AGS gastric cancer cell line, SRMS had high protein expression in NCIN87 gastric 

cancer cells (Figure 18-B). This relationship of low gene but high protein expression in NCIN87 

cells could indicate that increased transcription is required to make up for protein insufficiency. 

This proposes that SRMS is possibly upregulated in an oncogenic manner in NCIN87, a 

mechanism requiring future investigation to be properly understood.  

 

5.1.1.3 FRK expression in gastric cancer 

FRK is known to be expressed in various cancers where it is mainly characterized as a tumour 

suppressor but has been known to act oncogenically, in particular in hepatocellular carcinoma 

(Goel and Lukong, 2016). As FRK has not yet been characterized in gastric cancer, its gene 

expression was analyzed in both AGS and NCIN87 cell lines. FRK has very little gene expression 

in these gastric cancer cell lines (Figure 17), and as a result its protein expression was investigated 

through western blot analysis which showed that FRK has negligible protein expression in both 

AGS and NCIN87 gastric cancer cell lines (Figure 18-C). It has previously been proposed that the 

potential involvement of FRK in breast cancer revealed the expression of the protein was found to 

be effectively lost in most malignant carcinomas (Berclaz et al., 2000). This proposes that FRK 

may act as a tumour suppressor in gastric cancer, potentially explaining its lack of protein 

expression in gastric cancer cell lines. 

 

5.1.2 Subcellular localization of BFKs in gastric cancer 

 

5.1.2.1 BRK subcellular localization in gastric cancer  

BRK’s subcellular localization plays a critical role in depicting what function BRK will play; 

whether an oncogenic or a tumour suppressive one. Therefore, BRK’s subcellular localization was 

explored in gastric cancer cells AGS and NCIN87. It was shown that at endogenous and transfected 

levels, BRK depicts a cyto-nuclear localization pattern in gastric cancer (Figure 19-A). This 

subcellular localization pattern proposes that BRK acts oncogenically in gastric cancer, as 

previously reported in other cancers, such as breast (Ie Kim and Lee, 2009). This association of 

oncogenic BRK with membrane localization can be attributed to the interaction of BRK with key 
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signaling proteins localized to the membrane, potentially such as CagA and other carcinogenic 

signaling proteins in gastric cancer, including β-catenin and STAT3 (Bronte-Tinkew et al., 2009; 

Gierut et al., 2011; Hatakeyama, 2017).  Once CagA is delivered to the inner membrane leaflet of 

the cell via the T4SS upon cagA-positive H. pylori infection, it is phosphorylated on its EPIYA 

motif by SFKs (Higashi et al., 2002b; Selbach et al., 2002; Stein et al., 2002). It can be proposed 

that due to BRK’s cyto-nuclear localization in gastric cancer, that it may act as one of the SFKs 

that is known to phosphorylate CagA’s EPIYA motif upon entry to the cell, leading to its 

activation. Furthermore, membrane localized BRK is known to regulate  β-catenin, through the 

regulation of SNAIL, where it can contribute to the progression of Wnt/Notch signaling, as well 

as activate STAT3, both indirectly and directly, leading to cell proliferation and survival, and it 

has also been shown to activate FAK, to dysregulate focal adhesions to promote cell migration 

(Hatakeyama, 2017; Ikeda et al., 2009; Ikeda et al., 2010; Ito et al., 2016; Liu et al., 2006; Zheng 

et al., 2013). These key signaling processes are not only implicated in gastric cancer 

carcinogenesis, but are also implicated with CagA signaling, therefore, BRK’s cyto-nuclear 

localization may play a role in gastric cancer carcinogenesis.   

 

5.1.2.2 SRMS subcellular localization in gastric cancer 

Although the least characterized SFK, SRMS is known, due to its lack of N-terminal 

myrystoylation sites, to not localize to the membrane. Rather, localization has been shown to be 

in unique cytoplasmic punctae structures in both breast and cervical cancers (Goel et al., 2013). 

This punctae subcellular localization pattern is dependent on SMRS’ N-terminus, which without 

SRMS has been shown to localize in a diffuse cytoplasmic pattern. In addition, SRMS’ activation 

status plays a role in its subcellular localization where kinase dead SRMS also localizes in a diffuse 

pattern (Goel et al., 2013). Therefore, SRMS’ subcellular localization in gastric cancer was 

explored. At both endogenous and transfected levels, SRMS expresses its characteristic 

cytoplasmic punctae localization (Figure 19-B). This localization pattern proposes that in gastric 

cancer, SRMS is indicated to be a mainly cytoplasmic protein, as previously described in other 

cancers. Due to the lack of research on SRMS’ possible substrates, its subcellular localization 

proves to be difficult to make any presumptions of binding partners. Despite this, it can be 

proposed that just as in breast cancer, there is a positive correlation between SRMS and the tumour 

suppressive adapter protein, Dok1, where the phosphorylation of Dok1 by SRMS promotes the 
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cytoplasmic sequestration of Dok1, inhibiting its tumour suppressive capabilities (Goel et al., 

2013).  

 

5.2 Analysis of the impact of BRK knockout in gastric cancer 

 

5.2.1 Effect of BRK knockout on gastric cancer cell proliferation 

Cell proliferation, or the ability and speed for cells to grow, is an imperative feature of 

carcinogenesis. BRK has been widely characterized for its prominent role in inducing cell 

proliferation and regulation of the cell cycle in cancers such as breast. It has been shown that BRK 

directly phosphorylates AKT potentiating cell proliferation, as well as increasing proliferation 

through the activation of Rac GTPase, ERK, MAPK, and STAT3 among others (Chen et al., 2004; 

Ikeda et al., 2011; Ikeda et al., 2010; Ostrander et al., 2007; Zheng et al., 2010). In addition, it has 

been shown that BRK potentiates proliferation through promoting the degradation of the tumour 

suppressor Dok1 (Miah et al., 2014). Therefore, it was of interest to investigate whether BRK 

carries the same essential oncogenic effect in gastric cancer. As such, comparing parental and 

BRK-/- AGS cells, a 5-day CCK8 proliferation assay was conducted where it was shown that, as 

hypothesized, BRK significantly potentiates AGS’ proliferative ability (Figure 24). This further 

supports BRK’s role in gastric cancer as an oncogenic one, and it can be proposed that just as 

previously characterized, BRK plays a role in a plethora of proliferation-mediating signaling 

pathways in gastric cancer, as other cancers previously depicted (Goel and Lukong, 2015).  

 

5.2.2 Effect of BRK knockout on gastric cancer cell migration 

Cellular migration, or the orchestrated movement of cells in a particular direction to a specific 

location due to chemical or mechanical stress, is another integral process in carcinogenesis and 

cancer formation and progression. Another process by which BRK has been heavily characterized 

and implicated in many cancers, again namely breast (Chen et al., 2004). Upon EGF stimulation, 

EGFR activates BRK resulting in BRK’s phosphorylation of paxillin further resulting in the 

activation of Rac, promoting the formation of lamellipodium and therefore, cell migration (Chen 

et al., 2004). Importantly, such effects on cell migration requires cytoplasm-located, or 

oncogenically located, BRK (Pires et al., 2014). As such, BRK’s effect on cellular migration in 

gastric cancer was explored through a scratch would healing assay comparing parental and BRK-
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/- AGS cells where it was shown that, as hypothesized, BRK significantly potentiates cell migration 

in gastric cancer (Figure 25). Due to the combination of BRK being expressed in a cyto-nuclear 

subcellular localization pattern and having a significant role in potentiating cellular proliferation 

in gastric cancer, this effect on cell migration further supports that BRK acts as an oncogene in 

gastric cancer.  

 

5.2.3 Effect of BRK knockout on gastric cancer cell invasion 

The ability of cells to become motile or to navigate through the extracellular matrix within a tissue 

or to infiltrate neighbouring cells is crucial for carcinogenesis and cancer progression. Previously 

characterized in breast cancers, BRK plays an important role in potentiating cellular invasion 

through phosphorylation of β-tubulin and kinesin associated protein 3A (KAP3A) (Lukong and 

Richard, 2008). Therefore, BRK’s role in gastric cancer cell invasion was studied comparing 

parental and BRK-/- AGS cells. As hypothesized, it was found that BRK’s role on potentiating 

gastric cancer cell invasion is significant, further proposing that in gastric cancer, BRK acts as an 

oncogene (Figure 26). Supporting BRK’s oncogenic cyto-nuclear subcellular localization pattern 

and its significant effect on promoting cell proliferation and migration, this effect on cell invasion 

further supports that BRK acts as an oncogene in gastric cancer.  

 

6.0 CONCLUSIONS AND FUTURE WORK 

 

6.1 Characterization of BFKs in gastric cancer  

Characterization of BFKs in gastric cancer propose that like other cancers, in particular breast, 

BRK and SRMS act oncogenically while FRK acts tumour suppressively. It has been shown that 

BRK has high gene and protein expression in gastric cancer cell lines while also expressing an 

oncogenic, cyto-nuclear subcellular localization. SRMS has been shown to have low gene 

expression but high protein expression in NCIN87 gastric cancer cells while exhibiting a 

cytoplasmic punctae localization pattern at an endogenous and transfected level. By contrast, FRK 

has negligible gene and protein expression in gastric cancer cell lines. Therefore, similar to BFKs 

in other cancers, BRK plays an oncogenic role, SRMS plays a proposed oncogenic role, while 

FRK acts tumour suppressively and therefore negligibly in gastric cancer.  
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6.2 Potential role of BRK in gastric cancer 

Due to BRK’s proposed oncogenic role in gastric cancer, and evidence that BRK is positively 

selected in East Asia, where gastric cancer is most predominant due to the prevalence of East Asian 

cagA-positive H. pylori-mediated infection, there is proposed cross signaling between BRK and 

CagA in gastric cancer (Jha et al., 2015). Due to BRK’s gene (Figure 17) and active protein 

expression (Figures 18 and 20) in gastric cancer, along with its cyto-nuclear subcellular 

localization (Figures 19), together with the phenomenon that CagA is sequestered to the inner 

leaflet of the membrane upon entry via the T4SS to be phosphorylated on its EPIYA motif by an 

SFK, it can be proposed that BRK may act as an SFK capable of phosphorylating and therefore 

activating CagA resulting in downstream EPIYA phosphorylation-dependent CagA signaling 

cascades (Figure 28). In addition, CagA’s complex with SHP-2 is known to activate FAK in order 

to lead to downstream disruption of adherens junctions playing a crucial role in the development 

of the hummingbird phenotype in gastric cancer, resulting in prominent cell motility (Hatakeyama, 

2006). BRK is also known to phosphorylate FAK leading to downstream cell survival, growth, 

and migration, leading to the proposal that BRK may work alongside CagA in gastric cancer to 

activate FAK (Figure 28), supported through BRK’s significant effect on gastric cancer cell 

migration and invasion (Zheng and Tyner, 2013) [Figures 26 and 27]. CagA is known to activate 

Wnt/Notch signaling through the deregulation and hence cytoplasmic sequestering of β-catenin, 

similar to BRK’s deregulation of β-catenin through the regulation of SNAIL allowing β-catenin to 

localize to the cytoplasm (Hatakeyama, 2017; Ito et al., 2016; Kikuchi et al., 2016; Murata-Kamiya 

et al., 2007). This proposes the possibility that BRK and CagA work harmoniously in gastric cancer 

to sequester β-catenin to the cytoplasm activating downstream Wnt/Notch signaling (Figure 28). 

Moreover, CagA has been shown to induce STAT3 in an EPIYA-phosphorylation-independent 

manner, similar to BRK’s modulation of STAT3, both directly and indirectly through its 

interaction with STAP-2 (Bronte-Tinkew et al., 2009; Ikeda et al., 2009; Ikeda et al., 2010). 

Likewise, this could also propose that CagA, in an EPIYA-phosphorylation-independent manner, 

and BRK may work together to activate STAT3 to further lead to cell proliferation and survival 

(Figure 28). Furthermore, CagA is known to ultimately activate the PI3K/AKT pathway through 

the EPIYA-phosphorylation-dependent mechanism of binding to PI3K via the phosphorylated 

EPIYA-B motif, as well as through the EPIYA-phosphorylation-independent mechanism of 
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CagA’s CM motif binding to c-Met thereby activating PI3K/AKT signaling (Churin et al., 2003; 

DiDonato et al., 2012; Hatakeyama, 2017; Suzuki et al., 2009). BRK is also known to activate the 

PI3K/AKT signaling pathway through the phosphorylation of AKT through its SH3 and SH2 

domains leading to AKT’s activation (Ang et al., 2021; Zheng et al., 2010). This could also propose 

that CagA, both in an EPIYA-phosphorylated dependent and independent manner, and BRK may 

work together to activate PI3K/AKT signaling (Figure 28). These proliferation-inducing 

mechanisms can be corroborated through BRK’s significant effect on gastric cancer cell 

proliferation (Figure 25). 
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Figure 28: The potential role of BRK in gastric cancer.  The proposed mechanisms of BRK in 
gastric cancer where it may activate CagA through phosphorylation of its EPIYA motif. In 
addition, CagA’s complex with SHP-2 is known to activate FAK (Hatakeyama, 2006). BRK is 
also known to phosphorylate FAK leading to downstream cell survival, growth, and migration 
(Zheng and Tyner, 2013). Furthermore, CagA is known to activate Wnt/Notch signaling through 
cytoplasmic sequestering of β-catenin, similar to BRK’s deregulation of β-catenin (Hatakeyama, 
2017; Ito et al., 2016; Kikuchi et al., 2016; Murata-Kamiya et al., 2007). Moreover, CagA has been 
shown to induce STAT3, similar to BRK’s modulation of STAT3 (Bronte-Tinkew et al., 2009; 
Ikeda et al., 2009; Ikeda et al., 2010). Furthermore, CagA is known to ultimately activate the 
PI3K/AKT pathway as is BRK (Ang et al., 2021; Hatakeyama, 2017). Created with 
BioRender.com. 
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6.3 Future work  

Due to the data presented in this project characterizing BFKs in gastric cancer, in particular BRK 

having significant gene and active protein expression, and oncogenic cyto-nuclear subcellular 

localization, it can be proposed that BRK may play a prominent role in cagA-positive, more 

specifically East Asian cagA-positive, H. pylori-mediated gastric cancer. BRK may play a 

potential role as an activator of CagA through the phosphorylation of CagA’s EPIYA motif upon 

cell entry, activating downstream EPIYA-phosphorylated-dependent CagA cell signaling 

pathways. Furthermore, BRK may also promote gastric carcinogenesis in a harmonious manner 

with CagA, either in an EPIYA-phosphorylated dependent or independent manner, through the 

activation of FAK, β-catenin, STAT3, and PI3K/AKT signaling pathways (Figure 28).  Future 

studies would involve the transfection of CagA in gastric cancer cells to further characterize and 

validate these proposed mechanisms of action.   
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