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ABSTRACT 
Colorectal cancer (CRC) affects millions of people every year globally. Abnormal cells 

utilize several mutated proteins and perturbed pathways to progress from a benign tumour 

to malignant cancer. Expression of proteins such as uPAR, integrin β6 and TGFβ have been 

extensively implicated by us and others in CRC.  

The primary aim of this thesis was to contribute additional knowledge to regarding the role 

TGFβ in CRC through investigation of the proposed hypothetical uPAR•αvβ6•TGFβ1 

interactome. This was achieved by using six CRC cell lines as model systems where 

expression levels of two known activator systems of TGFβ, namely integrin 6 (SW480Mock, 

SW480β6OE, HT29Mock, HT29β6AS) and the uPA protease receptor uPAR (HCT116WT and 

HT29uPARAS) have been artificially expressed or down regulated. The changes in these model 

systems following active TGFβ1 treatment were investigated using state-of-the-art 

proteomics and a cell signalling assay (i.e., AlphaScreen® SureFire® Assay) technologies 

in conjunction with sophisticated bioinformatics. The cells expressing β6 (SW480β6OE, 

HT29Mock, HT29β6AS) exhibited increased proliferation, invasion and wound healing upon 

treatment with TGFβ1. The cells with higher uPAR expression did not respond to 

(HCT116WT) TGFβ treatments. These results determined that malignancy was attained in a 

TGFβ-dependent manner when β6 was expressed or in a TGFβ-independent manner when 

uPAR was expressed. Additionally, the proteomic data presented in this thesis identified 

several perturbed proteins and biomolecular pathways that could be associated with CRC 

and has given important clues to understanding the role of TGFβ and the proposed 

hypothetical uPAR•αvβ6•TGFβ1 interactome. 

Additionally, an Olink Proseek study using Dukes’ stage A-D CRC patient plasma samples 

(1μL of plasma)  identified CEA, IL-8 and prolactin were determined to differentiate 

unaffected controls from non-malignant (Dukes’ A + B) and malignant (Dukes’ C + D) 

stages and were published as potential plasma Dukes’-stage CRC biomarkers.  

This thesis has demonstrated the immense power of high-throughput modern proteomic and 

multiplexing technologies to gain insights into the TGFβ associated CRC pathogenesis at 

detailed molecular level and to identify avenues for disease biomarker exploration.  
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CHAPTER 1 
INTRODUCTION 
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1.1 Colorectal Cancer  

1.1.1 Cancer – A global burden 
Cancer is not a modern disease and has clearly existed for many centuries [1].Cancer can be 

defined as by Ruddon [2] is the “abnormal growth of cells caused by multiple changes in 

gene expression leading to dysregulated balance of cell proliferation and cell death and 

ultimately evolving into a population of cells that can invade tissues and metastasize to 

distant sites, causing significant morbidity and, if untreated, death of the host” [2].  

The term ‘cancer’ often referred to as a single condition, is one of the most diverse class of 

pathologies studied and compromises of a large group of diseases that can arise and affect 

any part of the body. There are more than 100 types of cancer, classified primarily by the 

organ or the cell type of origin [3]. Histologically, cancer has been classified into five major 

groups: carcinoma, of epithelial origin; sarcoma, of connective tissues; leukaemia, of white-

blood cells; lymphoma, of the lymphatic system; and myeloma. Carcinoma, for example, is 

a type cancer that arises from epithelial cells/organs. Most common cancers like breast, 

colorectal, prostate and lung fall under the broad categorisation of carcinoma. For cancer to 

survive and metastasise to other organs, it was proposed that ‘normal’ healthy cells need to 

acquire six essential “hallmark” properties - self-sufficiency in growth signals, insensitivity 

to growth inhibition, evasion of apoptosis, uncontrolled cell growth, sustained angiogenesis, 

and tissue invasion and metastasis [4]. These six properties are however mostly acquired 

through genetic alterations in the cancer cells which are a result of rare malfunctioning of 

the human genome maintenance system and are exploited by cancerous cells. Despite the 

difficulty in acquiring the six hallmarks of cancer and the rarity of the associated genetic 

mutations, cancers have become one of the most feared disease of all times. 

The International Agency for Research on Cancer (IARC), estimated in 2012 that there were 

14.1 million new cancer cases, 8.2 million cancer deaths and 32.6 million people living with 

cancer (within 5 years of diagnosis), with 57% (8 million) of the new cases and 65% (5.3 

million) of the cancer deaths, and 48% (15.6 million) of the 5-year prevalent cancer 

occurring in the economically underdeveloped parts of the world [5, 6]. In 2014 the World 

Cancer Report predicted that the number of cancer cases per annum will increase to about 

22 million resulting in up to 13 million deaths within the next two decades [7]. According to 

the IARC the three most commonly diagnosed cancers globally were lung (1.82 million), 

breast (1.67 million) and colorectal (1.36 million) and the most common cause of cancer 

deaths were lung (1.61 million), liver (745, 000), and stomach (723,000) [7], Figure 1. 
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Figure 1 - Global cancer statistics. Incidence and Mortality rates comparison between more and 
less developed regions. a) Males, b) females. Image source [6, 7] 

1.1.2 Significance of CRC: Statistics  
Colorectal cancer (CRC), specifically, in 2012 was the third most common cancer globally, 

with 9.7% of total cancer cases, almost 55% of which occurred in well developed countries. 

It is the third most common cancer in men (746,000 cases, 10% of total) and the second in 

women (614,000 cases, 9.2% of total). The highest incidence rates of CRC were observed 

in Australia/New Zealand (age-standardized ratio 44.8 and 32.2 per 100,000 in men and 

women respectively) and lowest in western Africa (4.5 and 3.8 per 100,000), (figure 2). CRC 

was the fourth most common cause of cancer deaths (694,000 deaths, 8.5% of total) in 2012 

with 52% of deaths in less developed countries which reflects the lack of better prognosis in 

those regions [6].  
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Figure 2 - Colorectal cancer statistics. Estimated (age-standardised rates (World) per 100,000) 
incidence, Mortality and prevalence in 2012. Image source [6, 7]. 

1.1.3 Aetiology of CRC  
The precise cause of CRCs is not very well understood. However, a number of risk factors 

have been associated with CRC although the sporadic nature of this disorder continues to 

baffle the research community [8]. Some of these include increasing age, gender, personal 

and/or family history of CRC, colonic polyps, inflammatory bowel disease, ulcerative colitis 

or Crohn’s disease, ethnic background, and various environmental factors [8, 9]. Genetic 

alterations have also been implicated with increased risk of CRC and are detailed in section 

“1.1.10 Carcinogenesis and Genetic alterations during CRC”. 
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Advancing age is a risk factor for CRC, as more than 90% of the people diagnosed with CRC 

are over 50 years of age. In Australia, the lifetime risk of developing CRC before the age of 

75 years is approximately 1 in 19 men and 1 in 28 women [10], which is the highest rate 

globally. Kim et.al recently showed that females over 65 years with CRC showed higher 

mortality and lower 5-year survival than males of the same age [11]. 

Most cases of CRC occur in individuals without any personal or family history of CRC or 

its associated diseases. Approximately 20-25% of cases occur in individuals with a familial 

history of CRC. The risk of developing CRC increases for the other family members either 

by having more than one relative with CRC, or having CRC diagnosed at a younger age [8, 

9]. The diagnosis of CRC or colonic polyps, in a first-degree relative, before the age of 60 

is an increased risk and may vary extensively, with none to a 6.3-8 fold increased risk [12].  

Various lifestyle risk factors are involved in the development of CRC. A few important ones 

are diets high in fat and cholesterol and/or low in fiber, alcohol consumption, smoking, or, 

sedentary lifestyle. It is believed that alcohol stimulates gastro intestinal cell proliferation 

and promotes carcinogenesis in the presence of unabsorbed carcinogens such as nitrosamines 

[13, 14]. There is also strong evidence that smoking increases risk for CRC [15, 16]. Study 

by Giovannucci showed that long-term, heavy cigarette smokers have a 2-3 fold increased 

risk of CRC [16]. Carr et.al  also showed that high consumption of beef and lamb was 

associated with increased risk of CRC [17]. 

1.1.4 Anatomy of the colon and rectum 
An understanding of normal colon or large intestine anatomy is crucial to study the 

development of CRC. The colon is about 5 feet (150 cm) long and divided into five major 

segments: caecum, ascending colon, transverse colon, descending colon and sigmoid colon. 

The rectum is the last anatomic segment of the colon before the anus (see Figure 3a). The 

walls, colon and rectum are composed of five distinct cellular layers – mucosa, submucosa, 

muscularis propria, subserosa and serosa as shown in Figure 3b. The serosa is absent in 

most of the rectum [9, 18]. The mucosa is the inner lining of the colon wall including the 

thin layer of epithelium, connective tissue (lamina propria) and a thin muscle layer 

(muscularis mucosa). In presentations of CRC, polyps are usually shown to begin in the 

mucosal layer and further penetrate the colon wall to metastasise. The submucosa surrounds 

the mucosa and contains the glands, blood and lymphatic vessels, and nerves. The muscularis 

propria comprises circular and longitudinal muscle layers that assists in peristalsis whist the 

subserosal layer consists of connective and fat tissues that supports the colon. The serosal 

layer derived from the visceral peritoneum, is the most superficial layer that surrounds the 
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colon and is made of sessile or pedunculated fat masses that protect the large intestine from 

damage. 

 

Figure 3 - (a) Basic anatomy of the colon and rectum (b) and the layers of colon and 
rectum wall. Images adopted from [19, 20]. 

1.1.5 Symptoms of CRC 
Colorectal cancer presents with many common symptoms of over a long period of time. The 

most commonly noted symptoms of CRC are rectal bleeding, abdominal pain, change in 

bowel habits, anaemia and weight loss [21]. During CRC onset, these symptoms may 

manifest in combinations rather than in isolation [22]. Majumdar et.al and Astin et.al have 

showed that rectal bleeding is often accompanied by anaemia [21, 22]. However, most of 

these symptoms are reasonably common in general population. For example, a study by 

Fijten et al. showed that of the 3-15% of the population that present with rectal bleeding, 

only 3% of these actually are CRC patients [23]. Due to the high percentage of commonality 

between the symptoms exhibited by the general population and CRC patients it is very 

difficult to ascertain the exact observable symptoms that are specific only to the CRC 

patients. However, it may be possible to determine a set of “CRC specific” symptoms by 

evaluating the common symptoms based on severity, frequency and persistence rather than 

occurrence [24]. Surprisingly, duration of the symptoms do not correlate with development 

of CRC [25, 26] or provide any clinical utility. This lack of a “standard CRC diagnosis chart” 

makes it difficult for health practitioners to diagnose CRC at early stages, and can only rely 

upon a combination of ‘unstandardized’ staging systems.  
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1.1.6 Staging of CRC 
The staging of CRC is primarily based on how deep the cancer has penetrated the bowel wall 

and/or spread to other organs. Colonic polyps usually begin within the mucosal layer which 

then penetrate the submucosal layer and enter the lymph nodes after which the cancers spread 

to distant organs. Regrettably, more than 75% of CRC patients present with this late stage 

cancer whose 5-year survival rate is very low [27, 28]. The stage of a tumour, clinical or 

pathological, is a description of a tumour that informs the prognosis of the disease. The two 

most commonly used CRC staging systems globally are: the TNM (Tumour, Nodes, 

Metastasis) and the Dukes’ system. The TNM staging system is based on the local spread 

(T-stage), lymph-node spread (N-stage) and the distant metastasis to distant organs (M-

stage) while the Dukes’ system also assess all these features though it reports the stages in a 

single-lettered format. However, these two systems do not consider the size of the tumour as 

a factor and only consider the pathological information while staging them. A more recent, 

not so very commonly used alternative staging system, is the Australian Clinico-Pathological 

Staging (ACPS) system which is similar to Dukes’ on how it reports CRC stage. ACPS uses 

additional clinical, radiologic, operative, and pathological data for staging along with the 

pathological information that is commonly used in the TNM and Dukes’ staging systems 

[29]. The Dukes’ staging system is summarised in Figure 4 and its comparison with TNM 

staging is shown in Table 1. 

 

Figure 4 - The Dukes’ staging system in the context of CRC. It is based on the depth of 
tumour progression and the presence or absence of metastasis. Benign polyp: Cancerous are still 
confined to the mucosal layer; Stage A: The tumour is still confined to the inner most lining of colon; 
Stage B: The tumour has spread into the muscle layer of the colon but no further; Stage C: The 
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tumour cells have spread to lymph nodes near the colon; Stage D: The tumour has metastasised to 
distant sites organs e.g. liver or lungs. Image adapted from [30]. 

Table 1 Comparison of Dukes’ and TNM classification of CRC§. Key is shown at the bottom 
of the table. 

Dukes' 
System 

TNM System 
(by American Joint Commission of Cancer) 

Associated 
5-year 

survival 

Stages Stages Primary 
Tumor (T) 

Lymph 
node (N) 

Distant 
metastasis (M) 

  

  Stage 0 Tis/T0 N0 M0   
        

A Stage I 
T1 N0 M0 >90% 

B1 T2 N0 M0 >85% 
       

B2 Stage IIA T3 N0 M0 80% 
B2 Stage IIB T4 N0 M0 72% 

       
C Stage III 

Any T N1 or  N2 M0 42-64% 
C2 Any T N3 M0 27-44% 

       
D Stage IV Any T Any N M1 <10% 

TX – primary tumor cannot be assessed 
T0 – no evidence of primary tumor 
Tis – carcinoma in situ present 
T1 – tumor invades submucosa 
T2 – tumor invades muscularis propria 
If Serosa present (colon wall) 
      T3 – tumor invades through muscularis 
               propria into subserosa but not 
               through Serosa 
      T4 – tumor invades through serosa and 
               spreads to adjoing organs or 
               structures 
If Serosa absent (rectal wall) 
      T3 – tumor invades through muscularis 
              propria 
      T4 – tumor invades through other 
               organs 

NX – regional lymph nodes cannot be 
assessed 
N0 – no regional  node metastasis 
N1 – metastasis in 1-3 regional nodes 
N2 – metastasis in ≥4 regional nodes 
N3 – positive for central nodes 
 
MX – distant metastasis cannot be assessed 
M0 – no distant metastasis 
M1 – distant metastasis 

§Data adapted from [31] 
 

Despite the availability of these staging systems, it has been difficult for health practitioners 

and clinicians to precisely identify the stage of the disease as there are no standard 

histological or morphological parameters for evaluation of the samples. It would be useful 

to develop a standardised staging system that can be used objectively by evaluating the 

expression signatures of biomarkers or normal protein that are expressed in the tumour cells. 

Developing such a staging system will be advantageous to health practitioners and clinicians, 

and will substantially speed up the diagnosis of the disease and treatments that follow it. 
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1.1.7 Biomarkers associated with CRC 
A biomarker is a characteristic that is objectively measured and evaluated as an indicator of 

normal biologic processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention [32]. According to the National Cancer Institute (NCI) a biomarker 

is “a biological molecule found in blood, other body fluids, or tissues that is a sign of a 

normal or abnormal process, or of a condition or disease” such as cancer [33]. Biomarkers 

can typically be used to differentiate a healthy person from a diseased person and also be 

study the response of body to various treatments. Various molecules, such as proteins, 

peptides, microRNAs and DNA amongst others, can be used as biomarkers. Several studies 

have shown that a biomarker can also be a collection of alterations can be used in a “panel”.  

Biomarkers can be used to estimate risk of disease, screen for primary cancers, distinguish 

benign from malignant or different types of malignancies from one another, determine 

prognosis for patients who have been diagnosed with cancer, and monitor status the disease, 

either to detect recurrence or determine response or progression to therapy [34]. For 

example, carcinoembryonic antigen (CEA) is used to monitor CRC recurrence. Most 

commonly it is used to monitor CRC patients, following adjuvant therapy, with the goal of 

detecting liver metastases [35]. Another such example is the use of KRAS mutation as a 

predictive biomarker to predict response to anti-EGFR therapy in CRC patients [36].  

A multitude of potential biomarkers for cancers including CRC have been identified and 

reported in the literature are summarised in Table 2. However, there are very few Food and 

Drug Administration (FDA) approved biomarkers for CRC [37, 38]. Despite a global 

research effort and reports of multi-marker panels or gene signatures, there are very few 

FDA diagnostic panels for CRC. Additionally, it is not possible for all the reported proteins 

or genes to be used as biomarkers due to the fact that majority of these are not carefully 

designed and tested in randomized clinical trials which is required prior to FDA approval. 

Therefore, it is important to scrutinize these potential biomarkers before they can be 

clinically translated for early stage diagnosis, where it is still resectable. Therefore, 

identification of a CRC-specific early stage biomarker panels could be an advantage to the 

patients and increase the overall survival. Importantly, these panels need to have high 

specificity and sensitivity for detection. The NCI defines specificity as “the percentage of 

people who test negative for a specific disease among a group of people who do not have 

the disease” and sensitivity “may describe how well a test can detect a specific disease or 

condition in people who actually have the disease or condition”. No test is 100% specific 
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nor will it be 100% sensitive because some people without the disease or the condition will 

test positive for it (false positive result) and those with the disease or condition will test 

negative for it (false negative result).  

1.1.8 Early diagnosis and screening for CRC 
The early detection of CRC is essential to determine the stage related prognosis. Despite the 

availability of numerous screening strategies aggressive surgical therapies and extensive 

research on the genomic, molecular and cellular basis of CRC, detection at the earliest stages 

remains elusive. It is very well known that CRCs develop over time, can take as long as ten 

years or more, which gives plenty of opportunities to diagnose the CRC at early-stages [39]. 

If found, early-stage CRC is associated with good 5-year survival rates (> 90%) following 

simple (often curative) surgical resection, while patients diagnosed with later stage cancers 

(ACPS C or D) experience recurrence and distant metastases leading to poor 5-year survival 

rates of less than 10% [4]. The early detection of CRC might be improved by implementing 

various ‘currently’ available CRC screening strategies and emerging assays, summarised in 

Table 1 of publication I. 

The most commonly used method for screening of CRC is by testing the stool using fecal 

occult blood test (FOBT) or fecal immunochemical test (FIT) [40-42]. Studies have shown 

that FOBT, when performed every 1 to 2 years in people aged 50-80, can help reduce the 

number of deaths due to CRC by 15-33% [43, 44]. However, FOBT and FIT have limited 

sensitivity compared to colonoscopy and sigmoidoscopy which have a sensitivity of >95%. 

Despite the high sensitivity of colonoscopy and sigmoidoscopy these are often invasive and 

can be painful for some patients. Other screening strategies include barium enema that used 

X-ray examination, rectal ultrasound and/or PET/CT scan [39-42, 45]. There are also new 

and emerging non-invasive screening assays that test for expression changes of proteins, 

microRNAs (miRNA) and DNA methylation patterns using blood or serum samples. The 

most promising test stool DNA test to date is comprised of a panel of four methylated genes 

(BMP3, NDRG4, vimentin, TFPI2), a mutant form of KRAS and α-actin as the internal 

reference control. This panel was able to accurately detect Stage I-III CRC patients with 

87% sensitivity at 90% specificity in a training set and with 78% sensitivity at 85% 

specificity in a test set (combined sensitivity of 85% at 90% specificity) and is awaiting FDA 

approval [37]. Based on the results from one or more screening tests, CRC can be staged and 

the associated prognosis and available treatment options reported to the individual.  
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Table 2 Summary of potential CRC biomarkers identified in the last 10 years. 

Candidate Biomarker Sample Type Mechanism 
Colorectal 

cancer stage 
Sensitivity 

(%) 
Specificity 

(%) 
Reference 

Protein Biomarkers       

3 protein panel - IGFBP2, DKK3 and 
PKM2 

Blood/serum   
73 95 [46] 

4 protein panel - DK-BLY, CEA, Ca 19-9, 
S-p53 

Blood/Serum Aberrantly expressed 
protein isoforms 

CRC 
61 80 [47] 

6 protein panel - 
SULF1,NHSL1,MST1,GTF2i,SREBF2,GRN 

Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
74 72 [48] 

Alpha 1-antitrypsin Blood/Serum   87 73 [49] 

Amphiregulin Blood/serum  Dukes' A, C 
from CRC 

nd nd [50] 

C3a-desArg Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
61 93 [51] 

   Adenoma 79 78  

CEA Blood/Serum Over expression of 
proteins in cancer 
tissue 

CRC 
22 100 [52] 

   Adenoma+ 
Stage I CRC 

21 100  

   Dukes' A, B, C, 
D 

53 93 
[49, 50, 
53, 54] 

Collagen type X alpha1 (CPL10A1) Blood/serum  Controls from 
Adenoma and 
colon cancer 

63 85 [55] 

CXCL11 Blood/serum  Dukes' A, C 
from CRC 

nd nd [50] 



 

12 
 

CXCL5 Blood/serum  Dukes' A from 
D 

nd nd [50, 56] 

GRN Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
59 58 [48] 

GTF2i Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
52 58 [48] 

IL6 Blood/serum  Dukes' B from 
Dukes' A and 
controls 

27 95 [50] 

IL8 Blood/serum  Dukes' A, D 
from controls 

30 95 [50, 57] 

MMP9 Blood/Serum Over expression of 
proteolytic enzymes 

CRC 
79 70 [58] 

   CRC 55 nd [59] 

MMP9 + CEA Blood/Serum Proteolytic enzyme 
degradation 

CRC 
75 nd [59] 

MMP9+TIMP-1 Blood/Serum Proteolytic enzyme 
degradation 

CRC 
75 nd [59] 

MST1 Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
71 46 [48] 

MUC1 + MUC4 Blood/Serum Auto-antibodies with 
altered glycosylation 
and expression 

CRC 
79 92 [60] 

NHSL1 Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
52 52 [48] 
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RPH3AL auto-antibodies Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
73 84 [61] 

   Dukes' A+B 65 nd  

   Dukes' C+D 78 nd  

S100A8 Blood/Serum Over expression of 
proteins in cancer 
tissue 

CRC 
41 95 [52] 

   Adenoma+ 
Stage I CRC 

32 95  

S100A9 Blood/Serum Over expression of 
proteins in cancer 
tissue 

CRC 
44 95 [52] 

   Adenoma+ 
Stage I CRC 

40 95 [52] 

sCD26 Blood/Serum Diminished protein 
expression 

CRC 
82 79 [62] 

   CRC+adenoma 58 76  

SREBF2 Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
61 48 [48] 

SULF1 Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
74 50 [48] 

TIMP-1 Blood/Serum Proteolytic enzyme 
degradation 

CRC 
61 100 [59] 

Transthyretin Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
61 100 [51] 

   Adenoma 86 68  
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Transthyretin + C3a-desArg Blood/Serum Auto-antibodies 
targeting tumor-
associated antigens 

CRC 
61 100 [51] 

   Adenoma 96 70  

TuM2-PK Stool Isoenzyme 
expressionin 
proliferating cells 

Adenoma 
28 NS [63] 

   Adenoma 26 NS [64] 

   Adenoma 38 NS  

   Adenoma <1cm 20 NS [65] 

   Adenoma >1cm 60 92  

   CRC 78 74 [64] 

   CRC 85 NS [63] 

   CRC 91 NS [65] 

   CRC 68 79 [66] 

   CRC 81 71 [67] 

   CRC 78 93 [68] 

   Dukes' A/B 67 NS [63] 

   Dukes' A/B/C/D 67/61/67/100 NS [66] 

   Dukes' A/B/C/D 60/76/89/90 NS [68] 

   Dukes' C/D 89 90 [63] 

Integrin β6 Tissue Overexpression in 
cancer tissue 

ACPS B and C NS NS [69] 

SATB2 Tissue Antibody expression CRC 85 NS [70] 

SATB2 + CK20 Tissue Antibody expression CRC 97 NS [70] 

uPAR Tissue/serum Expression in tissue 
samples 

ACPS B and C NS NS [49, 71] 
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mRNA Biomarkers       

miR-532-3p, miR-331, miR-195, miR-
17, miR-142-3p, miR-15b, miR-532, 
and miR-652 

Blood/Plasma RNA expression Polyps from 
controls 88 64 [72] 

miR-601 and miR-760 Blood/Plasma RNA expression CRC to normal 
controls 

83.3 69.1 [73] 

   Adenomas to 
normal 
controls 

72.14 62.1  

miR17-3p Blood/Serum Tumor-associated 
RNA expression 

CRC 
64 70 [74] 

miR-19a-3p, miR-223-3p, miR-92a-3p 
and miR-422a 

Blood/Serum RNA expression CRC from 
Adenoma and 
controls 

84.3 91.6 [75] 

miR21 Blood/Serum Tumor-associated 
RNA expression 

CRC 
90 90 [76] 

miR29a Blood/Serum Tumor-associated 
RNA expression 

CRC 
69 89 [77] 

   Adenoma 62 85  

miR29a + miR92a Blood/Serum Tumor-associated 
RNA expression 

CRC 
83 85 [77] 

   Adenoma 73 80  

miR601 Blood/Serum RNA expression CRC 70 72 [77] 

   Adenoma 72 52  

miR760 Blood/Serum RNA expression CRC 80 72 [73] 

   Adenoma 69.8 62  

miR92 Blood/Serum Tumor-associated 
RNA expression 

CRC 
89 70 [74] 

miR92a Blood/Serum Tumor-associated 
RNA expression 

CRC 
84 71 [77] 
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   Adenoma 65 81  

Panel miR760 + miR 29a + miR92a Blood/Serum RNA expression CRC 83.3 93 [73] 

COX2 mRNA Stool Over expression of 
mRNA 

CRC 
87 100 [78] 

   Dukes' A/B/C/D 77/96/82/82 NS  

MMP7 mRNA Stool Over expression of 
mRNA 

CRC 
65 100 [78] 

   Dukes' A/B/C/D 38/78/73/55 NS  

COX2 mRNA + MMP7 mRNA Stool Over expression of 
mRNA 

CRC 
90 NS [78] 

       

DNA Biomarkers       

4 gene panel - APC, MGMT, RASSF2A, 
Wif-1 

Serum/plasma DNA 
hypermethylation 

CRC 
86.5 92 [79] 

   Adenoma 75 91  

4 gene panel – RARB2, P16INK4A, 
MGMT, APC 

Stool DNA 
hypermethylation 

CRC 
62 NS [80] 

   Adenoma 40 NS  

5 gene panel - CDA, MGC20553, 
BANK1, BCNP1, MS4A1 

Serum/plasma DNA 
hypermethylation 

CRC 
94 77 [81] 

6 Gene panel - CYCD2, HIC1, PAX 5, 
RASSF1A, RB1, SRBC 

Serum/plasma DNA 
hypermethylation 

CRC 
83.7 68 [82] 

   Adenoma 55 64  

6 Gene panel—APC, ATM, hMLH1, 
sFRP2, HLTF, MGMT 

Stool Overexpression of 
mRNA + DNA 
hypermethylation 

CRC 
75 90 [83] 

ALX4 +SEPT9 Serum/plasma DNA 
hypermethylation 

Precancerous 
Colorectal 
lesion 

71 95 [84] 
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APC Serum/plasma DNA 
hypermethylation 

CRC 
57 86 [85] 

   Stage I 57 89  

BMP3, NDRG4, VIM, TFPI2 and a 
mutant KRAS 

Stool DNA methylation Cancer 
68-86 77-92 [86-89] 

   Adenoma (Size 
>1 cm) 

52-73 85-92 [86-89] 

   Adenoma (Size 
≥1 cm) 

45-62 85-92 [86-89] 

Calprotectin Stool  CRC 72 75.5 [90] 

   Adenoma 28 NS  

COX2 DNA + mRNA Stool Overexpression of 
mRNA + DNA 
hypermethylation 

CRC 
50 93 [83] 

   Adenoma 4 NS  

DAPK1 Serum/plasma DNA 
hypermethylation 

CRC 
50 74 [85] 

   Stage I 43 70  

E-cadherin Serum/plasma DNA 
hypermethylation 

CRC 
60 84 [85] 

   Stage I 48 87  

FHIT Serum/plasma DNA 
hypermethylation 

CRC 
50 84 [85] 

   Stage I 29 67  

Long DNA Stool DNA promoter 
methylation 

CRC 
53 83.3 [91] 

   CRC 79 92  

   Adenoma 17 NS  

NDRG4 Stool DNA promoter 
methylation 

CRC 
61 93 [92] 
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NGFR Serum/plasma DNA 
hypermethylation 

CRC 
33 95 [93] 

SEPT9 Serum/plasma  CRC 90 88 [94] 

   Stage I/II/III/IV 71/90/100/100   

   Stage I + II 87   

   CRC 52 95 [93] 

    67-96 81-99 [95-98] 

SFRP2 Stool DNA 
hypermethylation 

CRC 
87 NS [99] 

   Adenoma 62 76.8  

SMAD4 Serum/plasma DNA 
hypermethylation 

CRC 
52 64 [85] 

   Stage I 47 87  

SP20 Stool DNA 
hypermethylation 

CRC 
80 100 [100] 

SPG20 Tissue DNA 
hypermethylation 

CRC 
88 NS [101] 

   Adenoma 82 NS  

TFPI2 Stool DNA promoter 
methylation 

CRC 
68 100 [91] 

   CRC 93 93 [89] 

   Adenoma 21 93  

TFP12 + Long DNA Stool DNA promoter 
methylation 

CRC 
87 83.3 [91] 

THBD-M Serum/plasma DNA 
hypermethylation 

CRC 
71 80 [102] 

   Stage I/II 74   

TMEFF2 Serum/plasma DNA 
hypermethylation 

CRC 
30 95 [93] 
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Tumor associated monocyte genetic 
finger print 

Blood 
monocyte 
samples 

Gene expression  
93 92 [50] 

VSX2 Tissue DNA 
hypermethylation 

CRC 
83 92 [103] 
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1.1.9 Treatment of CRC 
CRC is one of the most potentially curable cancers (by surgical resection) if found in the 

early localised (Dukes’ A or B1) stages with high survival rates >90% [28]. However, most 

CRC (~65%) is found in Dukes’ stage B2-C and require use of other treatment options that 

are briefly outlined here. If CRC is found at TNM stages 0, I or II, the preferred treatment is 

to remove the cancer by surgical resection [104]. If found at stage III, surgical resection is 

usually followed by adjuvant chemotherapy. If found at metastatic stages, treatment options 

include surgical resection, neoadjuvant chemotherapy, local ablation of CRC tissues, 

adjuvant chemotherapy, intra-arterial chemotherapy and targeted chemotherapy [104]. 

The most commonly used chemotherapeutic agents for CRC are 5- Fluorouracil (5-FU), 

leucovorin (LV), irinotecan, oxaliplatin, capecitabine, and bevacizumab. To improve the 

efficacy of the treatment these drugs are often using in combination and are affordable by 

families of a normal cancer patient. Depending on the stage of diagnosis various 

combinations of drugs are used. Briefly, a stage II patient can be treated only with 5-FU and 

LV and a stage III patient can be treated either with FOLFOX (5-FU, LV, and oxaliplatin) 

or CapeOx (capecitabine and oxaliplatin) regimens [105]. These regimens can vary with 

degree of CRC, age and other health needs of the patients. Stage IV metastatic CRC patients 

can be treated with FOLFOXIRI (LV, 5-FU, oxaliplatin, and irinotecan) plus cetuximab as 

first-line treatment [106]. 

The progress in cancer research has led to development of targeted therapies that often have 

less severe side effects than chemotherapy. For example, these therapies use specific 

monoclonal antibodies against epidermal growth factor receptor (EGFR) or vascular 

endothelial growth factor (VEGF). Cetuximab (Erbitux®) and panitumumab (Vectibix®) 

are EGFR treatments that are used in metastatic CRC patients. Phase 1 and 2 trials showed 

that Cetuximab is efficacious when used in combination with irinotecan- or oxaliplatin-based 

chemotherapy [107, 108]. Bevacizumab (Avastin®), ramucirumab (Cyramza®), and ziv-

aflibercept (Zaltrap®) drugs, that target VEGF known to assist in the process of 

angiogenesis. A combination ramucirumab and FOLFIRI (irinotecan, folinic acid, and 5-

FU) regimen is now being used to treat patients with metastatic CRC [109]. The use of multi-

agent combination therapy has been associated with higher cytotoxicity than single agent 

administration but has a significant improvement in response rate, progression time and 

survival rate [110]. 
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1.1.10 Carcinogenesis and genetic alterations during CRC 
Human cancer development (carcinogenesis) is a multistep process in which epithelial cells 

progress through a series of premalignant phenotypes until an invasive cancer emerges [111, 

112]. The concept of multi-stage carcinogenesis was proposed by various groups in the 

1940s and was supported by later studies [113-115]. In 1988, Vogelstein et al. published a 

molecular analysis of 172 colorectal neoplasia, including APC-associated familial 

adenomatous polyposis (FAP, also known as classic FAP) and CRCs, using what they 

outlined the ‘traditional pathway’ model also known as “adenoma-carcinoma sequence”. 

This model explained how the majority of CRCs develop [116, 117]. Since the proposal of 

adenoma-carcinoma sequence, CRC has been an effective model for studying multi-staged 

carcinogenesis [116-118]. 

Table 3 Oncogenes and tumour suppressor genes commonly involved in CRC. 

Gene 
name 

Type of 
cancer gene 

Frequency 
of mutation Consequences 

APC Tumor 
suppressor 70% 

Constitutive activation of Wnt signalling 
pathway. Regulates cell proliferation, cell 
migration, cell adhesion, cytoskeletal 
reorganization, and chromosomal stability. 

KRAS Oncogene 35% Constitutive activation of MAPK pathway 
BRAF Oncogene 10% Constitutive activation of MAPK pathway 

TGFBR2 Tumor 
suppressor 15-30% Decreased/loss of TGFβ-mediated growth 

inhibition  

SMAD2 Tumor 
suppressor 6% Decreased/loss of TGFβ-mediated growth 

inhibition  

SMAD4 Tumor 
suppressor 16-25% Decreased/loss of TGFβ-mediated growth 

inhibition  

TP53 Tumor 
suppressor 50% Impaired DNA damage response and 

cellular stress 

MLH1 Mismatch 
repair  10% Defective DNA mismatch repair 

*Data format adapted from [119] 
 

Carcinogenesis is a result of mutations in genes, specifically, proto-oncogenes, tumor 

suppressor genes and stability genes (see Table 3). Mutations in these genes initiate the 

development of CRC and are reasonably well-understood [9, 120]. The classical adenoma-

carcinoma sequence and genetic changes that parallel the adenoma-carcinoma sequence 

during CRC can be a result of either chromosomal instability (CIN) or microsatellite 

instability (MSI) (see Figure 5a). The onset of CRC is characterised by formation of early 

stage dysplasia involving a single crypt (unicryptal) to formation of cluster of dysplastic 

crypts (adenoma) and then finally the appearance of malignancy (adenocarcinoma) [118]. 
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However, this sequence of events are slightly different in individuals that are genetically 

predisposed to CRC particularly FAP and hereditary nonpolyposis CRC (HNPCC) (see 

Figure 5b). There are also other hereditary CRC syndromes such as Lynch syndrome (LS), 

attenuated FAP (AFAP), MUTYH-associated polyposis (MAP), and familial CRC type X 

[121]. 

CRC is considered to be more sporadic accounting for almost 80-90% of all reported cases, 

implying that lifestyle choices may have a more significant impact in CRC development than 

genetic factors [122]. Interestingly, 80% of the sporadic CRCs possess mutations in APC 

[123], suggesting these may follow the adenoma to carcinoma sequence similar to that of 

FAP. Although, genetic alterations are associated with higher risk of CRC they account for 

only 5-6% of total CRC cases [121]. Commonly, tumours with CIN are characterised with 

mutations in APC, KRAS, and TP53. In contrast, tumours with MSI are a result of both CIN 

and MSI, and are characterised with alterations in Wnt signalling, BRAF, TGFBR2, and 

IGFR2 required for cancer progression. FAP is an example of CIN CRC and is caused by a 

germline mutation in the APC gene, located on the long arm of chromosome 5q21, which is 

dominant trait inherited by many individuals with adenomatous polyps in the colon. Colonic 

neoplastic progression and apoptosis in colonic cells are controlled by APC which is often 

referred to as the “gatekeeper” of those functions [12]. FAP is only associated with 1-2% of 

total CRC incidences and serves as a good model to study CRC polyp pathobiology. HNPCC 

makes up 5-10% of all CRCs and confers a very high lifetime risk (up to 80%) of developing 

CRC [124]. HNPCC is a classic example of MSI CRCs. MSI is observed in 90% and in 

about 10-15% of HNPCC and sporadic CRC respectively [125, 126]. With a sufficient 

number of mutations, a small number of cells can detach from the primary tumour site and 

become malignant or metastatic. 
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Figure 5 - The colorectal adenoma-carcinoma sequence. a) Sporadic colorectal cancer: 
Progression from normal through adenoma to carcinoma is a result of accumulated abnormalities, 
loss or mutation, of the genes involved at each stage of the sequence are shown. In detail, the 
chromosomally unstable CRC (CIN+) begins with the mutation or loss of adenomatous polyposis 
coli (APC) tumor suppressor gene results in the uncontrolled growth of normal cell sin the colon 
resulting in the formation of polyps or early adenoma. The activation of KRAS oncogene followed 
by the loss of chromosome 18q with Smad 4, required for transforming growth factor-β (TGFβ) 
signalling, and TP53 tumor suppression genes promote the formation of carcinoma and eventually 
leading to metastasis. The MSI CRCs (MSI+) occur when there is loss in microsatellites that maintain 
genomic stability and are infrequently. Consequently, the development of CRC through MSI, must 
involve different, but analogous, genetic changes to those detailed in CIN+ CRC. The initial step in 
MSI+ CRC formation is thought be alteration of Wnt signalling pathway. This is then followed by 
the mutations in BRAF, sometimes KRAS, and further mutations in TGFβ receptor 2 (TGFBR2), 
insulin-like growth factor receptor 2 (IGFR2) and BAX, which then allow for p53-independent 
mechanism for progression to carcinoma and eventual metastasis. During, both CIN and MSI there 
are mutations or loss of various mismatch repair (MMR) genes. b) Familial colorectal cancer: These 
sequence of events usually occur in individuals that are genetically predisposed with cancer. More 
specifically, during FAP (b.i), a mutation and loss of the APC gene results in the development of 
adenoma faster but the progression from adenoma and carcinoma happens at the same rate as of 
sporadic cancer. During HNPCC (b.ii), the inactivation of either the MSH2 or MLH1 MMR genes 
along with other somatic mutations speeds up the adenoma to carcinoma progression. (Figure 
adopted from http://syscol-project.eu/about-syscol/ and [127]). 

 

http://syscol-project.eu/about-syscol/
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1.1.11 Metastasis 
Metastasis can be defined as the movement of the cancerous cells to secondary sites (organs 

i.e. liver, heart), via circulatory or lymphatic systems, to form malignant cancer growth away 

from the primary site of cancer. Metastasis, rather than primary tumours, is directly 

responsible for the majority (almost 90%) of CRC deaths [128, 129]. It is thought to be an 

inefficient process since very few tumour cells escape from the primary tumour form 

metastasis [130-133]. Metastasis is a cascade of complex molecular interactions which alter 

various regulatory and signalling pathways to successfully form secondary sites of cancer 

[128, 134, 135]. It is thought is some way to begin with the epithelial to mesenchymal 

transition (EMT), which leads to invasion followed by migration and spread to distant 

organs. 

The Epithelial to mesenchymal transition 
The normal epithelial cells in an organism have two very important roles – to act as 

protective barrier and to secrete and absorb substances necessary for growth and metabolism. 

The structural integrity of the epithelial layers is maintained by the cell-cell and cell-

extracellular matrix (ECM) interactions, which also define tissue polarity [136] allowing 

different functions for the apical and basal surfaces. In some tissues such as the colorectal 

epithelium, the apical surface of the cell has a role in absorption or secretion and faces into 

the intestinal lumen. 

EMT is a key process during embryogenesis and is considered a crucial hallmark of cancer 

malignancy. EMT is an orchestrated series of events in which adherent epithelial cells are 

converted into individual migratory cells which are able to invade the ECM [137]. The term 

EMT is often misused to describe distinct biological events as if it were a single conserved 

event. However, the EMT-related processes can vary in intensity from loss of cell polarity 

to total cellular reprogramming [138]. The epithelial to mesenchymal transition can result in 

the loss of baso-apical polarization to acquire front-rear polarization required for cell 

migration, a modulation of the organization of the actin cytoskeleton that enhances ECM-

structured communication, loss of the cell-cell adhesion structures, increased mobility, 

acquisition of resistance to anoikis and most importantly switch expression from keratin- to 

vimentin-type intermediate filaments which defines mesenchymal origin [138, 139]. The 

main differences in the epithelial and mesenchymal cells are summarised in Figure 6. These 

changes are all hallmarks of increased malignancy and the EMT provides a mechanism for 

carcinoma cells to acquire this aggressive mesenchymal phenotype. 
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Figure 6 - Concept of the Epithelial to Mesenchymal Transition (EMT) illustrating 
major differences between epithelial and mesenchymal cells during the process. Image 
credit: Buddhini Samarasinghe [140]. 

The EMT is an uninterrupted process that allows the pre-malignant epithelial cells to escape 

the constriction of adjoining cells and the ECM, to breach the basement membrane, migrate 

out of the primary tumour and to locally invade surrounding tissue. This process also 

involves the induction of a new transcriptional program to drive and maintain the acquired 

mesenchymal phenotype. The EMT involves the alteration of the function, expression and 

distribution of proteins involved in cell adhesion and ECM remodelling. Most often the EMT 

has been associated with the loss of cell-cell adhesions through repression of Epithelial (E)-

cadherin expression, the dissociation of desmosomes, tight- and adherens-junctions [137, 

139]. Once the mesenchymal phenotype is acquired, it provides the capacity for the cells to 

invade surrounding tissues and metastasise to distant organs. 

Invasion  
Invasion is a hallmark of cancer development. Invasion can be defined as the active 

translocation of neoplastic cells across tissue boundaries and through host cellular and 

extracellular matrix barriers [141]. The majority of times the term “invasion” is used it refers 

to “local invasion” which compromises the function of involved tissues by compression, 

destruction, or prevention of normal organ functioning [142]. The process of invasion can 

only be achieved by breaching the basement membrane with cells entering the underlying 

interstitial stroma, followed by distant dissemination through lymphatics and blood vessels. 

It is not an innate ability of all tumour cells 



 

26 
 

Upon gaining the invasive phenotype tumour cells will acquire the ability to alter their 

adhesive interactions with the basement membrane, gain ability to interact with the exposed 

vascular or lymphatic basement membranes and finally, occupy the basement membrane 

from where locomotion is possible. Invasion is a dynamic process involving cyclic repetition 

of pseudopod protrusion, proteolysis, antiproteolysis, adhesion, and detachment, through 

various proteins and their associated signalling pathways [142]. It is certainly a prerequisite 

for metastasis [133]. The existence of an invading cancer does not necessarily imply 

metastasis and a fatal outcome and metastases can be prevented by averting invasion.  

 

Figure 7 - Key molecules in cancer progression. The illustration shows various molecules 
associated with different stages of cancer development. Image source [143]. 

 

1.1.12 Key molecules in cancer progression 
The complex process of metastasis relies on EMT and invasion during which various 

molecules that control various cellular processes such as cell adhesion, ECM degradation 

and cell growth are altered. These molecules associated have been reported to deviate from 

their normal physiological function/s and have different functional outcomes in cancer. 

Some key molecules or protein groups that are thought to be involved at various stages of 

cancer progression (see Figure 7) include various integrins, proteolytic enzymes and their 

signalling, and growth factors. The following sections will briefly focus upon the role of one 

integrin (αvβ6) with respect to cell adhesion, and with one protease receptor (urokinase 
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plasminogen activator receptor; uPAR) with respect to ECM proteolysis and a short 

summary of growth and signalling factors implicated in cancer. 

Integrin αvβ6 as an adhesion molecule 
Cell adhesion is a fundamental process for the development and functioning of a 

multicellular organism. There are more than 50 cell adhesion molecules (CAMs) that have 

been classified into various superfamilies such as integrins, cadherins, selectins, and 

immunoglobulin-like CAMs [144]. Various CAMs are now thought to act as both positive 

and negative modulators of the metastatic process [145]. Specifically, differential expression 

of various integrins has been implicated in multiple cancers including CRC [69, 146-150]. 

They are also viewed as regulators of inflammation, metastasis and drug resistance in cancer 

[151]. 

Integrins are a group of prominent transmembrane receptor proteins that were identified as 

cell adhesion molecules [152, 153]. Integrins can be composed from one of the 18 alpha      

(α-) and 8 beta (β-) subunits and form at least 24 distinct integrin heterodimer combinations 

known [154]. Integrins can bind to ECM proteins such as collagen IV, laminin, vitronectin, 

fibronectin and leukocyte-specific ligands and mediate cellular adhesion through cell-ECM 

and cell-cell adhesion [155, 156]. For example, α5β1, αVβ3, αVβ5 and αVβ6 heterodimers 

mediate cellular adhesion by binding to Arg-Gly-Asp (RGD) motifs within ECM proteins 

such as fibronectin, vitronectin, fibrinogen and osteopontin [155, 157]. Integrins also serve 

as bidirectional signalling molecules that participate in other vital cellular functions 

including polarity, differentiation, migration and cell division [158] wherein they associate 

with adapter proteins that connect the integrins to the cytoskeleton, cytoplasmic kinases, and 

transmembrane growth factor receptors [159]. These functions are critical during 

embryogenesis and maintaining cellular homeostasis during normal cell growth [158]. 

During cancer, however, defective integrin signalling can result in abnormal regulation of 

gene expression [150, 160], cell proliferation [161, 162], regulation of apoptosis [163-165], 

invasion and metastasis [166, 167] and angiogenesis [148, 168, 169]. Several integrin 

subunits and heterodimers such as αvβ6 [146, 149, 170, 171], αvβ1 [172-174], αvβ3 [175], 

and α6β4 [176] have been implicated in CRC. 

The integrin β6 subunit is unique in three ways. Firstly, it is only expressed in wounded or 

transformed epithelial cells and secondly it only binds with αv subunit [158]. Lastly, the β6 

has a unique C-terminal cytoplasmic tail that can bind to phospho-ERK1/2 [146, 171].The 

αvβ6 heterodimer is highly expressed during development of lung, skin and kidney epithelia 

and the expression is down-regulated in adult epithelia [177]. Elevated expression of αvβ6 
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has been observed in various epithelial cancers including colorectal, breast, endometrium, 

gastric, liver, lung, and oral and skin squamous cell carcinomas (SCC), where its expression 

usually correlated with poor patient survival [158]. A recent clinical study by Ahn et al. [69] 

from our group assessing surgical resections from 362 rectal cancer patients (168 Duke’s 

stage B and 194 Duke’s stage C) using tissue microarray (TMA) immunohistochemistry 

(IHC) reported that αvβ6 expression is significantly higher in the invasive frontal region of 

rectal tumours relative to the central region or adjacent non-neoplastic mucosa tissue. 

However, this study noted no significant difference in αvβ6 expression and overall survival 

between the Dukes’ stage B and C patients [69]. 

Integrin αvβ6 is an RGD-motif binding protein. It is known to activate latent-TGFβ1 (L-

TGFβ1) by binding to the RGD sequence on the latency-associated peptides (LAP) of L-

TGFβ1 and L-TGFβ3 [178]. As a result of its specific expression pattern, αvβ6-mediated 

TGFβ activation is observed only near epithelial cells. For instance, in ovarian cancer cells, 

increased TGFβ1 levels was observed when αvβ6 was overexpressed [179]. Saldanha et al. 

showed that the inhibition of αvβ6 using specific antibodies resulted in the blockade of 

TGFβ1 and ERK activation through the αvβ6-uPAR axis [180]. Interestingly, in colon 

carcinoma cells, the loss of αvβ6-mediated ERK activation was abrogated when the unique 

11 amino acid (EKQKVDLSTDC) cytoplasmic-tail motif of the integrin was deleted [146, 

171]. Likewise, SCC9 cells expressing β6 subunit that lacked this unique cytoplasmic-tail 

did not develop the mesenchymal phenotype when compared to the full length β6-

overexpression cell line [154]. Morgan et al. then showed that the expression of this unique 

cytoplasmic-tail sequence at the end of a different integrin subunit (β3) enhanced αvβ3 

mediated tumour cell invasion thorough matrix metalloproteinases (MMP2 or MMP9) [181]. 

Interestingly, Ahmed et al. [182] also showed that increased expression of αvβ6 in ovarian 

cancer cells was accompanied by the secretion of high molecular weight-urokinase 

plasminogen activator (hmw-uPA), MMP2 and MMP9 in the tumour conditioned media and 

a marked reduction of these molecules was observed in the absence of αvβ6 expression. It 

was therefore very surprising to observe that αvβ6 interacts directly with urokinase 

plasminogen activating receptor (uPAR), when co-immunoprecipitation (co-IP) experiments 

were performed using ovarian cancer cells (OVCA429) [180]. These results from the IP 

experiments suggest the possibility of a αvβ6-uPAR mediated ECM degradation through 

activation of various proteolytic enzymes [176]. Proposed interactome associations between 

αvβ6, uPAR and TGFβ cascades is illustrated in Figure 8. The role of integrin αvβ6 in CRC 

metastasis has been reviewed in Publication II of this thesis.  
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Integrin β6 has also been reported to be involved in inflammation. During inflammation or 

epithelial injury β6 expression is rapidly induced [178, 182]. Huang XZ, et al., showed that 

knockout of β6 in mice resulted in increased macrophages in the skin, accumulation of 

lymphocytes in the lungs and showed airway hyper-responsiveness to acetylcholine (a 

bronchoconstrictor). These results suggest that β6 may have important anti-inflammatory 

effects in skin and lungs [182]. Munger S, et al., also observed that mice lacking integrin β6 

developed exaggerated inflammation however, were protected from profibrotic agent 

bleomycin induced pulmonary fibrosis [178]. Early pre-malignant tumors are often 

recognised as wounds by the immune system which leads to inflammation resulting in high 

β6 expression. This increased β6 can then assist in the activation of L-TGFβ1 during cancer 

and further contribute to the growth of the tumor [183].  

 

Figure 8 - The uPAR-integrin β6-TGFβ signalling pathway. uPAR binds to the inactive 
serine protease zymogen pro-urokinase-type plasminogen activator (pro-uPA) and converts it to 
active uPA. uPA can then catalyse the conversion of plasminogen into highly active plasmin[184]. 
The active plasmin is capable of catalysing the conversion of pro-MMPs to active MMPs. Plasmin 
along with the MMPs is then capable of degrading the ECM proteins such as fibronectin, vitronecton, 
laminin and fibrin that are key components for maintain the ECM stability. Plasmin can also activate 
TGFβ, through cleavage of the LAP of the L-TGFβ. Integrin αvβ6 can activate TGFβ by binding to 
the RGD-motif on LAP of L-TGFβ1. The active TGFβ through its receptors can activate Erk1/2 
signalling alongside αvβ6. (Image modified from Smith and Marshall, 2010 [184].). 

ECM proteolysis and uPAR 
The ECM is a tight fabrication of multiple proteins and polysaccharides expressed by cells. 

Receptors such as integrins interact with ECM molecules and participate in signalling 

required for regulating cell adhesion, proliferation, differentiation, migration and survival. 

This intricate network of ECM-interactions are essential for normal functioning of an 
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organism. Therefore, alterations in these ECM molecules or systems can be exploited during 

human diseases. During cancer, loss of cell-ECM and cell-cell adhesion is a pre-requisite for 

increased cell motility that results in eventual migration and invasion. The majority of the 

times the loss in cell adhesion can be associated with increased expression of proteolytic 

enzymes such as plasmin and MMPs that can cleave almost all ECM related molecules. One 

of the ways to achieve is through the increased expression of receptors such as uPAR that 

are integral to plasminogen activation to plasmin which is then capable of activating various 

MMPs [184].  

uPAR/CD87 is a cell surface glycophosphatidylinositol (GPI-) anchored protein that belongs 

to lymphocyte antigen 6 (Ly6) protein superfamily and is integral to the plasminogen 

activation cascade (see Figure 8). uPAR consists of a single polypeptide that is 283 amino 

acids in length and is composed of three domains denoted DI (residues 1-80), DII (residues 

93-191) and DIII (residues 192-283). These three domains adopt a three-finger fold like 

tertiary structure which typically compromises of six β-strands in antiparallel and four 

disulphide bonds. These three domains form a concave structure and the central cavity acts 

as the binding site for the uPA, the primary ligand of uPAR and the outer surface is available 

for secondary binding partners. Apart from binding to uPA to facilitate the activation of 

zymogen plasmin, uPAR has also been reported to interact with αvβ6 [180] using co-IP 

studies. This interaction with αvβ6 was recently further investigated by Ahn et al. using 

peptide array studies and they reported six potential αvβ6 binding sites spanning across all 

three domains of uPAR [185]. Using homology modelling and docking studies, Sowmya et 

al. then confirmed the site of interaction to be in domain III of uPAR [186]. It is also 

important to note that crystal structure of αvβ6 has not been reported and therefore the 

homology model reported by Sowmya et al. only offers a glimpse of the structure of αvβ6 

[186]. Various other integrins including α3β1, α4β1, α5β1, αvβ3 and αMβ2 have been 

reported to bind with uPAR and to facilitate downstream intracellular signalling [184]. 

Under normal physiological conditions, expression of uPAR is believed to be relatively 

limited. High expression is observed during tissue remodelling [187] and wound healing 

[188]. However, high expression of uPAR has been observed various cancers [189]. In CRC, 

specifically, elevated uPAR expression has been correlated with poor prognosis [71, 190] 

[189, 191-193]. A recent study by Ahn et al., examining the Dukes’ stages B (n=170) and C 

(n=179) rectal cancer tissue samples showed the expression of uPAR in epithelial and 

stromal cells correlated with patient survival [71]. They reported that elevated epithelial 

uPAR expression in both the central region and invasive tumour front adversely correlated 
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with overall survival of stage B patients while elevated stromal uPAR at the invasive front 

favourably correlated with overall survival of stage C patients [71]. In contrast, another study 

by Boonstra et al., examining CRC tumour tissue (n=262; all stages) samples showed that 

stromal uPAR expression was adversely associated with overall survival as well as disease 

free survival [191]. Another study by Illemann et al. also reported, similar results to Boonstra 

et al., that uPAR expression on tumor-associated macrophages negatively correlated with 

overall survival in all stages (n=244) [192]. From these reports it can be inferred that high 

expression of uPAR during cancer result in increased levels of plasmin that may contribute 

to sustaining high levels of TGFβ during cancer. Therefore, it is not very surprising to 

observe alterations in plasmin or plasminogen binding [194], expression of MMP-2 and 

MMP-9 [195], integrin αvβ6 [170] and active TGFβ1 [196] which have collectively been 

associated with poor CRC prognosis and subsequently poor survival. 

Growth and signalling factors  
Growth factors are polypeptides that stimulate cell proliferation and are a major class of 

growth regulatory molecules for cells in culture and probably in vivo [197]. Under normal 

physiological conditions the cells receive fate-determining signals from their tissue 

surroundings in the form of polypeptide growth factors to control homeostasis [198]. During 

cancer, the departure from homeostasis and tumour initiation are instigated by oncogenic 

mutations rather than by growth factors [198]. However, the growth factors “are major 

regulators of tumour progression, namely clonal expansion, invasion across tissue barriers, 

angiogenesis, and colonization of distant niches” [198]. Various growth factors such as 

TGFβ, VEGF, EGFR and platelet-derived growth factor (PDFG) amongst others have been 

implicated in cancer [197, 198]. TGFβ and its signalling components have also been widely 

implicated in various cancers [199-207]. It has been proposed that it regulates cancer-related 

cellular processes such as EMT, cell proliferation, invasion and metastasis [204, 207]. 

Considering TGFβ is the main of focus of this thesis it will be addressed with greater detailed 

in the section 1.2. 
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Table 4 The TGFβ-superfamily ligands, tissue specificity and their major functions§. 

Names Tissue Specificity Molecular 
weight (kDa) Representative functions 

TGFβ subfamily 
TGFβ1 

Most epithelial cells 
44.34 Control of cell growth, cell proliferation and cell differentiation 

in mesenchymal cells, wound healing, ECM production [208, 
209] 

TGFβ2 47.74 
TGFβ3 47.32 
       

Activin/Inhibin/Nodal subfamily 
Activin subgroup      
Activin A 

Secreted by gonads, pituitary 
gland 

47.44 Regulates production of follicle-stimulating hormone (FSH), 
cell proliferation, differentiation, apoptosis, metabolism, 
homeostasis, immune response, wound repair, and endocrine 
function [210-213] 

Activin B 45.12 
Activin C 38.23 
Activin E 38.56 
Inhibin subgroup      

Inhibin A Secreted by gonads, pituitary 
gland 

 
Negatively regulate FSH Secretion [214] 

Inhibin B  
Nodal      

Nodal Secreted 39.56 Essential for mesoderm formation and axial patterning during 
embryonic development [215] 

LEFTY    

LEFTY-1  40.88 Essential for formation of mesoderm and axial patterning 
during embryonic development [216] LEFTY-2  40.92 

BMP/GDF Subfamily    
BMP 2/4 subgroup      

BMP-2 Abundant in lung, spleen and 
colon 44.7 Participate in embryogenesis, neurogenesis, development of 

cartilage and bone formation [200, 209, 217, 218] 
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BMP-4 Liver, low levels in Kidney 46.55 
BMP 3 subgroup      

BMP-3 Adult and fetal cartilage 53.37 

Negatively regulates osteogenic properties of other BMPs [219] 
BMP-3b/GDF-10 

Expressed in femur, brain, 
lung, skeletal muscle, 
pancreas and testis 

53.12 

BMP 5 subgroup      

BMP-5 Lung and Liver 51.73 

Along with BMP 2/4 subgroup theses participate in mammalian 
development and also take part in neurogenesis [200, 203, 209, 
217, 218] 

BMP-6/Vgr1   57.22 

BMP-7/OP-1 Expressed in kidney and 
bladder 49.31 

BMP-8a/OP-2   44.79 
BMP-8b   44.76 
BMP 9 subgroup      

BMP-9/GDF2   47.32 Acts a circulating vascular quiescence factor [220], takes part in 
neurogenesis like BMP 2/4 and 5 subfamilies 

BMP-10   48.04   
GDF 1 subgroup      

GDF-1 Expressed in brain 39.47 Cell differentiation events during embryonic development 
GDF-3/Vgr2   41.38   
GDF 5 subgroup      

GDF-5/BMP-14 Bone development 55.41 Chondrogenesis [221-223] and neurogenesis [224] 

GDF-6/BMP-13 Bone development 50.66 Osteogenesis of limbs, skull and axial skeleton [225] 

GDF-7 Secreted during neurogenesis 46.95 Required for the specification of neuronal identity in the dorsal 
spinal cord and other functions embryo development [226] 

GDF 8 subgroup      

GDF-8/Myostatin  Skeletal-muscles 42.75 Negative regulator of skeletal muscle growth [227] 
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GDF-11/BMP-11 Secreted during 
embryogenesis 45.09 

Facilitates temporal progression of neurogenesis in the 
developing spinal cord [228], controls axial vertebral 
development [229-231] 

GDF 9 subgroup      

GDF-9 Expressed in ovarian 
granulosa cells 51.44 Required for ovarian folliculogenesis [232, 233], regulate 

ovarian functions [234] 
GGDF-9b/BMP-15   44.05 

GDF-15 
High expression in placenta, 
low expression in prostate, 
colon and kidney 

34.14   

MIS      

MIS Produced by Sertoli cells of 
the testis 59.19 Mullerian duct regression [235] 

§TGFβ – transforming growth factor-β; BMP - bone morphogenetic protein; GDF - growth differentiation factor; OP - Osteogenic 
protein; MIS - müllerian-inhibiting substance 
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1.2 Transforming Growth Factor-β 
Transforming Growth Factor-β (TGFβ) superfamily of growth factors and their signalling 

emerged with the evolution of complex multicellular organisms [236]. They are vital growth 

factors pathways that contribute to the increased diversity and complexity required for 

development and homeostasis of the metazoans [237]. The TGFβ family members have been 

reported to regulate various processes during embryonic development including trophoblast 

differentiation, endocardium, neural crest cell, lung, and palate development [238]. For 

example, neural crest cell morphogenesis is shown to be influenced by TGFβ1, TGFβ2, 

TGFβ3, BMP2/BMP4 and Wnt signalling which determines the fate of those cells [238].  

The EMT, a key process during embryogenesis, is considered to be important during cancer 

development [238]. During embryogenesis EMT is essential for a variety of developmental 

processes and is regulated by TGFβ family members [236]. For instance, during the 

development of heart valves invasion of the heart cushion by endocardial cells from the 

atrioventricular canals is essential and is mediated by TGFβ signalling components [239]. 

However, the TGFβs function as crucial inhibitors of epithelial cell growth in adult tissues 

[240]. Tied to these opposing yet critical regulatory roles at various stages of the organismal 

growth “are the serious consequences that result when this signalling pathway malfunctions, 

namely tumorigenesis” [241]. The alterations to TGFβ signalling components can result in 

cancer cells gaining the capacity to avoid or adulterate the TGFβ growth inhibitory effects 

leading to TGFβ-mediated cancer cell growth. This has attracted considerable attention in 

recent years and efforts are being made to understand the role of TGFβ during cancer. This 

thesis has tried to understand the effects of TGFβ on CRC cell lines and being the main focus 

will details the TGFβ signal transduction and its role in cancer.  

1.2.1 TGFβ superfamily of ligands 
The TGFβ superfamily is found in all metazoans and is a large group of more than 30 

secreted proteins that regulate a multitude of cellular functions and disease pathogenesis. 

The superfamily includes TGFβs, activins, inhibins, Nodal and bone morphogenetic proteins 

(BMP) and growth differentiation factors (GDF), all of which possess diverse and 

complementary physiological effects. The important functions of these ligands are 

summarised in Table 4.  

TGFβs are named after their cell transforming activities (i.e., cell growth and differentiation) 

from in vitro assays and are now unequivocally known to be involved in both tumour 

suppression and tumour progression (i.e., proliferation, invasion and metastases). Initially, 
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TGFβ1 was isolated as one of two components (TGFα and TGFβ) that could induce a 

phenotype transformation in normal kidney rat fibroblasts [242]. Subsequently, it was 

understood that TGFβ was a potent growth inhibitor to most cell types whereas TGFα was a 

ligand for EGFR and stimulates growth in most cell types [242, 243]. The bona fide TGFβ 

subfamily consists of three TGFβ isoforms, TGFβ1, TGFβ2 and TGFβ3 encoded by genes 

located on different chromosomes (19q13.1, 1q41 & 14q24 respectively) but they signal 

through the same receptor system. 

All TGFβ ligands are secreted in vivo as ‘latent’ inactive zymogen complexes in a non-

covalent complex with LAPs that are bound to their respective latent TGFβ binding proteins 

[244]. The LAP domain ensures that ‘inadvertent’ activation of TGFβ does not occur in 

normal cells under physiological conditions. The two major ways by which activation can 

occur include cleavage of LAP by proteases and by conformational changes, assisted by 

ECM molecules such as integrins. However, L-TGFβ can also be activated in vivo through 

a variety of other mechanisms and they are summarised in Table 5. 

Table 5 Mechanisms of TGFβ activation under different physiological conditions 

Activation environment/ 
molecule Mechanism of activation [Reference] 

Physicochemical   
Extremes of pH (acid treatment) Denaturing of LAP [199, 245] 
Acidic cellular microenvironment Possible denaturing of LAP [246] 
Gamma-irradiation Disabling of LAP by the hydroxyl radicals [247] 
Reactive oxygen species Disabling of LAP by the hydroxyl radicals [248, 249] 

Proteases    

Plasmin Cleaves the LAP [250] 
MMP-2 and MMP-9 Cleaves the LAP [251] 
Unidentified protease in Kato III 
cells Unknown [252] 

Physical interaction    

Thrombospondin-mediated Disrupt non-covalent interactions between the LAP and 
TGFβ [253, 254] 

Integrin αvβ6 Direct interaction with the RGD amino acid sequence LAP 
β1 and LAP β3 [178] 

Integrin αvβ8 Unclear [255] 

Integrin αvβ1 Direct interaction with the RGD amino acid sequence LAP 
β1 [256] 

  

1.2.2 TGFβ Receptors  
The TGFβ receptors were identified by affinity labelling of cells with radio-iodinated TGFβ 

(125I-TGFβ) ligand and subsequent isolation of receptors to which it bound [257]. Three 
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primary TGFβ receptors, the type I receptor (53 kDa), the type II receptor (73-95 kDa) and 

the type III receptor (110 kDa) were identified depending on molecular weights [258]. A 

fourth non-proteoglycan membrane glycoprotein that co-expresses with the type I, type II, 

and type III TGF-β receptors in epithelial cells and other cell types but not in certain 

carcinoma cells was reported as the type V TGF-β receptor is a 400-kDa by O’Grady et al., 

in 1991 [259, 260].  

This thesis will only elaborate on the three primary TGFβ receptors. The structure of these 

three primary receptors is illustrated in Figure 1 of this thesis’ Publication I. Like the TGFβ 

ligands, there are a family of receptors (summarised in Table 6) that can bind to various 

ligands and initiate a specific signalling pathways. The three TGFβ receptors are discusses 

in the order of ligand presentation that occurs in vivo.  

The TGFβ Type III Receptor 
Transforming growth factor-β type III receptor (TGFβR3) is also known as betaglycan and 

is the most abundant of all the three TGFβ receptors followed by endoglin [261]. Betaglycan 

is a 851 amino acid proteoglycan comprising of a large N-terminal extracellular domain, a 

single-pass hydrophobic transmembrane region and a short 42 amino acid C-terminal 

cytoplasmic domain [261]. The cytoplasmic domain is rich in serine and threonine, but does 

not exhibit any kinase activity. The last three amino acids of the cytoplasmic tail comprise a 

class I PDZ binding motif which binds with the G Alpha Interacting Protein (GAIP)-

interacting protein C-terminus (GIPC). This interaction has been found to increase stability 

of betaglycan at cell surface and increase TGFβ1 and TGFβ2 mediated gene expression in 

Mv1Lu mink lung epithelial and L6 myoblast cells expressing the GIPC [262]. Recently the 

GIPC-betaglycan interaction has been shown to inhibit TGFβ-mediated Smad signaling and 

migration in breast cancer cells [263]. However, the exact mechanism/s by which this occurs 

are yet to be characterized. 

Betaglycan also functions as a co-receptor (accessory receptor) for TGFβ receptors and can 

bind to all three TGFβ ligand isoforms. Affinity-labelled saturation experiments showed that 

betaglycan has a 5- to 10-fold higher affinity for TGFβ2 than for TGFβ [264]. However, it 

has a 7-fold higher capacity for TGFβ1 than TGFβ2, which explains why betaglycan is 

required for mediating the binding of TGFβ1 to TGFβR2 [265]. Further increasing its 

functional complexity, proteolytic cleavage of the extracellular domain of betaglycan by 

MT1-MMP and MT3-MMP near the transmembrane region results in the release of a soluble 

90kDa fragment, capable of binding and presenting TGFβ ligands to its receptors [266]. The 

ability to present TGFβ ligands is also affected by cleavage of the 50-amino acid linker 
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region extracellular domain by plasmin [267]. Plasmin mediated cleavage generates 

fragments of 45kDa and 55kDa which can no longer bind to and present TGFβ ligands to 

TGFβR1 and TGFβR2 [267].  

The TGFβ Type II Receptor  
Transforming growth factor-β type II receptor (TGFβR2) is a 567 amino acid 

serine/threonine kinase receptor which includes a 22 amino acid signal peptide, a cysteine-

rich N-glycosylated extracellular domain, a transmembrane domain, and a cytoplasmic 

serine/threonine kinase domain flanked by a short juxtamembrane domain and C-terminal 

tail [268]. TGFβR2 can also bind to all three TGFβ ligands with varying affinities. It has 

strong affinity towards TGFβ1 followed by TGFβ3 and TGFβ2 [269]. However, the presence 

of the co-receptor betaglycan is essential to facilitate high affinity TGFβ1 binding to 

TGFβR2 to enable downstream signaling [270]. However, it cannot participate in 

downstream signaling in the absence of TGFβR1 [269].  

The TGFβ Type I Receptor  
Transforming growth factor-β type I receptor (TGFβR1) is a 503 amino acid transmembrane 

serine/threonine kinase receptor that closely resembles TGFβR2 in structure. TGFβR1 

structure contains a 33 amino acid signal peptide, a cysteine-rich N-glycosylated 

extracellular domain, cytoplasmic kinase region with 41% sequence homology to TGFβR2, 

a very short C-terminal tail [271]. A unique feature of TGFβR1 is its highly conserved 30 

amino acid region preceding the cytoplasmic kinase region called the GS domain because of 

the characteristic SGSGSG sequence it contains. The ligand-induced phosphorylation or 

serine and threonine in the GS region is required for activation of signaling [270]. TGFβR1 

forms a heterodimer with TGFβR2 and this complex collectively takes part in TGFβ-

mediated downstream signaling. Unlike TGFβR2, TGFβR1 has similar affinities for TGFβ1 

and TGFβ3 and has 10-20 fold higher affinity for TGFβ1 than it has for TGFβ2 [269]. 

1.2.3 Canonical TGFβ Receptors 
A well-characterized signalling pathway that is initiated by active heterodimeric TGFβ 

receptors is through Smads. The family of mammalian Smads consists of eight proteins 

divided into three subfamilies, namely receptor-activated (R-) Smads, common-mediator 

(Co-) Smads, and inhibitory (I-) Smads (see Table 6). TGFβ signalling via Smads is 

facilitated by TGFβR1 and TGFβR2, that form both homodimeric and heterodimeric 

complexes required for signalling. 
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Table 6 Receptors of the TGFβ superfamily:Nomenclature, molecular weight and their known ligand-binding partners. 

Receptors Alternative names Molecular 
weight (kDa) Ligands partners References 

Type I Receptors     

Alk-1 TSR-1, SKR3, AVCRL1 56.12 TGFβ, Activin A [272, 273]  
Alk-2 (Type 1 Activin receptor) ActR1A, Tsk7L, SKR1 57.15 Activin A, TGFβ, BMP 2/4, BMP 6/7 [272, 274-278] 

Alk-3 (BMP receptor type 1/1a) 
BMPR1 (BMP type 1 
receptor), BMPR1A, BRK1, 
Tfr11, AVCRLK3 

60.198 BMP 2/4, BMP 6/7 [274, 275, 278] 

Alk-4 (Type 1b Activin 
receptor) ActR1B, ACVR1BSKR2 56.807 Activin A, GDF-1, Nodal, GDF-11 

[272, 275, 279-
281] 

Alk-5 (Type 1 TGFβ receptor) TGFβR1, SKR4 55.96 TGFβ [282, 283] 

Alk-6  (BMP receptor type 1b) BMPR1B, BRK2 56.93 
BMP2/4, GDF5/6, BMP 6/7, GDF9b, 
MIS 

[274, 275, 278, 
284-287] 

Alk-7   54.87 Nodal [288] 
Type II receptors         

ActR2A (Activin type 2 
receptor) AVCR2 57.84 

Activins, Inhibin A/B, BMP-6/7, GDF-1, 
GDF-5, GDF8/11, GDF-9b 

[274-276, 279-
281, 284, 287, 
289] 

ActR2B AVCR2B 57.72 
Activins, Inhibin A/B, BMP-6/7, GDF-1, 
GDF-5, GDF8/11 

[274-276, 279-
281, 284, 289] 

TGFβR2 Type 2 TGFβ receptor 64.568 TGFβ [282, 283] 

BMPR2 BRK3 115.3 
Inhibin A, BMP-2/4, BMP-6/7, GDF-5/6, 
GDF9b 

[274, 284, 285, 
287, 290-292] 

MIS R2 (Mullerian inhibitory 
substance type 2 receptor) AMHR2 62.75 MIS [286] 
Type III receptors         

TGFβR3 Betaglycan  93.49 
TGFβ1, TGFβ2, TGFβ3, BMP 2, BMP 4, 
BMP7, GDF 5 

 [261, 283, 290, 
293] 
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Table 7 Smad family proteins§. 

Subfamily Name Molecular Weight (kDa) Associated 
Ligands 

R-Smads Smad1 52.26 BMP 
 Smad2 52.306 TGFβ, Activin 
 Smad3 48.08 TGFβ, Activin 
 Smad5 52.25 BMP 
 Smad8 52.49 BMP 
    
Co-Smads Smad4 60.43  
    
I-Smads Smad6 53.49  
 Smad7 46.42  
§The Smad family is divided into three subfamilies. A) Receptor-activated (R-) 
Smads; B) Common-mediator (Co-) Smads; and C) Inhibitory (I-) Smads. Smads 
2/3 signal via the TGFβ receptors and Smads 1/5/8 signal via the BMP receptors 
and together with Smad4 they participate in gene transcription. I-Smads can 
block the downstream signaling of the R-Smads by intercepting the complex 
formation with the Co-Smad. 

 

Canonical TGFβ-Smad signaling is initiated by preferential binding of active TGFβ1 to 

TGFβR2 that then recruits, binds and transphosphorylates TGFβR1 in the GS region, 

inducing protein kinase activity. Active TGFβR1 then phosphorylates Smad2 and Smad3 

which form a complex with Smad4 and translocate to the nucleus, where in combination 

with various DNA-binding co-activators, co-repressors and transcription factors, they 

regulate expression of TGFβ responsive genes [294]. The Smad canonical signalling is 

illustrated in Figure 2 of this thesis’ Publication I. 

Under normal physiological conditions, TGFβ-activated Smad2/3/4 complex induces 

expression of the cyclin-dependent kinase inhibitor p21, which prevents the ability of cells 

to progress through the cell cycle, thereby stimulating apoptosis or differentiation. During 

cancer, however, TGFβ is known to participate in Smad-independent (non-canonical) 

pathways whereby it initiates EMT, invasion and metastasis [198],. Various TGFβ-Smad-

independent signaling pathways include mitogen-activated protein kinase (MAPK), Wnt/β-

catenin, PI3K/AKT, RHO/ROCK, Jagged/Notch, and mTOR [198, 241]. TGFβ crosstalk 

data that I have produced covering various MAPKs and Wnt signaling in CRC has been 

published (please refer to Publication I entitled “Transforming growth factor-β, MAPK and 

Wnt signaling interactions in colorectal cancer”). 

  



 

41 
 

1.2.4 Transforming Growth Factor-β and cancer  
TGFβ signalling through its unique transmembrane receptor system controls crucial 

development processes during embryogenesis which are very strictly controlled in adult 

tissues. Given the regulatory role of TGFβ in normal tissues (growth inhibitor, tumor 

suppressor), any alteration in TGFβ signalling components could result in tumourigenesis 

(tumour promoter). Since the majority of cancer cells are genetically unstable they could 

have the capacity to avoid or adulterate TGFβ’s growth suppressive effects. Pathological 

forms of TGFβ signalling are reported to promote tumour growth and invasion, evasion of 

immune surveillance, and cancer cell dissemination and metastasis [241]. Due to the dual 

tumour suppressive and promoter properties of TGFβ during cancer, it has been referred to 

as a “double-edged sword” by Akhurst and Derynck [295] or as “Janus, the two-faced god” 

by Salomon [207]. Given its dual role these terms clearly summarise the duality of its nature. 

How then does TGFβ, a potent tumour-suppressor, so radically deviate from its intended 

function? The answers could lie in the points of alterations that occur to/in the TGFβ 

signalling components and the context in which these occur.  

1.2.5 Genetic alterations in TGFβ pathway components in CRC 
Genetic alterations are key to the development of cancer. Alterations to TGFβ components 

are commonly observed in cancer cells. These inactivating mutations occur in response to 

the tumor-suppressive effects exerted by TGFβ-mediated signaling [241]. As a result almost 

75% of CRC cell lines are resistant to TGFβ-mediated growth inhibition [296, 297]. The 

range of genetic alterations of TGFβ signaling components found in CRC are summarized 

in Table 8. 

Genetic alterations in TGFβR2 are the most common and is estimated that almost 15-30% 

of CRCs harbor this mutation [298]. Biallelic inactivation of TGFβR2 by mutations has been 

observed in CRC and other cancers [299]. Very often these mutations in TGFβR2 are 

represented as MSI which is a result of mutation in MMR genes [201, 297]. The TGFβR2 

coding region contains a 10-base poly-adenine repeat that is prone to replication errors that 

insert or delete one or more adenines. These poly(A) errors go uncorrected in tumors with 

MSI that leads to the expression of inactive or mutated receptors. Poly(A) TGFβR2 

mutations are often accumulate in sporadic CRC. Alterations in TGFβR1 is often due to 

frameshift and missense mutations in the coding region. However, the presence of a common 

polymorphic variant TGFβR1*6A has been shown to increase the risk of CRC and several 

other cancers [205, 300]. 
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Table 8 Genetic alterations in TGFβ signalling components in CRC. 

Protein Gene name 
(Locus) 

Alteration type in 
CRC 

Frequency (%) 
reported in the 

study 

Association with CRC Ref. 

LIGANDS      
TGFβ1 TGFB1 (19q13.1) Polymorphism    
  -509C>T 46 Not associated with increased rink or 

progression of CRC 
[301] 

   Adenoma = 50 
CRC = 45 

Protective role in development of CRC [302] 

   56 Risk factor for developing colorectal cancer in 
Asians 

[303] 

   NS Decreased risk of CRC susceptibility in 
Caucasians 

[304] 

    Possible risk of CRC [305] 
   42 Increased Risk of advanced CRC adenoma [306] 
  -800G>A NS Might contribute to increased risk of CRC [307] 
   17 NS [306] 
  Leu 10 Pro NS No risk association with CRC adenomatous 

polyps and may play a protective role in 
development of CRC hyperplastic polyps 

[308] 

   NS Increased Risk of advanced CRC adenoma [306] 
  Overexpression 71 Disease progression to metastasis [309, 

310] 
  Overexpression 58 Prognostic marker for a subgroup of patients [311] 
  High serum levels nd Disease progression [204, 

312, 
313] 

RECEPTORS      
TGFβR2 TGFBR2 (3p22) Mutation    
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  MSI+ 61 Better 5-year survival rate [201] 
  MSI+ 86 NS [314] 
  MSI- 9 NS [314] 
      
TGFβR1 TGFBR1 (9q33-

9q34.1) 
Polymorphism 
(TGFBR1*A6) 

   

  CRC metastases 29.5 May help in cancer cell growth in presence of 
TGFβ. 

[315] 

  CRC tumours 2.5 NS [315] 
      
SMADS      
Smad2 SMAD2/MADH2 

(18q21.1) 
Homozygous deletion 
and intragenic mutation 

6-10.3 NS [202, 
316, 
317] 

  Deletion 64 NS [318] 
      
Smad3 SMAD3/MADH3 

(15q22.33) 
Mutation NS Very rarely seen. Associated with inactivation of 

TGF-β-induced transcriptional activation. 
[319-
321] 

  Mutation 4 Loss of TGFβ-mediated transcriptional activity. [206] 

      
Smad4 SMAD4/DPC4 

(18q21.1) 
Intragenic mutation    

  FAP 11 Carcinoma without distant metastasis [322] 
  HNPCC 11 Primary invasive carcinoma with no distant 

metastasis 
[322] 

  Sporadic 15 Carcinoma with distant metastasis [322] 
  Deletion 66 NS [318] 
  Somatic mutation 21 Higher in patients with liver metastasis [317] 
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ANTAGONISTS      
 Smad7  SMAD7/MADH7 

(18q21) 
Deletion 48 NS [318] 

  Amplification 10 NS [318] 
  Deletion 43 Better prognosis [323] 
  Amplification 15 Poor prognosis [323] 
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Polymorphisms of TGFβ1 have also been associated with CRC neoplasia. Some commonly 

observed and studied TGFβ1 polymorphisms include -509 C>T, +869 T>C, +915 G > C, -

800 G>A, Leu10Pro, Arg25Pro and Thr263Ile [306]. The -509 C>T polymorphism is 

thought to be present in an YY1 consensus binding site [324] and transfection with a 

construct containing only the T allele enhanced the promoter activity when compared with 

the C allele [325]. The -509T allele has been associated with increased TGFβ1 levels in 

plasma and is observed in approximately 8% plasma samples [326]. The Leu10Pro and 

Arg25Pro polymorphisms are thought to encode non-synonymous amino acid substitutions 

within the signal peptide sequence of TGFB1 precursor. The 10Pro allele has been 

associated with elevated TGFβ1 serum levels [327]. Likewise, in vitro studies have 

associated increased TGFβ1 production with the 25Arg allele [328]. The Thr263Ile 

polymorphism located within the cleaved part of the TGFβ1 pro-protein is thought to affect 

the activation of TGFβ1 [329]. Despite numerous studies relating to TGFβ1 polymorphisms 

in other diseases,  the most commonly studied in CRC are -509 C>T, +869 T>C, +915 G > C, 

-800 G>A. Various reports have reported that the -509 C>T allele is associated with 

decreased risk of CRC [301], [304].  However, there are reports that associate the C allele 

of -509 C>T and A allele of -800 G>A are associated with increased CRC risk [307] [305].  

However, results from these studies are not consistent and further experimental evidence is 

required to gauge the role of these polymorphisms in CRC [304, 305, 307] . 

Smads are crucial for TGFβ-mediated signalling and are known to undergo alterations during 

cancer. Very often Smad mutations are observed on Smad2 and Smad4 and are a result of 

allelic loss or loss of heterozygosity that is seen in up to 60% of CRCs. The Smad2 and 

Smad4 genes are located at chromosome 18q21 which also harbours the tumor suppressor 

gene DCC (deleted in colorectal cancer).The frequency of mutations of Smad2 and Smad4 

in CRC are 6% and 16-25% respectively [298]. Smad4 mutations are also found in 11% of 

FAP and 11% of HNPCC syndromes [299, 322]. Mutations in Smad 2 occur in the MH1 or 

MH2 domains of the molecule affecting the phosphorylation, nuclear translocation, and/or 

decreasing protein stability ultimately disturbing TGFβ signalling. Rare but similar 

mutations or LOH of Smad3 gene (located on 15q21-q22) have been reported in a human 

CRC cell line (SNU-769A) [320]. A study using 36 CRC cell lines and 744 primary CRC 

patient tumor biopsy samples concluded that approximately 4% of them carried mutations 

in the Smad3 gene [206].  
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Interestingly, mutations in TGFβ signalling antagonist Smad7 have also been observed. 

Smad7 along with Smad 6 is a negative regulator of TGFβ signalling. However, the 

overexpression of Smad7 in the immune cells of colonic mucosa leads to chronic 

inflammation that predisposes the tissue to becoming cancerous. In fact, study by Boulay et 

al., have shown that the deletion of Smad7 gene has better prognosis than the amplification 

of Smad7 expression [323]. This suggests that Smad 7 during CRC could act as a promoter 

instead of an antagonist. 

1.2.6 Importance of understanding the role of TGFβ in CRC 
TGFβ superfamily of growth factors regulate various pathophysiological aspects including 

cancer. Particularly TGFβ1, has been reported to have a dual or paradoxical or Jekyll-and-

Hyde role in cancer. During the early stages of cancer development TGFβ acts as a potent 

tumour suppressor by cell growth inhibition and by promoting apoptosis and autophagy. 

However, in the later stages of cancer TGFβ switches to promoting cell invasion and 

metastasis. These responses could be a result of TGFβ-mediated and/or the acquisition of 

mutations in the TGFβ signalling components to escape the growth inhibitory effects exerted 

by TGFβ. Although these effects have often been observed in many systems exposed to 

active TGFβ during experiments, the Janus-like nature of TGFβ switching to promoting 

cancer progression is poorly understood. This dual nature of TGFβ could likely be the 

product of various interrelations and correlations that simply do not have a single signature 

and an explanation currently remains elusive. Understanding the TGFβ switch to a tumour-

promoting outcome remains an important question that is likely to be answered by exploring 

the in the less established interactions of TGFβ. These interactions can be studied using a 

combination of cell signalling and/or proteomic technologies, which are primarily used in 

this thesis.  
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1.3 Literature reviews 
The manuscripts listed here have reviewed the TGFβ crosstalk with other signalling 

pathways and the role of β6 integrin in CRC. These reviews incorporate intricate details that 

contribute to understanding their roles in CRC. The manuscripts have been reproduced with 

permission of the authors and copyright holders 

Review 1: Transforming growth factor-β, MAPK and Wnt signaling interactions in 
colorectal cancer. EuPA Open proteomics (2015). In press, Available online 2 July 2015. 
(doi:10.1016/j.euprot.2015.06.004).  [Publication I] 
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Review 1 – Supplemental files
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Review 2: The αvβ6 integrin sets the stage for colorectal cancer metastasis.  [Publication 
II] 
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1.4 Mass spectrometry based cancer proteomics 

1.4.1 What is proteomics?  
The term ‘proteome’ was used for first time Wasinger et al. in 1995 [330], to describe the 

entire complement of PROTEins encoded by any genOME. A year later, in 1996, Wilkins 

et al. [331, 332] used the term ‘proteomics’ to describe the study of proteomes of a cell or 

tissue, or an entire organism and their function. Since the coining of these terms, proteomics 

has evolved on a great scale which is partly attributed to the development of technologies to 

detect and study the said proteins.  

The proteome of any organism is particularly dynamic, unlike the relatively static genome. 

This dynamic nature of the proteome can partly be ascribed to the ability of a single gene to 

code for multiple isoforms of a single protein. Gene sequences or even the mRNA expression 

levels cannot accurately predict this protein-level information. Various post-translational 

modifications (PTM) such as glycosylation, methylation and phosphorylation further 

enhance the molecular heterogeneity of the proteome and affect the structure and function 

of the individual proteins. Adding to the challenge, the composition of the proteome 

expressed is also affected by environmental factors, physiological state of the cell/organism 

and their response to stimuli at any given time. 

Traditionally (20 years ago), proteins were sequenced by Edman degradation which was 

based on the principle of chemically cleaving an amino-terminus amino acid residue 

followed by identification [333]. However, any modifications to the amino-terminus of a 

protein makes it harder to sequence using Edman degradation and thus reducing its 

sensitivity of this technique. This lead to the adoption of mass spectrometry (MS) technique, 

which had existed and was used in chemistry laboratories since its invention by Nobel 

laureate Sir Joseph John Thomson in 1913 [334], to identify proteins based on their mass. 

The protein MS came to light with the discovery of Matrix-Assisted Laser 

Desorption/Ionization (MALDI) [335] and Electrospray Ionization (ESI) [336] methods in 

the 1980s which enabled identification of intact polypeptides and proteins. The revolution 

of MS-based proteomics research then was boosted by the development of the nanoscale 

reversed-phase liquid chromatography (nanoLC) [337], tandem mass spectrometry 

commonly referred to as MS/MS [338] and automated sequence database search engines like 

SEQUEST [339] and Mascot [340]. This basic platform allowed researchers to routinely 

identify and quantify several hundred to thousand proteins from within a complex mixture 

and is known as ‘shotgun’ or ‘bottom-up’ proteomics, Figure 9.  
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Figure 9 - Basic workflow of LC-MS/MS-based label-free shotgun proteomics. (Adapted 
from http://planetorbitrap.com/bottom-up-proteomics#.VYDzj_mqq2U). 

 

In the past few decades, MS-based proteomics approaches have been extensively used in 

cancer research to identify proteins that may potentially be used as biomarker and/or drug 

targets. Hence, proteomics has become an important tool to discover new candidate 

biomarkers in CRC that may lead to the development of a diagnostic tools for clinicians and 

eventually address the complex molecular signatures that are associated with cancer 

(including CRC) and various diseases. 

1.4.2 Colorectal cancer proteomics  
Proteomics is capable of analysing the proteome deregulation associated with CRC. This can 

be achieved by analysing the complete proteome of a variety of samples that could reveal a 

subset of proteins and/or their associated pathways in CRC development, progression and 

metastasis. The modern proteomic technologies enable us to quantitate the changes in protein 

expression, protein modifications (PTM, turnover i.e. synthesis/degradation etc.) and the 

enzymatic activity related to CRC malignancy. Understanding these biological alterations in 

CRC using proteomics will allow researchers to map the molecular aspects of this disease in 

broad detail. 

Very often CRC proteomics is performed using CRC cell lines, tissue samples and biological 

fluids. These studies are either performed alone or in combination to increase the confidence 

of the results observed. A few examples include: (a) comparison of normal epithelium 
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against cancerous cell lines; (b) comparison of two pathologically different CRC cell lines; 

(c) comparison of tissue biopsies and/or blood samples at various stage of disease 

progression. There could several potential combinations that could be used depending on the 

availability of the samples. 

Human cell lines, tissues and biological fluids have been extensively explored in the quest 

for CRC-specific proteome changes. Often, but not always, cell lines are used as a starting 

point for studying cancer. Rarely, cell lines are prone to genotypic and phenotypic changes 

during culturing require continual assessment of their physiological and pathological 

relevance. Nevertheless, the unlimited sample availability and self-replicative potential of 

the cell lines allows researchers to re-examine a protein or pathway of interest to understand 

its role in CRC. Using cell lines, it is also relatively easy to perform genetic manipulations 

and study the associated changes. However, patient tissue samples and biological fluids have 

the highest pathological and physiological relevance to the disease but are hard to obtain, 

require large sample numbers to account for differences between individuals and have higher 

protein complexity. Therefore, cell line based studies make for a reasonable foundation on 

which other in vivo studies can be performed to test the performance of important molecules 

in the disease. This thesis utilizes three primary CRC cell lines (see Table 9) and their 

subclones to understand the biology of TGFβ in CRC. A few important MS-based proteomic 

studies in the recent years that use the same CRC cell lines in Table 9 and/or CRC patient 

plasmas are summarised in Table 10. 

 Table 9 Colorectal cancer cell lines used in this thesis§ 

Cell 
line  Description Sub-

clones uPAR β6  TGFβR1 TGFβR2 

SW480 adenocarcinoma Mock + - + + 

β6OE + +↑ + + 

HT29 adenocarcinoma, 
tumorigenic 

Mock + + + + 

β6AS + +↓ + + 

HCT116 carcinoma, 
tumorigenic 

WT + - + + 

uPAR-AS +↓ - + + 
§ +, protein is expressed in the cell line; -, +, protein is not expressed in the cell line +↓, protein 
expression is stably down-regulated using plasmids; +↑, protein expression is stably up-
regulated using plasmids 
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Table 10 Summary of recent MS-based proteomic studies performed using the CRC cell lines employed in this thesis; and CRC patient plasma/serum 
samples in the recent years. 

Source of protein sample Aim Observed results and comments Ref. 

Cell line-based studies 

CRC cell line SW480 (does not 
express integrin β6 and SW480OEβ6 
(stably expressing β6) 

To understand how integrin αvβ6 
mediated the EMT and 
invasive/metastatic phenotype.  

74 and 60 unique proteins were identified in SW480OEβ6 and 
SW480 cell lines respectively. Important cell invasion 
related molecules integrins α2, α6, β1, β4, & β5, TGFβ1, 
CD44 and ephtin-b1 showed increased expression when β6 
was expressed. 

[149] 

Primary SW480 cell line and lymph 
node metastatic variant SW620. 

To identify differentially expressed 
proteins in whole cell lysates of 
SW480 and SW620 to understand 
molecular events of CRC metastasis. 

94 down- regulated and 53 up- regulated in SW620 relative 
to SW480. Various cell adhesion proteins (β-catenin, 
NCAM1,  L1CAM),  cytoskeletal  signalling  proteins 
(KRT13, KRT23, tubulin-β 2A and 2B, actinin-α1, actinin-
α4), cell migration inhibitor, annexin 2, and chaperones and 
heat shock proteins such as HSP90α and HSPH1 were 
down- regulated in the metastatic cell line cell line. 

[341] 

Primary SW480 cell line and lymph 
node metastatic variant SW620. 

To identify potential CRC serum 
biomarkers through analysis of 
secretome of two CRC cell lines from 
same patient. 

Reported 3 proteins TFF3, GDF15 and AGR2 to be secreted 
by the SW620 cells and TGM2, LCN2 and IGFBP7 were 
strongly expressed in SW480 cells. TFF3 and GDf15 were 
further examined using CRC serum and tissue samples and 
were reported to be associated with lymph node metastasis. 

[342] 

Five CRC cell lines (HT-29, Caco-2, 
Colo205, HCT116 and RKO). 

Identification of cell surface protein 
biomarkers for CRC adenoma-to- 
carcinoma progression. 

Identified EPHA1, GLUT1, ICAM1, BCAM, prion protein, 
SLC1A5 and HSD17B7. IHC analysis showed that GLUT1 
and prion proteins to be associated with high-risk 
adenomas. 

[343] 
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HCT116 cell line and its metastatic 
derivative E1. 

To elucidate molecular mechanisms 
in metastasis by comparing complete 
proteome profiles of two CRC cell 
lines. 

Reported over expression of DBN1, ANAX5, Lamin-A/C 
and TCTP in the E1 cells. High expression of DBN1 was 
shown by IHC analysis and they proposed further validation 
of this protein as a metastatic marker for CRC. 

[344] 

HCT8 (non-metastatic) and HCT116 
cell lines. 

To discover serological CRC markers 
by analysing the secretome of the two 
cell lines. 

11 candidate marker proteins identified. Melanotransferrin 
(TRFM) was further validated in 130 plasma samples (CRC 
n=80; healthy n=30; other disease=20) which showed up-
regulation in stages I & II of CRC compared with stages III 
& IV. The study suggests TRFM as a potential early 
serological marker. 

[345] 

Plasma/serum-based studies 

Serum (CRC n=91; stage I = 21, 
stage II = 41, stage III = 22 and IV 
= 7 and 33 healthy individuals). 

To identify proteins involved 
tumourigenesis and non-invasive 
markers of CRC in serum. 

COL1A1 and COL1A2 were most up-regulated in CRC 
relative to healthy controls and suggested that they might 
be involved in early CRC tumourigenesis and may serve 
as prognostic markers for CRC. 

[346] 

Plasma (n=32) Samples obtained 
from same patients at early time 
point (ET; before surgery) and late 
time point (LT; regular follow-up 
after surgery when distal metastasis 
was diagnosed). 

To identify novel plasma biomarkers 
for CRC metastasis and to examine 
the possible biological relevance of 
the identified proteins in CRC cell 
migration. 

Gelsolin, SERPINA3, SERPIND1,  T F  and C3 were 
increased in LT and PLG, APOA1 and F2 were decreased 
in LT. Further examination showed Gelsolin to be 
increased in plasma of more than 80% of CRC patients 
with distal metastasis and for stage IV vs stage I-III before 
treatment. 

[347] 

Plasma (n =90; CRC=31 and 
Controls=59). 

To identify novel plasma biomarkers 
for early detection of CRC. 

APOA1 and the ninth component of complement (C9) 
proteins were most significantly altered. C9 was proposed 
as a potential plasma marker for early CRC detection. 

[348] 
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1.4.3 Protein sample preparation and handling 
The separation and isolation of proteins from a cell line, tissue, or organism is the initial step 

in proteomics that is followed by proteolytic digestion, peptide clean-up and LC-MS/MS 

analysis. It is relatively easy to obtain a whole cell lysate (WCL) sample. However, WCL 

might be too complex for identification of certain proteins (e.g., membrane restricted 

proteins) which might by crucial during cancer. One of the challenges, therefore, before 

performing MS on a protein sample is to reduce its complexity. The complexity of WCL can 

be reduced by subcellular enrichment/fractionation and protein/peptide separation or both 

prior to MS. 

Enrichment of specific proteome subsets such as proteins residing in the cytosol or 

membrane organelles or nucleus is important to address some specific research questions. 

This reduces the biological complexity of the proteome and allows examination of low 

abundance proteins which would, normally, otherwise not be observed by MS. The downside 

to this enrichment type proteomic studies is that they only reveal partial proteome. However, 

they are often the type of experiments that answer key biological questions and slowly but 

accurately lead to the mapping of key molecular aspects of the disease. 

Subcellular fractionation of a WCL sample after homogenization can be efficiently 

performed through sucrose gradient centrifugation or liquid-liquid extraction method [349, 

350]. The concept of liquid-liquid extraction is based on the differential solubility of various 

proteins in detergent/aqueous phases. For example, the hydrophobic membrane proteins are 

soluble mostly soluble in the detergent phase. This method is thought to preserve the 

integrity of the cytoskeletal networks if the enrichment is performed without homogenization 

of the cells [350]. In order to reduce the complexity of the protein samples, this thesis utilized 

the liquid-liquid principle to enrich for integral membrane proteins (IMPs). Briefly, the 

nuclear fraction is initially separated, from the cytosolic and microsomal fraction, by low 

speed centrifugation (2000g). The separation of microsomes from the cytosol is achieved by 

high speed centrifugation i.e., ultracentrifugation (120,000g), wherein the microsomes are 

pelleted. Now, the microsomal fraction can be enriched for IMPs either by 0.1 M sodium 

carbonate (pH 11.0) [351] or by triton X-114 phase partitioning [352]. The inherent 

challenges of working with membrane proteins include relatively low abundance, large 

dynamic protein range and low aqueous solubility. As described above, organic solvents and 

detergents can effectively solubilize membrane proteins to overcome the low aqueous 

solubility. However, they may be incompatible with LC-MS/MS and need to be completely 

removed prior to downstream analysis. Subcellular proteomics has been previously utilised 
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to study CRC. For instance, microsomes from CRC tissues have been analysed by 

proteomics [353, 354]. Cantor et al., enriched and analysed the membrane proteome from 

SW480 CRC cells [149]; Kume et al., enriched and analysed membrane proteins from CRC 

tissues samples to identify candidate biomarkers [355]. 

To further reduce the complexity of the protein samples, this thesis utilized strong cation 

exchange chromatography (SCX) to separate the peptides prior to analysing them on MS. 

Few other separation strategies include 1D or 2D gel electrophoresis, 2D differential gel 

electrophoresis (DIGE) and 1D and 2D off-line LC methods. In principle, the SCX stationary 

phase contains resins that are negatively charged in aqueous solution and therefore bind 

positively charged peptides or proteins. Most often, researchers use trypsin to proteolytically 

cleave proteins resulting in “tryptic” peptides. Most tryptic peptides have a net charge of ≥ 

2+ and therefore can be separated by SCX [356]. The SCX also simultaneously removes any 

interfering substances (e.g., detergents, excess salts) that might affect the LC-MS/MS which 

makes it a very efficient method to use in MS-based proteomics. 

1.4.4 LC MS/MS based proteomics  
MS enables researchers to identify the mass of amino acid sequences and eventual 

identification of the associated peptide and its corresponding protein. MS can be divided into 

three main stages: (i) sample preparation (discussed in the previous section), (ii) sample 

ionization, and (iii) mass analysis.  

Sample ionization 
The ionization of biological samples for MS analysis is crucial and will result in charged and 

dry ions for analysis. Ionization is usually performed under high temperature and an electric 

field. This is accomplished by two most common methods – electrospray ionization (ESI) 

and matrix-assisted laser desorption/ionisation (MALDI). ESI was first introduced by Dole 

M et al., in 1968 [357] and later modified by Fenn et al., in 1989 [336] and MALDI was 

introduced by Karas in 1987 [358]. ESI is a liquid phase ionization method where the 

analytes in the solvent are directly sprayed into the mass analysers. MALDI, however, relies 

on immobilising analytes in a matrix and then desorbed by a high energy laser for analysis. 

Both these methods rely upon the basic principle of converting peptides into ions by the 

addition or removal of one or more protons (H+). These methods result in the formation of 

ions without significant loss of sample integrity that allows accurate mass analysis of the 

peptides and proteins in their native state. As ESI was the primary method used in this thesis 

it will be discussed in detail below. 
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In ESI, the analytes in solvent flow into the orifice of the mass spectrometer through a 

microcapillary tube. The potential difference between the capillary and the inlet to the mass 

spectrometer at the orifice results in the generation of a fine mist of charged droplets. As the 

solvent evaporates it results in the accumulation of charged desolvated ions [359-361]. Most 

often MS is performed in positive ion mode simply due to the fact that most tryptic peptides 

are positively charged. The peptides can be doubly (2+) or triply (3+) or have higher positive 

charges. Furthermore, the commonly used solvent during MS analysis, 0.1% formic acid, 

acts as a proton donor to the basic functional groups of the peptides. The charged peptides, 

due to differential pressure and ion gradient, move into the mass analyser where they are 

separated based on their mass-to charge (m/z) ratio. The sensitivity of the ion detection 

depends on various factors such as the analyte concentration in the sample. The sensitivity 

can also be affected by any contaminants such as polymers and salts in the sample which 

can result in ion suppression and may lead to incorrect mass determination.  

Mass Analysers 
As the basic principle of mass spectrometry relies upon accurately reporting the mass of a 

molecule, it is a crucial component of the mass spectrometer. Mass analysers store and 

resolve the ions on the basis of their mass and charge in a vacuum. There are three types of 

mass analysers; a) Quadrupole mass analyser, b) time-of-flight (TOF) and c) ion trap (IT). 

Each mass analyser uses a different principle for measuring the mass of the ion. Quadrupole 

uses the m/z stability of the ion, the TOF uses the differential ion flight time and IT uses the 

m/z resonance frequency. Each mass analyser has unique performance characteristics such 

as resolution, mass accuracy, sensitivity, scan rate, and dynamic range [362]. The proteomic 

experiments in this were performed on an ABSCIEX 5600 TripleTOF which is a hybrid 

triple quadrupole TOF platform and therefore, the quadrupole and TOF mass analysers will 

be further discussed. 

Quadrupole analysers are one of the most common mass analysers used. The principle of a 

quadrupole mass analyzer was first described in the 1950s by Paul Wolfgang [359]. Here, 

the desolvated ions are pulsed toward the detector by an electric field, in the range of 5 Kv, 

created by an array of four parallel metal rods called quadrupole [363]. The quadrupoles can 

also be used as mass filter whereby they only allow ions of certain m/z ratio. Therefore, 

combining more than one quadrupole allowed researchers to obtain information of sequence 

of amino acids in a peptide. This lead to the development of triple quadrupoles which had 

exceptional quantitative capabilities.  
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The ion separation principle in the TOFs is one of the simplest and was first described in the 

mid-20th century [364] and it was not until 1995 when it was rediscovered byBrown and 

Lennon [365]. It simply measures the m/z ratio of an ion by determining the time required 

for it to traverse the length of a flight tube. Some TOF setups have an ion mirror after the 

flight tube which can serve to increase the path length and correct for any small energy 

differences among the ions [366]. These factors contribute to increase in mass resolution 

when using TOFs. In addition, TOF analysers also allow the analysis of all the ions present 

in samples, as every ion has a charge and will eventually complete its flight and reach the 

detector, which is a key advantage [359]. The ABSCIEX 5600 TripleTOF used in this thesis 

has the quantification capabilities similar to triple quadrupoles and the high resolution with 

the speed and sensitivity of a TOF making it an excellent tool for proteomic studies.  

1.4.5 Shotgun Quantitative proteomics using iTRAQ 
The quantitative measurement of proteins along with qualitative information is crucial when 

comparing different proteomic samples. Quantitation in proteomics can be achieved in two 

ways – the non-targeted approach, where all the peptides identified by MS can be 

quantitated; and the targeted approach, where a selected list of peptides are quantitated. Non-

targeted approaches generally use data dependant acquisition (DDA) method to analyse the 

peptides. In the recent years, data independent acquisition (DIA), especially SWATH MS, 

is being increasingly performed to analyse complete proteome in a sample [367]. Targeted 

approach methods such as single/multiple reaction monitoring (SRM/MRM) have also seen 

increasing use in cancer research [355]. 

Shotgun proteomics has grown to be the most common proteomics methods to analyse 

complex protein samples. Most often researchers choose to perform label-free proteomics as 

described previously, which does not require them to label their peptides samples before 

analysing them on a mass spectrometer and the results are not directly quantifiable. 

Quantitative proteomics approaches that utilize labelling techniques include isobaric Tag for 

Relative and Absolute Quantization (iTRAQ) [368], isotope coded protein labels (ICAT) 

[369], stable isotope labelling by amino acids in culture (SILAC) [370] and 18O-labelling 

[371]. The proteomic experiments in this thesis were performed using iTRAQ shotgun 

approach (see Figure 10), which enabled high-throughput proteomic analysis. Key 

advantages of iTRAQ include: a) iTRAQ reporter ions allow simultaneous identification and 

quantification of peptides/proteins in the sample, which is one of the key advantages; b) it 

allows multiple sample analysis in single MS run (from a minimum of 2 upto 8 samples); c) 

all tryptic peptides are labelled resulting in increased confidence and higher quality data; d) 
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improves MS/MS fragmentation and results in more confident peptide/protein 

identifications; and e) analysis of PTMs is possible [372]. A key disadvantage of iTRAQ-

based proteomics is the requirement of more MS time due to the increased peptide numbers 

as multiple samples are combined into a single sample [372]. However, this can be easily 

controlled by decreasing the complexity of the sample by fractionation prior to MS. 

 

Figure 10 - Basic workflow of iTRAQ based proteomics experiments.  Image modified 
from [373]. 
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In brief, crude protein mixture from various samples (2 to 8 samples) is extracted from 

cultured cells and enriched for membrane proteins. The protein sample is then reduced, 

alkylated and enzymatically (using trypsin) digested into peptides. These peptides are then 

labelled on primary amines using 4- or 8-plex isobaric reagents. The labelled samples are 

then fractionated using SCX. The peptide mixture is then delivered to the ionisation chamber 

after the HPLC, where the iTRAQ reporter ions are detected and analysed. The MS/MS 

spectra obtained from the ABSCIEX Triple TOF 5600 were used to simultaneously identify 

and quantify the peptides and proteins using ProteinPilotTM. 

1.4.6 Bioinformatics tools for Data analysis  
Proteomic experiments often generate vast amounts of complex data making them 

complicated to handle. Further adding to the complexity is the origin of the data from a 

various vendor specific instruments and different acquisition methods. The analysis of large 

amounts of data form proteomics experiments requires powerful bioinformatics tools to 

assist in identification, quantitation and other downstream analysis of proteins observed in 

the experiments. Bioinformatics tools such as protein databases, sequence comparison 

programs and various statistical tools make the analysis of complex proteomic datasets 

possible and are briefly discussed. The primary step in after mass spectrometry is to match 

peptide fragment spectra to their corresponding peptides and subsequently to proteins. This 

is primarily done by searching the acquired spectra protein against databases that match 

peptides based on similarity, although other methods do exist. The most commonly used 

database search engines include SEQUEST, Mascot and X! Tandem. These search engines 

allow mining for peptide or protein matches from various protein databases like National 

Center for Biotechnology Information (NCBI), SwissProt, Ensemble and International 

Protein Index (IPI). The search engines also allow researchers to set various limits prior 

beginning the search. Some of those limits include peptide mass tolerance, enzyme 

specificity, inclusion or exclusion of specific modifications and most importantly the target 

proteome to search against. The search engines then generate list of peptides assigned to the 

quarried MS/MS spectra and their associated proteins.  

This peptide and protein list is usually accompanied by correlation scores (e.g., Xcorr for 

Sequest and Evalue for Mascot) which indicate the degree of similarity between the 

experimental and theoretical data; this assessment provides essentially a measure of 

confidence of the annotation. However, the database search engines assign peptides to 

MS/MS spectra irrespective of the data quality. Therefore, identification of peptide and 

proteins from high quality MS/MS spectra (high signal-to-noise and peptide sequence 
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coverage) is required to reduce the number of ‘false-positive’ identifications and obtain a 

statistical valid list of ‘true-positive’ identifications. The confidence of identification is 

measured by determining the false discovery rates (FDR), which is a measure to estimate the 

annotation error. Typically, FDR is calculated immediately after peptide and protein 

identification. Very often an FDR of 1-5% is used in proteomics experiments.  

In this thesis, ProteinPilotTM that employs a robust ParagonTM algorithm [374] was used for 

identification of peptides and proteins from the MS/MS spectra obtained from ABSCIEX 

Triple TOF 5600. Additionally, the integrated FDR analysis reported to us the quality of 

protein and peptide identifications [375]. A typical result for iTRAQ data from protein pilot 

will show N: rank of a particular protein in respect to the other proteins identified; Unused: 

the “protscore” for a particular protein; Total: the “protscore” for a particular protein using 

all of the available peptides identified for that specific protein; %Cov(95): the number of 

amino acids matching the identified protein sequence with confidence greater than 95%, 

divided by the total number of amino acids in the protein; Accessions: protein accession 

number from SwissProt protein sequence database; Name: protein sequence name; Species: 

shows the taxonomy of the protein; Peptide(95%): the number of distinct peptides have at 

least 95% confidence; Protein ratios/fold change: the ratio of average areas measured for 

the respective protein ions between various labels; and p-value: from a paired t-test on the 

average of the areas measured. Other details such as modifications, precursor molecular 

weight and precursor m/z can also be obtained by manually selecting the output file options 

in ProteinPilotTM.  

Once the list of proteins is obtained, they can further be used to understand the biological 

relevance using functional annotation and/or pathway/network analysis tools. Some such 

tools include, STRING functional protein association networks (http://string-db.org/), 

Reactome pathway database (http://www.reactome.org/), KEGG pathway database 

(http://www.genome.jp/kegg/pathway.html), WEGO gene ontology annotation tool 

(http://wego.genomics.org.cn/cgi-bin/wego/index.pl), Ingenuity pathway analysis (IPA) 

(http://www.ingenuity.com/products/ipa), DAVID Functional Annotation Tool 

(http://david.abcc.ncifcrf.gov/), Pathway commons (http://www.pathwaycommons.org/) 

and ConsensusPathDB (http://cpdb.molgen.mpg.de/). IPA was used for pathway analysis of 

proteomic data in this thesis. The public repositories such as the ProteomeXchange (PX) 

consortium (http://www.proteomexchange.org/) and the PRIDE (PRoteomics 

IDEntifications) database (http://www.ebi.ac.uk/pride/archive/) for MS/MS spectral data 

http://string-db.org/
http://www.reactome.org/
http://www.genome.jp/kegg/pathway.html
http://wego.genomics.org.cn/cgi-bin/wego/index.pl
http://www.ingenuity.com/products/ipa
http://www.pathwaycommons.org/
http://cpdb.molgen.mpg.de/
http://www.proteomexchange.org/
http://www.ebi.ac.uk/pride/archive/
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will enable researches to more confidently re-identify or re-assess a data set for more 

possible outcomes and will be crucial for the growth of proteomics.  

1.5 Aims of the thesis  
Several studies have also reported the involvement of TGFβ in cancer but there was no direct 

evidence to support this observation in CRC. A previous membrane proteomic study in our 

group) using SW480 cells which observed differential expression of TGFβ1 (↓2.9 fold) and 

TGFβR1 (↑>3.0 fold) when β6 was expressed. These interesting observations instigated the 

investigation of TGFβ and its role in regulating CRC related processes in a β6 and uPAR 

dependent manner. 

The overall aim of this thesis was to expand the knowledge on the biology of TGFβ in CRC. 

This was achieved by employing state-of-the-art proteomics, cell signalling assays (i.e., 

AlphaScreen® SureFire® Assay) and multiplexing technologies (i.e., Proseek Multiplex 

Oncology I kit), in conjunction with sophisticated bioinformatics. The samples investigated 

in this thesis comprised of a panel of cultured human CRC cells and clinically staged CRC 

plasma samples. 

Aim I: The first project of this thesis, a signalling study, aimed to evaluate whether 

expression of the β6 integrin subunit enhances the ability of CRC cells to activate 

recombinant zymogen TGFβ and plasmin as part the novel uPAR/αvβ6/TGFβ1 interactome. 

This study identified that expression of β6 integrin clearly increased the proliferation and 

invasion of the cells when treated with L-TGFβ and was sustained through increased Erk1/2 

signalling. (Publication IV - This work has been prepared for publication). 

A subsequent iTRAQ-based proteomic approach was employed to explore the effects of 

TGFβ and its signalling on colon cancer cells that express varying levels of β6 integrin. This 

study was able to successfully identify various cancer related molecules and networks to be 

significantly altered upon TGFβ treatment. (Publication III - This work has been prepared for 

publication). 

Aim II: The subsequent project then aimed to characterise proteome changes of HCT116 

colon cancer cells, with differential expression of urokinase-type plasminogen activator 

receptor (uPAR), treated with active TGFβ1. The results from this study, demonstrate that 

expression of uPAR induces differential up- and down-regulation of several cancer related 

proteins and signalling pathways such as eIF2. (Publication V - This work has been prepared 

for publication). 
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Aim III: The final study of the thesis aimed to investigate the expression of LAP-TGFβ1 

using an immune based analysis of EDTA-plasma samples from Dukes’ stage A-D patients 

(n=60) and unaffected controls (n=15). The results showed no significant difference for 

LAP-TGFβ expression. However, the study identified three biomarkers (CEA, IL-8 and 

prolactin) that can significantly differentiate the unaffected controls from non-malignant 

(Dukes’ A + B) and malignant (Dukes’ C + D) stages. The findings from this study 

(Publication VI) have been published the journal of Clinical Proteomics.  

During the course of this PhD project, a secondary aim that significantly contributed to 

determining the interaction site of uPAR and β6 integrin was also undertaken and these 

findings have been published in the Journal of Proteome Research (Publication VII; 

Appendix II). 

Overall, the findings from this thesis (aim I and II) have reported several molecules to be 

deregulated in favour of or against cancer progression upon TGFβ treatments. These results 

will be crucial to understand the biology of TGFβ in the context of uPAR/αvβ6/TGFβ1 

interactome. Additionally, the plasma study (aim III) identified CEA, IL-8 and prolactin as 

potential CRC biomarkers. It is believed that the results from this thesis will contribute to 

the effort of understanding the biology of TGFβ in cancer and aid in the development of new 

diagnostic and therapeutic tools to combat global CRC health burden. 
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More detailed information on the methods used in this thesis are available in the respective 

chapter or its associated publication in that chapter.  

Method Used in Chapter (in 
publication) 

Proliferation assay 3,4 (III, IV, V) 

Wound healing assay 3 (III) 

Invasion assay 3, 4 (III, IV, V) 

Cell culture 3,4  (III, IV, V, VII, VIII) 

Triton X-114 phase partitioning 3,4 (III, V) 

Ingenuity Pathway Analysis 3,4 (III, V) 

iTRAQ-labelling 3,4 (III, V) 

Strong cation exchange chromatography 3,4 (III, IV, V) 

NanoLC Chromatography 3,4 (III, IV, V) 

Western blotting 3,4 (III, IV, V, VII, VIII) 

AlphaScreen® SureFire® assay 3 (IV) 

Bio-Plex Pro™ human cytokine 27-plex immunoassay 5 (VI) 

Proseek® Multiplex Oncology I proximity extension assay 5 (VI) 

Immunoprecipitation (VIII) 
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CHAPTER 3 
This chapter incorporates two studies that are crucial for understanding the associations of 

TGFβ and integrin β6 in CRC biology. 

3.1 - Study I:  

The first study in the chapter aimed to explore the ability of β6 integrin subunit to activate 

recombinant L-TGFβ and plasminogen as part the novel uPAR/αvβ6/TGFβ1 interactome. 

This study was performed using SW480 and HT29 subclone cells that differentially express 

β6 integrin. This differential expression of β6 was achieved through stable cDNA 

transfection. Preliminary cell based studies after addition of L-TGFβ and plasminogen 

(PLG) showed high β6 expression resulted in increased proliferation and invasion. 

Surprisingly, the investigation of cell signalling activity using AlphaScreen® SureFire® 

assays showed higher Erk1/2 activity when the cells expressed any amount β6. The study 

also showed a switch in signalling from Smad to Erk when treated with plasminogen. 

Overall, these observations suggests that αvβ6 expression can utilize both L-TGFβ and 

plasminogen to induce phenotypic changes involved in cancer progression through sustained 

Erk1/2 activity.  

3.1.1 - Expression of αvβ6 integrin enhances both plasminogen and latent-transforming 
growth factor-β1 dependant proliferation, invasion and ERK1/2 signalling in colorectal 
cancer cells.  [Publication III] (Prepared for publication) 
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ABSTRACT 19 

 The αvβ6 integrin, urokinase-type plasminogen activator receptor (uPAR) and 20 

transforming growth factor-β1 (TGF-β1) are crucial proteins involved in the progression of 21 

colorectal cancer (CRC) towards metastasis. Commonly upregulated in epithelial cancers, 22 

αvβ6 enhances metastatic cell attributes including proliferation, invasion, adhesion and the 23 

epithelial-mesenchymal transition (EMT). αvβ6 is suggested to physically interact with 24 

uPAR and the latency-associated peptide of TGF-β1, potentially influencing the activation 25 

of the latent TGF-β1 (L-TGFβ1) and plasminogen (Plg) zymogens. Following activation, 26 

the binding of active TGF-β1 to its receptors can initiate an amplification cascade, 27 

upregulating αvβ6 and uPAR expression through the Ets-1 transcription factor. 28 

Alternatively, αvβ6 can interact with ERK2-P through a unique C-terminal tail, promoting 29 

the plasminogen activation (PA) cascade and mitogen-activated protein kinase (MAPK) 30 

signalling pathways. The present study investigated whether αvβ6 expression enabled CRC 31 

cells to activate zymogen members of these proteolytic and growth factor pathways, 32 

inducing phenotypic changes necessary to facilitate pro-metastatic transformation. Cell-33 
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based assays and signalling activity studies determined that treatment with recombinant L-34 

TGFβ1 and/or Plg significantly enhances metastatic activities in a αvβ6-dependent manner. 35 

β6-overexpressing cells treated with L-TGFβ1 and/or Plg were significantly more 36 

proliferative, invasive and maintained higher ERK1/2 signalling activity compared to 37 

untreated control cells. In contrast, stable anti-sense suppression of β6 by ~80% did not 38 

reduce the β6-dependent increases in ERK1/2 signalling activity observed when treated with 39 

L-TGFβ1 and/or Plg, indicating that residual β6 could compensate for the activation. This 40 

study provides evidence of a “switching” from SMAD to ERK signalling following Plg 41 

treatment, promoting the metastatic phenotype. 42 

KEYWORDS: β6 integrin; colorectal cancer; epithelial-mesenchymal transition; 43 

metastasis; latent transforming growth factor-β and plasminogen activation. 44 

Abbreviations 45 

BME; basement membrane extract. BSA; bovine serum albumin. ECM; extracellular 46 

matrix. EDTA; Ethylenediaminetetraacetic acid. EGF; epidermal growth factor. EMT; 47 

epithelial-mesenchymal transition. ERK1/2; Extracellular signal-regulated kinase ½. FBS; 48 

foetal bovine serum. HRP; horse radish peroxidase. L-TGFβ1; latent transforming growth 49 

factor-β1. MAPK; mitogen-activated protein kinase. MMP; matrix metalloprotease. PA; 50 

Plasminogen activation (cascade). Plg; plasminogen. PBS; phosphate buffered saline. 51 

PVDF; Polyvinylidene fluoride. RPMI; Roswell Park Memorial Institute. SF; serum-free 52 

(media). TBS; tris-buffered saline. TGF-β; transforming growth factor-β. VEGR; vascular 53 

endothelial growth factor. uPA; urokinase-type plasminogen activator. uPAR; urokinase-54 

type plasminogen activator receptor. 55 

1. INTRODUCTION 56 

The β6 integrin subunit of the αvβ6 integrin heterodimer (β6) has long been 57 

implicated as a marker of metastatic progression in colorectal cancer (CRC). Several studies 58 

link β6 expression with progression towards a more aggressive, invasive and/or metastatic 59 

phenotype.[1-6] The αvβ6 integrin is a member of a family of heterodimeric cell-surface 60 

receptors composed of one of eighteen (18) α- and eight (8) β-subunits[2] which collectively 61 

mediate cellular adhesion to ECM substrates.[1, 7] Each α/β heterodimer combination confers 62 

a particular binding specificity and signalling properties.[8] The β6 subunit, when bound to 63 

its sole binding partner αv, is an epithelial cell-restricted antigen whose expression is 64 
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elevated during tissue remodelling events (e.g., wound healing, fibrosis) and in epithelial 65 

cancers during EMT, where it is almost invariably localized to the invasive fronts and 66 

infiltrating edges of tumour islands.[1, 5, 9] Recent immunohistochemistry studies have 67 

demonstrated that elevated β6 expression negatively correlates with CRC patient survival[6], 68 

ascribing this to be mediated through β6’s roles promoting cell proliferation, migration and 69 

invasion into proximal tissues and eventual metastasis.[1, 2, 6, 10, 11] 70 

A recent membrane-enriched proteomic study by our group identified that deliberate 71 

β6 neo-expression into a non-expressing cell line induced a significant change in the 72 

expression of 708 proteins, including 54 potential cancer biomarkers flagged by the 73 

American Society of Clinical Oncology for clinical applications (e.g., diagnosis, prognosis, 74 

progression and response to therapy).[12] We determined that 134 proteins were observed 75 

solely in either the β6-transfected or mock subclone, potentially indicating a biosignature of 76 

proteins expressed/repressed in response to β6 expression.[12] Ingenuity Pathway Analysis© 77 

of the proteomic datasets revealed that the protein networks and functions most strongly 78 

affected by β6 expression were fundamentally involved in cancer metastasis. These 79 

functions included; (i) cell death, (ii) cellular movement, (iii) cancer phenotype, (iv) cell 80 

cycle, and (v) cellular growth/proliferation.[12] Based on the expression of signalling pathway 81 

members, the integrin-linked kinase and Ran signalling pathways were identified as being 82 

significantly different between the SW480Mock and SW480β6OE colorectal cancer cell lines 83 

as well as individual proteins found in the MAPK and Wnt/β-catenin signalling pathways.[12] 84 

Interestingly, expression of all other integrin subunits (with the exception of β6’s binding 85 

partner αv) decreased (i.e., α2, α6, β4 and β5  significantly) indicating the potential 86 

existence of a subunit hierarchy. Migration and proliferation studies recapitulated previous 87 

findings demonstrating that β6 integrin expression significantly increased proliferation of 88 

SW480 cells.[12] These cells were observed to adopt a gross cellular morphology more 89 

similar to mesenchymal cells (i.e., flattened, elongated, pointed and spindly) when compared 90 

with the more classical rounded, cobble-stoned appearance of mock transfectants.[12] SW480 91 

cells expressing β6 were significantly more capable of invasively migrating through an 92 

ECM-coated polycarbonate membrane, analogous to the epithelial tissue basement 93 

membrane.[12] Together, these findings strongly suggest that EMT is promoted by expression 94 

of the β6 integrin. This process is suspected to be driven through interaction/s between the 95 

αvβ6 integrin, uPAR and TGF-β1. This interaction axis may function to sequester key 96 
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metastasis-related proteins to the infiltrating edge of tumour islands, thereby concentrating 97 

immediate and downstream signalling/proteolytic activity to the invasive front of a CRC 98 

tumour.  99 

The αvβ6 integrin anchors the latent TGF-β1 complex (LTGF-β1) to the extracellular 100 

matrix (ECM), where it provides the necessary traction force to liberate TGFβ1 from its 101 

zymogen complex.[13] Once released, active TGF-β1 can promote cellular migration and 102 

metastatic transformation in late-stage CRC.[6, 13, 14] Active TGF-β1 promotes 103 

phosphorylation and translocation of the SMAD2/3 signalling complex, which induces 104 

target genes involved in cell migration and proliferation, including the de novo expression 105 

of αvβ6.[15, 16] In parallel to activation by integrins, L-TGFβ1 can also be activated through 106 

the PA cascade where uPAR binds urokinase-type Plg activator (uPA) which cleaves Plg 107 

into active plasmin which subsequently can cleave and activate L-TGFβ1 by proteolysis.[17] 108 

Saldanha et al. demonstrated that αvβ6 co-immunoprecipitates with uPAR whilst others 109 

have shown that αvβ6 co-regulates proliferation through direct interactions with the MAPK 110 

signalling pathway[18] (specifically pERK2).  β6 expression promotes the activation of PA 111 

and matrix metalloprotease (MMP) cascades through uPA and MMP family members, 112 

MMP-2, MMP-3 and MMP-9.[14, 19] Interestingly, MMP-3 and MMP-9 activation was 113 

enhanced following treatment with TGF-β1, indicating even further cross-reactivity within 114 

this novel interactome.[19] We suggest that αvβ6 expression forms a structural foundation 115 

allowing formation of a pericellular interactome, effectively concentrating TGF-β1 and PA 116 

cascade activity to the cell surface. To test whether this interactome was present and capable 117 

of promoting metastatic activities in αvβ6-expressing cells, we introduced relatively low 118 

pathophysiological concentrations (10ng/mL) of LTGF-β1 and/or Plg compared to the 119 

normal levels in human plasma (LTGF-β 136ng/mL[20]; Plg 200ng/mL[21]). These 120 

concentrations were chosen to highlight the potency of the novel interactome and its ability 121 

to transform relatively small concentrations of abundant zymogens in plasma into 122 

significantly enhanced metastatic activity. This project aimed to determine whether 123 

expression of the β6 integrin subunit enhances the ability of CRC cells to activate/implement 124 

recombinant zymogens as part the novel uPAR/αvβ6/TGF-β1 interactome in cellulo 125 

resulting in phenotypic changes crucial for metastatic progression.  126 

2. Methods and Materials 127 



 

108 
 

2.1 Antibodies and reagents 128 

 This study used the commercially available ERK1/2, SMAD2 and Akt1/2/3 129 

AlphaScreen® SureFire® assay kits (TGR Biosciences, Cat. No.’s TGRES500, 130 

TGRSM2S500 and TGRA4S500) to detect relative ERK1/2, SMAD2 and Akt1/2/3 131 

phosphorylation respectively. All kits contained a biotinylated antibody that recognises the 132 

active phosphorylated epitope (e.g. pERK1/2, phospho-Thr202/Tyr204) and a non-133 

biotinylated antibody that recognises a distal epitope. An anti β-actin monoclonal mouse 134 

antibody was purchased from Sigma Aldrich (Cat. No. A3854) and HRP-conjugated in-135 

house for loading controls.[12] A monoclonal rabbit anti-human uPAR antibody was 136 

purchased from American Diagnostica (Cat. No. 3932). The inhibitors of TGFβ signalling 137 

(SB-431542; Cat. No. S4317-5MG) and plasmin (aprotinin; Cat. No. A3428) were 138 

purchased from Sigma Aldrich Australia.  139 

2.2 Cell lines 140 

Two Duke’s stage B epithelial CRC cell lines were employed throughout this project. 141 

SW480 cells which lack endogenous β6 expression were initially established by Leibovitz 142 

et al.[22] These cells were stably transfected with a vector containing either the full-length β6 143 

subunit coding sequence (i.e., SW480β6OE) or an ‘empty’ vector (i.e., SW480Mock) as 144 

previously described.[3] HT29 cells endogenously express the β6 integrin[4] and have been 145 

stably transfected with a vector containing either the β6 cDNA sequence in an antisense 146 

orientation (HT29β6AS) or with an ‘empty’ vector (HT29Mock) as previously described.[4] β6 147 

expression in HT29β6AS was found to be reduced by ~80% using flow cytometry.[4] Each cell 148 

line has been determined as “invasive” using Matrigel invasion assays[23] and has been 149 

previously found to express both uPAR and transforming growth factor-β1 receptor 1/2 150 

(TGFβR1/2).[12, 24] All cell lines tested negative for Mycoplasma infection using the PCR-151 

based VenorGeM Mycoplasma Detection Kit (Minerva Biolabs).[12] SW480Mock and 152 

SW480β6OE cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) 153 

supplemented with 10% foetal bovine serum (FBS) and 500µg/mL geneticin (G418 sulphate, 154 

Life Technologies). HT29Mock and HT29β6AS subclone cells were cultured in Roswell Park 155 

Memorial Institute medium (RPMI; Invitrogen) supplemented with 10% FBS and 2.5µg/mL 156 

puromycin (Life Technologies). Both cell lines were incubated at 37oC in 5% CO2. Serum-157 

free (SF) media represents 0% FBS but contains selective reagents for respective cell lines. 158 
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2.3 Recombinant protein treatment protocol 159 

Recombinant, carrier-free, human L-TGFβ1 and Plg were purchased from R & D 160 

Systems. Standardised recombinant protein treatments were employed for each assay. 161 

Freshly passaged CRC subclones were seeded and incubated in serum-containing media for 162 

24hr. Cells were washed in 1x phosphate-buffered saline (PBS) and incubated in SF media 163 

for 24hrs prior to treatment with recombinant proteins followed by incubation for the time 164 

period required for each assay. Four treatment conditions were employed in this study: 1) 165 

SF media as a negative control; 2) SF media + 10ng/mL L-TGFβ1; 3) SF media + 10ng/mL 166 

recombinant Plg; and 4) SF media + 10ng/mL L-TGFβ1 + 10ng/mL Plg. All comparisons 167 

were performed against untreated mock controls and are presented as a percentage of the 168 

untreated mock transfectant control. All treatments were performed in biological triplicate 169 

and experiments were independently repeated at least two times. Statistical testing for 170 

significance was performed using a Student’s T-test with a significance cut-off of p<0.05. 171 

2.4 Proliferation assay 172 

 Either 1x105 (SW480) or 5x104 (HT29) cells were seeded into each well of a six-173 

well plate and prepared for recombinant protein treatment as outlined above. The cells were 174 

incubated in the presence of recombinant proteins for either 24hrs or 48hrswithout 175 

replacement of the media. Cells were gently detached by trypsinization, mixed (1:1) with 176 

0.4% Trypan Blue and the live cells enumerated using a BioRad TC-10TM automated cell 177 

counter. It should be noted that the trypan blue exclusion measures the steady state balance 178 

between cell viability and proliferation does not measure cell death. Proliferation rate and 179 

doubling time calculation methods are outlined in Supplementary Information. The 180 

proliferation assay was then repeated and SW480 cell lines treated for 24hrs with specific 181 

inhibitors of TGFβ (SB-431542) and/or plasmin (aprotinin) activity to a final concentration 182 

of 10µM and 0.3µM respectively.  183 

2.5 Morphology assay by confocal microscopy 184 

 Freshly passaged SW480 cells were seeded into each well of a Lab-Tek Chambered 185 

coverglass plate (Thermo Fisher) and prepared for recombinant protein treatment as outlined 186 

above. After 24hr incubation in the presence of L-TGFβ1 and/or Plg, cells were washed with 187 

1x PBS and fixed with 2% paraformaldehyde in PBS for 10min at room temperature. Cells 188 

were permeablised with 0.1% Triton X-100 in PBS for 5min before blocking in 1% BSA for 189 
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20min at room temperature. Fixed cells were stained with a 20nM Alexa phalloidin solution 190 

for 20min at room temperature and washed in PBS. Nuclei were counterstained with Hoechst 191 

solution (2µg/mL) and washed again with PBS. Confocal microscopy was performed using 192 

an Olympus Fluoview 300 Confocal Laser Scanning system equipped with an inverted 193 

microscope (IX70, Olympus Tokyo). 194 

2.6 Wound-healing assays 195 

 Freshly passaged SW480Mock or SW480β6OE cells were seeded into a six-well plate 196 

and incubated in serum media for 24hr as part of the recombinant treatment protocol. After 197 

a 24hr incubation in SF media, a confluent monolayer had formed and each well was 198 

horizontally scraped with a 10µL pipette tip (diameter 0.35mm) to create a scratch and gently 199 

washed with PBS to remove any suspended cells. PBS was aspirated and replaced with SF 200 

media containing the respective zymogen. Cells were incubated in the presence of the 201 

recombinant proteins for 24hr and the ‘wounds’ imaged using 10x objective of a Leica DM-202 

IL microscope with a Leica DFC280 digital imager. Three images were taken at random 203 

along the scratch in each well. Four scratch width measurements were taken at pre-set quarter 204 

marks for each image using the ImageJ analysis program 205 

(http://rsbweb.nih.gov/ij/index.html). Scratch measurements were taken from the leading 206 

cell edge only and cells that had formed islands within the scratch were excluded. Because 207 

of high variability due to differences in cell shape, the median scratch width measurement 208 

was taken for each image and used for statistical analysis as it is less susceptible to outliers.  209 

2.7 Migration and Matrigel invasion assays 210 

 Migration and invasion assays were performed using 6.5mm diameter Transwell® 211 

permeable support inserts (8.0µm; 1x105 pores/cm2; Corning). The Transwell inserts were 212 

coated with 100μL of 12-18mg/mL Matrigel basement membrane extract (BME; Cultrex® 213 

Basement Membrane Extract) for the invasion assay as per manufacturer’s instructions. 214 

Migration assay inserts were not coated with BME. Freshly passaged SW480 subclones were 215 

cultured in serum containing media for 24hr. At ~75% confluence, cells were serum deprived 216 

in SF media for 24hr. Cells were then non-enzymatically detached using 1mM EDTA in 217 

PBS and 1x105 cells were inoculated into the upper chamber of inserts in SF media. L-218 

TGFβ1 and/or Plg was introduced into the upper chamber to a final concentration of 219 

10ng/mL, which was then placed into the lower chamber containing 1% FBS serum-media 220 
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and incubated for 16hr at 37oC. Following incubation, non-migratory cells were gently 221 

scraped away from inside the upper insert chamber with a cotton swab and the insert washed 222 

with PBS before fixing with 2% paraformaldehyde for 2min. Excess paraformaldehyde was 223 

washed away and cells were stained with 0.2% (w/v) crystal violet in 2% ethanol for 10min 224 

at room temperature. Excess stain was washed away before viewing under an inverted light 225 

microscope. Five random visual fields were obtained with a 40x objective and the cells that 226 

were migrating through the polycarbonate membrane enumerated. 227 

2.8 Western blotting 228 

 Freshly passaged SW480 and HT29 subclones were lysed in the presence of the 229 

cOmplete Mini EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitor 230 

cocktail 2 (Sigma-Aldrich). Crude cell lysates were sheared by six passes through a 27G 231 

needle and heated to 70oC for 10min before 1D SDS-PAGE separation on a 4-12% NuPAGE 232 

gel (Invitrogen) at 200V for 1hr. Resolved proteins were then electrophoretically transferred 233 

to a PVDF membrane (Invitrogen). Non-specific binding was blocked with Tris-buffered 234 

saline (TBS) containing 3% (w/v) BSA and 0.5% (v/v) Tween-20 (4oC, 1hr) prior to primary 235 

antibody probing (4oC, overnight). The membrane was washed with TBS with 0.5% (v/v) 236 

Tween-20 and incubated in horseradish peroxidase-conjugated goat or rabbit secondary 237 

antibodies (room temperature, 1hr), followed by chemiluminescence detection (SuperSignal 238 

West Femto Maximum Sensitivity Substrate, Thermo) and image acquisition (LAS 3000, 239 

FUJI). MagicMark™ and Novex Pre-stained (Invitrogen) Western blotting protein standards 240 

were used to estimate molecular weight. Signal intensity was quantified using ImageJ. 241 

Western blots were performed in technical triplicate. 242 

2.9 AlphaScreen® SureFire® assays  243 

Freshly passaged SW480 cells were seeded into each well of a 96-well plate and 244 

cultured using the recombinant protein treatment protocol described above. After 24hr 245 

incubation in the presence of L-TGFβ1 and/or Plg, SW480 and HT29 subclones were 246 

incubated in serum media for either 10 or 30mins immediately prior to cell lysis in the 247 

presence of protease and phosphatase inhibitor cocktails. AlphaScreen® SureFire® assays 248 

(TGR Biosciences, Australia) were performed according to the manufacturer’s instructions 249 

in biological triplicate with technical quadruplicates taken from each sample well.[25] 250 

ERK1/2, SMAD2 and Akt1/2/3 SureFire® assays were performed on the same cell lysate 251 
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samples to provide relative signalling changes with treatment. Cell lysate that was either 252 

negative or positive for ERK1/2, SMAD2 or Akt1/2/3 activity was provided as controls. The 253 

phosphorylated epitopes measured in these assays are phospho (p)-Thr202/Tyr204 for 254 

ERK1/2, p-Ser465/467 for SMAD2 and p-Ser473 for AKT1/2/3. 255 

3. RESULTS 256 

 This project determined that treatment of αvβ6-expressing CRC cells with L-TGFβ1 257 

and/or Plg induced or significantly promoted multiple phenotypic changes that are associated 258 

with the metastatic progression of an early colorectal cancer. Overall, these results support 259 

the formation of a pro-metastatic signalling “switch” involving both L-TGFβ1 and Plg that 260 

is supported through elevated expression of the epithelial-restricted integrin αvβ6. 261 

3.1 β6 expression facilitates increased proliferation when treated with L-TGFβ1 and/or 262 

Plg 263 

 Our previous study demonstrated that β6 overexpression enhances CRC cell 264 

proliferation under standard cell culture conditions.[12] This project employed similar assays 265 

to now determine whether introducing zymogen members of the uPAR/αvβ6/TGFβ1 266 

interactome into these cultures induced a β6-dependent increase in cell proliferation, firstly 267 

within the SW480Mock and SW480β6OE cell lines (Figure 1). 268 

Interestingly, the SF media control had an anti-proliferative effect on SW480β6OE, 269 

resulting in a 36% longer doubling time at 24hrs relative to SW480Mock. However, L-TGFβ1 270 

and/or Plg treatment significantly promoted SW480β6OE proliferation by up to 65% relative 271 

to the untreated SW480Mock control. L-TGFβ1 and/or Plg treatment decreased cell doubling 272 

times by 19% (LTGFβ1), 24% (Plg) and 35% (L-TGFβ1 + Plg) respectively, increasing the 273 

live SW480β6OE cell count relative to SW480Mock. After 48hr, the effect of these zymogens 274 

on SW480β6OE proliferation was sustained though less pronounced as a 7% (L-TGFβ1), 10% 275 

(Plg) and 20% (L-TGFβ1 + Plg) reduction in doubling time relative to SW480Mock. 276 

Comparing treatments within the SW480β6OE cell line only, each zymogen treatment 277 

significantly increased proliferation compared to SF control. No significant difference in 278 

proliferation was observed between any zymogen protein treatment in SW480Mock cells at 279 

either the 24 or 48hr incubation, indicating that β6 is required for the elevated proliferation. 280 

Interestingly, zymogen treatment of SW480β6OE cells yields nearly the same number of live 281 

cells as the SW480Mock line in serum media (data not shown), suggesting that the presence 282 
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of these zymogens at 10ng/mL matches serum media conditions in the absence of β6. SW480 283 

cell viability remained at 95.8% even after 72hr in SF media. Similar studies have shown 284 

that similar sustained resistance to nutrient deprivation may correspond with increased 285 

tumour aggressiveness[26], suggesting that SW480 cells are immediately pre-metastatic and 286 

are a suitable models for early stages of metastasis. 287 

 288 

Figure 1. Proliferation of SW480 subclones after 24-48hrs normalised to untreated 289 

SW480Mock controls. A) Live cell counts between SW480 subclones after 24hr incubation. 290 

B) Live cell counts between SW480 subclones after 48hr. Error bars display one standard 291 

deviation and doubling times are listed in Supplementary Table 1. 292 

To determine whether these significant increases in proliferation were the direct 293 

result of zymogen treatment, we repeated the proliferation assay implementing specific 294 

inhibitors of TGFβ1 and plasmin activity (Figure 2).  295 

Again, the SF media exerted an inhibitory effect on SW480β6OE proliferation. 296 

Inhibitor treatment reduced SW480 subclone proliferation regardless of β6 expression, 297 

indicating that TGFβ1 and plasmin activity is necessary to maintain basal SW480 cell 298 

replication. When treated with one or both inhibitors, SW480β6OE proliferation was 299 

significantly reduced compared to the SW480Mock cell line for each treatment except Plg + 300 



 

114 
 

aprotinin. This suggests that the growth-promoting effects of zymogen treatment observed 301 

in Figure 1 can be ablated when TGF-β1 and plasmin activity is inhibited. Interestingly, 302 

Figure 2 also suggests that without TGF-β1 and plasmin activity, SW480β6OE cells are no 303 

longer significantly more proliferative than SW480Mock [12] and instead become significantly 304 

less proliferative than the SW480Mock control. Taken together, this data suggests that the 305 

growth-promoting effects of β6 expression are conveyed through increased zymogen 306 

activation and that without TGF-β1 and plasmin activity, β6 expression exerts an anti-307 

proliferative effect on the SW480 cell under normal tissue culture conditions.  308 

 309 

Figure 2. Proliferation of SW480 subclones after incubation with zymogens and/or 310 

inhibitors for 24hrs, normalised to untreated SW480Mock controls. Error bars display one 311 

standard deviation. 312 

In order to determine whether these effects could be reversed in a β6 antisense cell 313 

model, we repeated the experiment using HT29 cell line subclones (Figure 3).  314 



 

115 
 

Antisense β6 suppression in HT29 cells significantly lowers proliferation for nearly 315 

all zymogen treatments between subclones and noticeably increases HT29β6AS doubling 316 

times. Similar to the SW480β6OE data, β6 expression in HT29Mock cells significantly 317 

increased proliferation when treated for 48hr with either Plg or L-TGFβ1 with Plg relative 318 

to the control. This was not reflected in the HT29β6AS cell line. Similar to SW480 cells, the 319 

pro-proliferative effect of zymogen/s treatment on HT29 cell proliferation diminished after 320 

24hr and doubling times increased as HT29 cells became less viable in SF media. Whilst 321 

73% of HT29Mock cells were viable after 72hr in SF media, only 33% of HT29β6AS cells were 322 

able to exclude Trypan Blue. As β6 overexpression in SW480β6OE significantly decreased 323 

tumour cell death and apoptosis [12], conversely β6 suppression may result in the absence of 324 

anti-apoptotic protein networks in HT29β6AS.  325 

 326 

Figure 3. Proliferation assay for HT29 subclones after 24 or 48hrs, normalised to 327 

untreated HT29Mock controls. A) Live cell counts between HT29 subclones after 24hr 328 

incubation. B) Live cell counts between HT29 subclones after 48hr incubation. Error bars 329 

display one standard deviation and doubling times are listed in Supplementary Table 2. 330 

These results confirm that β6 expression positively correlates with proliferation in 331 

both CRC models, and that L-TGFβ1 and/or Plg treatment significantly enhances 332 

proliferation further in cells which express β6 while inhibiting or exerting no effect in the 333 

absence/suppression of β6.  334 
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3.2 β6 expression enables increased wound healing, migration and invasion in the 335 

presence of L-TGFβ1 and/or Plg 336 

 As β6 overexpression increases invasion [12], a preliminary ‘wound’ healing assay 337 

was performed to determine whether L-TGFβ1 and/or Plg treatment increased SW480 cell 338 

migration into the freshly-created ‘wound’ space. β6 expression enhanced SW480 cell 339 

migration across residual tissue culture surface after scratching, filling in the empty ‘wound’ 340 

(Figure 4). 341 

All SW480Mock ‘wound’ widths remained equal to those of negative controls, 342 

irrespective of zymogen treatment, and even 10% FBS containing media did not significantly 343 

reduce the width of ‘wounds’. In contrast, the presence of either zymogen increased 344 

infiltrative migration of SW480β6OE cells, significantly reducing scratch width over 24hr. 345 

Furthermore, zymogen treatment of SW480β6OE cells significantly reduced the scratch width 346 

relative to SW480Mock cells in serum media, suggesting that zymogen treatment at 10ng/mL 347 

was able to surpass that of the growth factors present in 10% FBS. To confirm that this was 348 

due increased cell migration and not simply proliferation, further cell migration and invasion 349 

assays were performed using Transwell permeable supports (Figure 5). 350 

Cell migration and invasion studies supported the previous findings of the ‘wound’ 351 

healing assay, demonstrating that SW480β6OE cells were significantly more invasive 352 

compared to SW480Mock cells under each treatment condition. SW480β6OE cells in the 353 

presence of L-TGFβ1 and/or Plg migrated faster through uncoated 8µm pores. In the BME-354 

coated invasion model, treatment with either Plg or L-TGFβ1 with Plg significantly 355 

increased SW480β6OE ECM degradation and invasive migration. These changes were not 356 

observed with SW480Mock cells, where few cells were observed. As expected, the BME 357 

barrier did reduce the numbers of cells that successfully crossed through the pore. The sub-358 

physiological treatment with 10ng/ml Plg with or without L-TGFβ1 significantly promoted 359 

invasion across the BME-coated insert by 3-4 fold. This suggests that greater proteolytic 360 

activation is occurring on the SW480β6OE cell surface compared to the SW480Mock cell line, 361 

despite Western blotting evidence demonstrating that uPAR expression remains unchanged 362 

across these two subclones (Supplementary Figure 1). Collectively, treatment of β6-363 

overexpressing CRC cells with L-TGFβ1 and/or Plg significantly enhances their capacity to 364 

degrade an ECM analogue and migrate from nutrient-poor SF conditions towards 365 

chemotactic factors. 366 
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 367 

Figure 4. β6 expression significantly increases SW480 cell migration across 368 

‘wounds’ when treated with L-TGFβ1 and/or Plg, normalised to untreated SW480Mock 369 

controls. Error bars are set to standard error for each triplicate. A) Representative inverted 370 

light microscope image of ‘wounds’ after 24hr in serum containing media at 10x 371 

magnification. B) Normalised ‘wound’ width measurements in response to recombinant 372 

zymogen treatment.  373 
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 374 

 Figure 5. β6 integrin expression in SW480β6OE cells significantly increases both A) 375 

chemotactic migration through the pore and B) invasive migration through the pore with an 376 

additional BME barrier. Data is normalised to untreated SW480Mock controls. Migration and 377 

invasion was significantly increased further with recombinant zymogen protein treatment. 378 

Error bars display one standard deviation. 379 

   380 

3.3 Recombinant protein treatment does not alter cell morphology 381 

 Confocal microscopy revealed no distinct differences in cell morphology or 382 

cytoskeletal organisation between SW480 cell lines for each respective treatment (data not 383 

shown). As a result of the treatment procedure, both subclones exhibited highly irregular, 384 

flattened, elongated and spindly morphologies similar to mesenchymal cells with irregular 385 

actin staining. The lack of a distinct cytoskeleton may be indicative of 386 

large scale cytoskeletal disruption or reorganisation of the normal support scaffold as 387 

suggested by previous proteomic analysis.[12] This may provide a greater flexibility to 388 

accommodate chemotactic migration, though this is more likely a pre-malignant migratory 389 

response to serum starvation and not a specific result of β6 expression. 390 

 391 
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 392 

 Figure 6. Normalised effect of L-TGFβ1 and/or Plg treatment on SW480 ERK1/2 393 

signalling activity after a 10min or 30min incubation in serum media prior to lysis. A) 394 

ERK1/2 phosphorylation of SW480 cell lines in response to recombinant protein treatments 395 

after a 10min incubation in serum media. B) ERK1/2 phosphorylation of SW480 cell lines 396 

in response to recombinant protein treatments after a 30min incubation in serum media. Error 397 

bars display one standard deviation. 398 

3.4 β6 expression increases basal ERK1/2 and SMAD2 signalling activity which is 399 

amplified further when stimulated with L-TGFβ1 and/or Plg 400 

As β6 expression positively correlates with MAPK activity [4], we aimed to determine 401 

whether recombinant L-TGFβ1 and/or Plg treatment enhanced MAPK signalling. 402 

Preliminary Western blots were first performed to assess any relative change in ERK1/2 403 

phosphorylation under normal cell culture conditions and as a result of the serum starvation 404 

procedure (Supplementary Figure 2). We identified differences in ERK1/2 phosphorylation 405 

between cell lines whilst total ERK1/2 expression remained unchanged. Cell lines 406 

expressing β6 demonstrated increased endogenous ERK2 phosphorylation (end product of 407 

the pro-proliferative MAPK pathway and ligand for αvβ6).[4] Although Western blots 408 
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indicated significant differences in ERK1/2 phosphorylation as a result of β6 expression, 409 

they were often not sensitive enough to distinguish subtle differences between subclones or 410 

technical variation between gels. Given the number of samples and treatment conditions, we 411 

employed the AlphaScreen® SureFire® assay platform to uniformly and simultaneously 412 

assess the effect of recombinant protein treatments on ERK1/2 phosphorylation. Firstly, we 413 

interrogated the effects of zymogen treatment on ERK1/2 signalling within the SW480 414 

subclones (Figure 6). 415 

 The SW480β6OE cell line exhibited a significantly higher surge in ERK1/2 416 

phosphorylation compared to SW480Mock after serum media was reintroduced for 10mins 417 

post-treatment. After 30mins, this difference between cell lines was less pronounced 418 

however SW480β6OE ERK1/2 phosphorylation remained significantly higher for the L-419 

TGFβ1 and Plg treatments. This suggested that these zymogens sustained elevated ERK1/2 420 

phosphorylation after the initial surge that was not observed in the SF control. Due to one 421 

low outlier, the difference between cell lines for the L-TGFβ1 + Plg treatment with a 30min 422 

serum media incubation was insignificant despite the mean intensity being 80% higher in 423 

the SW480β6OE cell line. Within the SW480β6OE cell line there was a general trend towards 424 

increased ERK1/2 phosphorylation for each recombinant protein treatment relative to the 425 

control. These differences are weakly reflected in SW480Mock, where ERK1/2 activity varied 426 

little relative to the control. ERK1/2 phosphorylation was significantly higher for both cell 427 

lines when treated with both L-TGFβ1 and Plg prior to serum media incubation relative to 428 

the SF control. The combined treatment increased ERK1/2 phosphorylation in the SW480 429 

cell, however β6 expression significantly increased this difference further. ERK1/2 activity 430 

was significantly higher in the SW480β6OE cell line in response to treatment with Plg after a 431 

30min incubation period relative to the control. These data suggest that β6 expression 432 

significantly enhances and possibly prolongs ERK1/2 phosphorylation in SW480 cells after 433 

serum starvation and that zymogen treatment can also significantly increase ERK activity 434 

relative to the SF control. 435 
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 436 

 Figure 7. Normalised effect of L-TGFβ1 and/or Plg treatment on HT29 ERK1/2 437 

signalling activity after a 10min or 30min incubation in serum media prior to lysis. A) 438 

ERK1/2 phosphorylation of HT29 cell lines in response to recombinant protein treatments 439 

after a 10min incubation in serum media. B) ERK1/2 phosphorylation of HT29 cell lines in 440 

response to recombinant protein treatments after a 30min incubation in serum media. Error 441 

bars display one standard deviation. 442 

To determine whether the converse effect held true in the β6 antisense cell model, 443 

we examined the HT29 subclone datasets for similar differences (Figure 7). 444 

SureFire® assay data for both cell lines suggested that β6 expression (even if reduced 445 

by antisense mutation) significantly enhanced ERK1/2 phosphorylation when treated with 446 

recombinant L-TGFβ1 and/or Plg. Given the cross-reactivity of the uPAR/αvβ6/TGF-β 447 

interactome, we expanded our study to investigate whether β6 expression altered SMAD2 448 

and Akt1/2/3 signalling activity. When we performed SMAD2 and Akt1/2/3 SureFire® 449 

assays on the same lysate samples, we observed that basal SMAD2 and Akt1/2/3 450 

phosphorylation was lower than that of the HEK293 cell line that is commonly used as a 451 

standard and as such, interpreted the data conservatively. We firstly assessed SMAD2 452 

phosphorylation to identify differences in TGFβ-dependent signal transduction in response 453 

to treatment (Figure 8). 454 
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The SMAD2 SureFire® assay determined that SMAD2 signalling was significantly 455 

higher in the SW480β6OE cell line relative to SW480Mock for each treatment after a 10min 456 

incubation in serum media or after a 30min serum media incubation following Plg or L-457 

TGFβ1 + Plg treatments. Despite the increased basal SMAD2 activity that accompanied β6 458 

expression, when we compared activity between treatments within the SW480β6OE cell line, 459 

we observed that each zymogen treatment had an inhibitory effect on SMAD2 activity. 460 

Contrary to expectations, L-TGFβ1 treatment reduced SMAD2 phosphorylation by 3% 461 

relative to the untreated control. Interestingly SMAD2 phosphorylation was further ablated 462 

by treatment with Plg, reducing SMAD2 phosphorylation by 13% (Plg) or 17% (L-TGFβ1 463 

+ Plg) relative to the untreated SW480β6OE control. Combined with the ERK1/2 data, this 464 

suggests that although TGFβ signalling activity is intrinsically higher in the β6 expressing 465 

cell line, exposure to recombinant L-TGFβ1 and/or Plg switches signalling activity from 466 

SMAD2-dominant to MAPK-dominant signalling. SMAD2 phosphorylation in the HT29 467 

subclones was below the limit of detection for this assay. This may suggest that HT29 cell 468 

lines preferentially signal through the ERK1/2 pathway, as overall ERK1/2 activity was 469 

much higher than that observed in the SW480 cell lines. 470 

 471 

Figure 8. Normalised effect of L-TGFβ1 and/or Plg treatment on SMAD2 signalling 472 

activity of SW480 subclones after an A) 10min or B) 30min incubation in serum media prior 473 

to lysis. Error bars display one standard deviation. 474 
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We assessed the same samples once more for relative Akt1/2/3 phosphorylation 475 

differences in response to zymogen treatment (Figure 9).  476 

Similar to SMAD2 phosphorylation, the Akt1/2/3 SureFire® assay determined that 477 

Akt1/2/3 signalling was significantly higher in the SW480β6OE cell line for every treatment 478 

after both a 10min and 30min incubation in serum media prior to lysis. This strongly suggests 479 

that SW480 cells exhibit significantly elevated and sustained Akt1/2/3 signalling activity 480 

when the β6 subunit is expressed as it was not reflected in SW480Mock. Within the 481 

SW480β6OE cell line we observed that treatment with both zymogens significantly reduced 482 

Akt1/2/3 phosphorylation after a 30min incubation in serum media relative to the untreated 483 

control. This indicated another potential signalling switch from Akt1/2/3 to ERK1/2 484 

signalling when treated with both zymogens. Once again, Akt1/2/3 phosphorylation in the 485 

HT29 subclones was below the limit of detection for this assay, suggesting that ERK1/2 486 

signalling is dominant in these cell lines. 487 

 488 

Figure 9. Normalised effect of L-TGFβ1 and/or Plg treatment on Akt1/2/3 signalling 489 

activity of SW480 subclones after an A) 10min or B) 30min incubation in serum media prior 490 

to lysis. Error bars display one standard deviation. 491 
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 492 

Figure 10. Ratios of ERK1/2-to-SMAD2, ERK1/2-to-Akt1/2/3 and SMAD2-to-493 

Akt1/2/3 signalling activity in the SW480β6OE cell line following treatment and incubation 494 

in serum media for A) 10mins or B) 30mins prior to lysis. 495 

Taking the mean intensity data obtained from each of the SureFire® assays, we then 496 

compared these values as ratios of signalling activities following zymogen treatment (Figure 497 

10). 498 

SureFire® assay data demonstrated that zymogen treatment promoted ERK1/2 499 

signalling activity with converse inhibitory effects on SMAD2 and Akt1/2/3 activity in the 500 

SW480β6OE cell. As ERK1/2 activity significantly increased whilst both SMAD2 and 501 

Akt1/2/3 activity decreases with zymogen treatment (Figures 6, 8 and 9), these findings 502 

suggest a switch in signalling activity from SMAD2 and Akt1/2/3 to an ERK1/2-dependent 503 

system. Plg appears to have exerted the greater individual effect on this switch as L-TGFβ1 504 

treatment did not alter the ERK1/2-to-SMAD2 or ERK1/2-to-Akt1/2/3 ratios relative to the 505 

SF control, however with the addition of both zymogens, ERK1/2 signalling became at least 506 

five times more active than either SMAD2 or Akt1/2/3 signalling. Collectively, ERK1/2, 507 

SMAD2 and Akt1/2/3 phosphorylation data strongly suggests that β6 expression 508 

significantly increased basal ERK1/2, SMAD2 and Akt1/2/3 signalling activity, which can 509 

be switched with L-TGFβ1 and/or Plg treatment to MAPK-dominant signalling in pre-510 

metastatic CRC. 511 
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4. DISCUSSION 512 

The αvβ6 integrin can be regarded as a lynchpin protein in the progression of a pre-513 

metastatic or benign CRC cell towards the fully metastatic phenotype. In the current study, 514 

we aimed to determine whether β6 expression could translate treatment with zymogen forms 515 

of proteins we suspected to form a pro-metastatic axis with β6 into phenotypic changes. 516 

These results demonstrate that β6 expression significantly enhances the proliferative, 517 

migrative and invasive potential of CRC cells through the activation and implementation of 518 

recombinant L-TGFβ1 and/or Plg. To highlight the potency of the interactive axis on the 519 

pre-metastatic cell membrane, this study used comparatively low concentrations of each 520 

zymogen. All recombinant protein treatments were at a final concentration of 10ng/mL, 521 

whilst the normal concentration of L-TGFβ1 in healthy human plasma is 136ng/mL and 522 

active TGF-β1 is only 2.1ng/mL.[20] Treating β6-expressing CRC cells with less than 10% 523 

of the normal level of L-TGFβ1 was sufficient to significantly increase proliferation, 524 

invasion/migration and ERK1/2 signalling in vitro. Similar trends were observed with the 525 

10ng/mL Plg treatment, whose normal concentration in healthy human plasma is 526 

200ng/mL.[21] Here, 5% of this concentration was sufficient to significantly increase 527 

proliferation, invasion/migration, ERK1/2 signalling and potentially ablate SMAD2 and 528 

Akt1/2/3 signalling in vitro.  529 

To ensure that these observations were the result of zymogen treatment and were not 530 

masked by the various growth factors present in FBS, this study implemented serum 531 

starvation conditions. Serum starvation prevents variation in the phenotypic response to 532 

treatment resulting from the activity of proteases, protease inhibitors, growth factors, 533 

haemoglobin and bovine serum albumin present in FBS. This allows for direct identification 534 

of β6-dependent responses resulting from zymogen treatment. Though nutrient starvation 535 

has been demonstrated to enhance tumour aggressiveness by promoting cell 536 

migration/invasion, AKT phosphorylation, morphological changes, and anchorage-537 

independent growth [26], this study investigated how β6 expression enhances these hallmark 538 

features of the EMT beyond that of the SW480Mock cell line which does not express β6.  539 

Rather than being a consequence of CRC progression, αvβ6 expression may provide 540 

a ‘signalling scaffold’, localising and stabilising pro-metastatic protein●protein interactions. 541 

In the case of TGFβ signalling and the PA cascade, αvβ6 neo-expression on the surface of 542 

an early epithelial cancer cell could provide the structural foundation for constructing this 543 
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pro-metastatic axis. β6 expression is normally restricted to low or undetectable levels in 544 

epithelial tissue.[1, 6] Once this repression has been ablated in the Duke’s stage A or B CRC 545 

cell[6], the β6 subunit forms a heterodimer with the ubiquitously expressed αv subunit. β6 546 

subunit expression in these SW480 cell lines significantly downregulates the expression of 547 

all other observed integrin subunits with the exception of αv.[12] The significant 548 

downregulation of β5 could liberate available αv subunits, allowing the formation of αvβ6 549 

heterodimers on the SW480 cell membrane as no competing β3 or β8 subunits were 550 

identified in these subclones by proteomics.[12] Once expressed, αvβ6 interacts with uPAR 551 

through binding to the sequestered αv subunit.[27] Ahmed et al. demonstrated that high 552 

surface expression of αvβ6 correlates with high uPAR and uPA expression on the surface of 553 

ovarian cancers.[28] This interaction may stabilise and/or shield the complex from protease 554 

or phosphatase activity at the base of the heterodimer whilst leaving the β6 subunit available 555 

to bind to the LAP of L-TGFβ1, activating the zymogen through mechanical torsion. Thus 556 

the αvβ6 integrin centralises two pro-metastatic pathways to the SW480 cell surface, the 557 

TGF-β1 pathway through β6 and the PA cascade through αv. Both pathways are capable of 558 

inducing de novo αvβ6 expression through activation of the oncogenic transcription factor 559 

Ets-1, an end-product of SMAD2/3 signalling.[6, 29] Additionally, Ets-1 also promotes the 560 

expression of uPA, uPAR, epidermal growth factor (EGF), fibroblast growth factor (FGF), 561 

matrix metalloproteases and vascular endothelial growth factor (VEGF).[28-30] By promoting 562 

its own expression[31], αvβ6 can promote the expression of itself, its interactors and other 563 

key oncogenic proteins, helping to explain its role as a negative prognostic indicator of colon 564 

cancer patients in early stage CRC.[6] Though elevated αvβ6 expression does not 565 

significantly reduce 5-10 year survival rates of patients with malignant CRC, elevated αvβ6 566 

expression in benign CRC resulted in a significant reduction in 5 year survival by ~28%  567 

with αvβ6 expression in distal metastases.[6] 568 

The current study suggests that in these early CRC tumours, αvβ6 expression both 569 

increases metastatic phenotypes under normal conditions and ‘primes’ these cells so that 570 

they are ready to act upon introduced external stimuli. αvβ6 expression significantly 571 

increased proliferation, invasion and cell signalling in response to L-TGFβ1 and/or Plg 572 

treatment in a manner that was not reflected in the non-αvβ6 expressing cell line. We suspect 573 

that the formation of the uPAR/αvβ6/TGF-β1 interactome at the CRC cell membrane has 574 

mediated the rapid translation of zymogen treatment into the significant phenotypic changes 575 
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observed. Proliferation and ERK1/2 signalling activity significantly increased in response to 576 

each treatment condition, suggesting a joint response akin to those previously demonstrated 577 

by Agrez et al. through the unique C-terminal tail of the β6 subunit.[3] The increased 578 

proliferation is likely driven through sustained ERK2 phosphorylation and additional L-579 

TGFβ1 activation that is now no longer acting as an early-stage tumour suppressor. It appears 580 

that Plg treatments have the greatest effect on proliferation, potentially due to the continued 581 

proteolysis of endogenously produced L-TGFβ1 compared to a single dosage of 10ng/mL. 582 

To ensure that these results were due to TGF-β1 signalling and PA cascade activity, we 583 

repeated the proliferation study employing specific inhibitors of these systems and observed 584 

not only an ablation of pro-proliferative effects but a significant reduction in SW480β6OE 585 

proliferation. Aprotinin inhibits multiple serine proteases though primarily plasmin through 586 

the formation of enzyme–inhibitor complexes between the lysine-15 residue of aprotinin and 587 

the active serine residue of the protease.[32] SB-431542 inhibits the TGF-β-mediated 588 

activation of SMAD proteins, cell proliferation and cell motility, without inhibiting kinases 589 

including p38, ERK, or JNK.[33]  590 

Increased proliferation through activated TGF-β1 also helps to explain the observed 591 

increases in cell migration, both within a ‘wound’ model and through an uncoated physical 592 

barrier. The significant increases in invasiveness however are likely attributable to the 593 

conversion of Plg into active plasmin, which greatly enhanced the ability for SW480β6OE 594 

cells to degrade the BME-coated barrier and invasively migrate. The invasion assay was 595 

closer to reproducing in vivo conditions as the BME components from an EHS sarcoma 596 

include ECM proteins such as collagens and laminin, as well as proteoglycans, proteolytic 597 

enzymes/inhibitors and growth factors. Increased proteolytic activity on the SW480β6OE cell 598 

surface is the likely explanation for the significantly higher invasion of SW480β6OE cells 599 

following generation of active plasmin and potential activation of downstream MMPs (e.g. 600 

MMP-9 and MMP-3). The almost significant further increase in invasion when treated with 601 

both L-TGFβ1 and Plg once more demonstrates the cross-reactivity within this interactive 602 

axis, suggesting a cumulative effect of activating both pathways. This effect was strongly 603 

observed in ERK1/2 signalling whereby β6-expressing cells demonstrated dramatic 604 

increases in signalling activity in response to combined treatment. Interestingly, the SMAD2 605 

activity data did not reveal any significant response to treatment with the exception of the 606 

SW480β6OE cell line. We observed that SMAD2 phosphorylation remains unchanged when 607 
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treated with L-TGFβ1, although the addition of sub-physiological Plg with L-TGFβ1 reduces 608 

SMAD2 signalling, whilst significantly increasing ERK1/2 activity. This switching of 609 

signalling pathways in response to Plg treatment suggests that ERK1/2 dominates SMAD2 610 

and Akt1/2/3 signalling even when treated with L-TGFβ1. This phenomenon could be an 611 

artefact of the pleiotropic nature of TGF-β1, now signalling via SMAD-independent 612 

pathways [34] or SMAD2 signalling may be occurring more slowly than the 30min window 613 

required to assess ERK1/2 activity. Slow activation of SMAD2/3 or the PA cascade 614 

following zymogen treatment could promote αvβ6 expression which may explain the 615 

significant increase in ERK1/2 phosphorylation when treated with both zymogens, as it 616 

would increase the number of available pERK2 binding sites that are unique to β6. Once 617 

bound to β6, pERK2 may be protected from phosphatases, or non-phosphorylated ERK2 618 

may be more efficiently phosphorylated due to conformational changes [35] resulting in the 619 

increased phosphorylation observed in this study. There is also evidence that αvβ6-bound 620 

ERK2 plays a role in αvβ6 internalisation, promoting CRC cell migration and increasing 621 

MMP-9 production [35, 36], again highlighting the potential of this interactive axis for cross-622 

reactivity and autocrine self-perpetuation. 623 

5. CONCLUSION 624 

In the current work we have determined that αvβ6 expression positively correlates 625 

with increased metastatic behaviour in pre-malignant CRC cells and that these significant 626 

changes can be promoted further with relatively minute treatments with zymogen members 627 

of potential interacting pathways. The αvβ6 integrin may establish and support the novel 628 

uPAR/αvβ6/TGF-β1 interactome on the CRC cell surface, enabling the activation of these 629 

precursor proteins and translating their presence into significant phenotypic changes that are 630 

crucial to enhance the metastatic potential of early cancer cells. We strongly suspect that 631 

neo-expression of the β6 subunit is the first step in the construction of a pro-metastatic 632 

autocrine signalling complex that significantly reduces patient’s 5-year survival rates when 633 

expressed in early stage CRC tumours. 634 
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3.1.2 – Supplemental files   
 

Supplementary information 

Supplementary Table 1. Respective SW480 doubling times (in hr) for each treatment. 

  24hr 
Treatment   48hr 

Treatment  

Cell 
doubling 
time (hr) 

SW480Mock SW480β6OE 
SW480β6OE 

– 
SW480Mock  

SW480Mock SW480β6OE 
SW480β6OE 

– 
SW480Mock  

Control 31.9 43.42 11.52 28.01 33.17 5.16 

L-TGFβ1 36.99 27.99 -9.00 28.58 26.3 -2.28 

Plg 42.37 24.13 -18.24 28.5 25.77 -2.73 

L-TGFβ1 + 
Plg 39.71 25.72 -13.99 29.9 23.9 -6.00 

 

Supplementary Table 2. Respective HT29 doubling times (in hr) for each treatment.  

  24hr 
Treatment   48hr 

Treatment  

Cell 
doubling 
time (hr)  

HT29Mock HT29β6AS 
HT29Mock - 
HT29β6AS 

HT29Mock HT29β6AS 
HT29Mock - 
HT29β6AS 

Control 29.13 45.74 -16.61 41.34 52.21 -10.87 

L-TGFβ1 26.36 67.15 -40.79 37.04 50.61 -13.57 

Plg 27.32 47.77 -20.45 34.82 89.84 -55.02 

L-TGFβ1 + 
Plg 29.90 64.48 -34.58 36.01 55.57 -19.56 
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Supplementary Figure 1. Western blot of SW480 subclones probing against uPAR. 

40µg of cell lysate was loaded into each lysate well with a β-actin loading control. 100ng of 

recombinant full-length uPAR was loaded into the uPAR lane as a positive control.  

 

 Supplementary Figure 2. Collated images of preliminary ERK1/2 western blots 

probing against both total ERK1/2 and active, phosphorylated ERK1/2 (pERK1/2). No 

serum starvation indicates normal levels of ERK phosphorylation under standard culture 

conditions. 20µg of cell lysate was loaded into each well with a β-actin loading control. 
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Proliferation assay calculations 

Proliferation rate 

𝑓 =
{

ln(
𝑁𝑡
𝑁𝑜

)

ln(2)
}

𝑡
  

Nt = Number of cells at a given time (t) 

No = Number of cells seeded 

t = Given time interval 

f = Frequency of cell cycles per time interval 

Doubling time = 1/f 

 f = Frequency of cell cycles per time interval 
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3.2 - Study II:  

The results from the previous study showed that β6 in a TGFβ-dependant manner can induce 

phenotypic changes that promote cancer progression. This second study aimed to investigate 

if the phenotypic changes and its associated signalling on colon cancer cells that express 

varying levels of β6 integrin when treated with active TGFβ. This study was also undertaken 

using the SW480 and HT29 subclone cells whose β6 expression has been altered using stable 

transfections. The SW480Mock cells do not express any β6 integrin whereas SW480β6OE cells 

have artificially induced overexpression of β6 integrin. The HT29Mock cells, however, 

endogenously express β6 integrin and its expression has been artificially reduced by about 

80% in the HT29β6AS cells. These cells were treated with 10ng/mL of TGFβ and their 

membrane proteome was enriched using triton X-114 phase partitioning followed by 

iTRAQ-based proteomic analysis. The results from this study showed the expression of 

numerous proteins associated with cytoskeletal remodelling, cell migration/invasion, cell 

adhesion and cellular stress associated proteins was significantly altered in presence of TGFβ 

and β6 expression. Various RAS oncogene associated proteins along with a few 

uncharacterized proteins were also identified. Further IPA showed eIF2, mTOR and tight 

junction signalling pathways to be significantly altered. Additionally, upon treatment with 

TGFβ increased proliferation, invasion and wound healing abilities were observed in the 

cells that expressed β6 integrin. In conclusion, the findings from this study suggests that 

TGFβ in presence of β6 can promote alterations to cancer related molecules and signalling 

networks.  

3.2.1 - Transforming growth factor-β signalling induces differential protein expression 
in colon cancer cells that varies with the level of integrin β6 expression.  [Publication 
IV] (Prepared for publication) 
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Abstract 27 

Transforming growth factor-β (TGFβ) and the αvβ6 integrin are well documented to be 28 

involved in the progression of various cancers including colorectal cancer (CRC). Despite 29 

decades of research, the role of TGFβ in CRC progression is, at best, poorly understood. 30 

Similarly, up-regulation of the integrin αvβ6 in CRC has been reported to be an important 31 

promoter of metastatic progression in CRC though its mechanism is again not very well 32 

understood. TGFβ and β6 have been demonstrated to interact, potentially concomitantly, 33 

promoting metastatic progression. To explore the role of TGFβ and β6 in CRC, the 34 

membrane-enriched proteomes of SW480 and HT29 subclones with artificially modified 35 

levels of β6 subunit expression were analysed following treatment with active TGFβ. Using 36 

iTRAQ (isobaric tags for relative and absolute quantitation) we identified 2,666 and 2,041 37 

unique proteins for SW480 and HT29 subclones respectively. Of these, varying number of 38 

proteins were found to be significantly and differentially expressed when treated with TGFβ 39 

with a positive trend between the number of altered proteins and the level of β6 expression. 40 

Ingenuity Pathway AnalysisTM revealed that fundamental processes like “cell growth and 41 

proliferation” were significantly altered following TGFβ treatment. Differential expression 42 

of three proteins (ezrin, annexin A2 and S100-A8) was validated by Western blotting to 43 

confirm the expression changes observed by iTRAQ. Observed proteomic changes were 44 

strongly supported by in vitro studies, which showed increased proliferation and wound 45 

healing was associated with elevated levels of β6 following TGFβ treatment. This study 46 

demonstrates that TGFβ can exert critical proteomic and phenotypic changes within a pre-47 

metastatic CRC cell to promote functions crucial for metastasis, and that these changes are 48 

potentiated by expression of αvβ6.  49 
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1. INTRODUCTION 55 

Transforming Growth Factor-β (TGFβ) was first described in 1982, and is a bi-56 

functional protein that can positively or negatively regulate cell growth depending on its 57 

microenvironment [1, 2]. The three mammalian TGFβ isoforms (TGFβ1, TGFβ2 and TGFβ3) 58 

are encoded by genes located on different chromosomes but which have significant structural 59 

and functional similarity, and signal through the same receptor system [3, 4]. In vivo, all TGFβ 60 

ligands are secreted as ‘latent’ complexes and are primarily activated byeither plasmin, 61 

integrins (αvβ6, αvβ8), or matrix metalloproteinases (MMPs) [5]. The biological effects 62 

exerted by TGFβ are mediated through type I and type II transmembrane serine/threonine 63 

kinase receptors (TGFβR1 and TGFβR2). Canonical signalling is initiated by binding of 64 

active TGFβ to TGFβR2, which recruits and transphosphorylates TGFβR1 thereby 65 

catalysing Smad2/3 phosphorylation [6]. The phosphorylated Smad2/3 associates with 66 

Smad4 and the complex translocates to the nucleus where it controls various TGFβ-mediated 67 

gene transcriptional activities with other DNA-binding co-activators, co-repressors and 68 

transcription factors [6]. In normal cells, TGFβ canonical signalling promotes tumour 69 

suppression through cytostasis, cell differentiation and apoptosis [7]. In cancer however, 70 

TGFβ plays dual roles – promoting tumour suppression during the early stages before 71 

switching to promote growth, invasion, and metastasis in mid to late stage cancer [7, 8]. The 72 

biological mechanism/s explaining such a switch to promoting tumour growth and metastasis 73 

remain highly elusive and poorly characterised. 74 

High levels of plasma TGFβ1 (14.8 ± 8.4 ng/mL) have previously been reported to 75 

occur in Dukes’ stage B1-D CRC patients, higher to those observed in normal healthy plasma 76 

(1.9 ± 1.4 ng/mL) [9]. Additionally, Kemik et al., also reported increased TGFβ expression 77 

in CRC tumor tissue samples [10].These high levels of active TGFβ can be achieved through 78 

a number of ways involving activation of latent TGFβ, including by the integrin αvβ6, which 79 

is known to be overexpressed in many cancers [11]. Various clinical immunohistochemistry 80 

(IHC) studies have demonstrated that elevated integrin β6 (herein referred to only as β6) 81 

expression negatively correlates with patient survival, ascribing this to β6’s roles in 82 

promoting cell proliferation, migration and invasion into proximal tissues, eventually 83 

causing metastasis [12-14]. Interestingly, a recent study by Ahn et al. examining the expression 84 

of αvβ6 in Dukes’ stage B and C rectal cancer tissue samples did not show any increase 85 

between stages B and C [15]. It was suggested that αvβ6 overexpression may occur before or 86 
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during Stage B, where it can assist cancer cells in maintaining the high levels of active TGFβ 87 

required to promote early tumour progression. Integrin αvβ6 is also known to promote the 88 

expression of various MMPs including MMP-3 and -9 that can also active latent-TGFβ [16, 89 

17]. Interestingly, treatment of β6-expressing oral squamous cell carcinoma cells (oral SCC9) 90 

with active TGFβ1 further enhanced MMP-3 and MMP-9 activation, indicating further 91 

cross-reactivity within this TGFβ-αvβ6 interactome [16].  92 

A membrane-enriched proteomic study by Cantor et al. demonstrated that 93 

transfection of β6 into normally non-expressing cells induced significant changes in 94 

expression of 708 distinct proteins [18]. The study demonstrated that β6 overexpression 95 

increased cell proliferation and invasion [18] and induced differential expression of TGFβ1 96 

and TGFβR2. Ingenuity Pathway Analysis© (IPA) of the significantly altered proteins 97 

showed that β6 expression greatly affects cell death, cell movement, cell 98 

growth/proliferation, as well as integrin-linked kinase (ILK) and Ran signalling pathways to 99 

be significantly altered, all of which are key facets in cancer metastasis [18]. 100 

To improve our understanding of TGFβ signalling and β6 in CRC, we have employed 101 

a quantitative proteomic protocol using iTRAQ (Isobaric Tag for Relative and Absolute 102 

Quantitation). The study compares active TGFβ1-treated colorectal adenocarcinoma cell 103 

lines (SW480 and HT29) that were engineered to have increased or decreased expression 104 

levels of cell surface β6. The use of active TGFβ eliminates any molecular changes that are 105 

associated with β6-mediated Latent-TGFβ1 activation. This approach allowed us to identify 106 

and quantify differentially expressed peptides/proteins in a single step, a significant 107 

advantage over label-free approaches. Furthermore, iTRAQ allows multiplexing of up to 8 108 

samples to identify the relative abundance of proteins in different samples within a single 109 

liquid chromatography mass spectrometry (LC/MS) based proteomics experiment.  110 

 111 

2. RESULTS AND DISCUSSION  112 

2.1 Validation of integrin β6 expression by Western blotting  113 

Subclones of the SW480 and HT29 colon carcinoma parental cell lines were used in 114 

this study. The subclones have been engineered by stable transfection to over-express or 115 

supress production of the β6 subunit. SW480Mock cells do not express β6 while SW480β6OE 116 

cells overexpress the β6 subunit [19]. The HT29Mock cells endogenously express the β6 while 117 
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its expression is strongly reduced in the HT29β6AS
 cells [20]. Figure 1 illustrates the 118 

differences in β6 subunit expression as detected by Western blot analysis. 119 

 120 

Figure 1 Validation of β6 expression in the SW480 and HT29 subclones by Western blot 121 

analysis. 10µg of whole cell lysate of was loaded into each well and probed with the sc-6632 122 

(C-19) anti-β6 polyclonal antibody. β-actin was used as a loading control. b) Relative 123 

abundance of β6 expression in SW480 and HT29 subclone cells (mean ± SEM) obtained by 124 

quantitative analysis of the Western blot band intensities. 125 

2.2 Active TGFβ1 impairs wound healing without β6 expression 126 

We have previously demonstrated that β6 overexpression significantly increases cell 127 

proliferation and invasion under normal cell culture conditions [18]. A wound healing assay 128 

was used in this study to determine whether treatment with active TGFβ1 would increase the 129 

ability of SW480 cells under stress to migrate into a freshly created wound (Figure 2).  130 

We observed an interesting trend that at first sight seemed somewhat counter-131 

intuitive to that expected from the literature. In detail, no significant differences in wound 132 

closure were observed between SW480β6OE and SW480Mock cells under SF conditions. 133 

However, relative to the untreated control, TGFβ1 treatment significantly decreased the 134 

ability of SW480Mock cells to promote wound closure. Conversely, SW480β6OE cells 135 

exhibited a significantly faster wound closure when treated with TGFβ1, suggesting that β6 136 

expression was able to ameliorate the prior anti-migrative effect. No significant differences 137 

in migration were observed between the untreated and TGFβ1-treated SW480β6OE cells. 138 

Antagonism of TGFβR1 with SB431542 (a TGFβ receptor I kinase inhibitor) was able to 139 

restore SW480Mock cell migration to that of the SF control, whilst not significantly affecting 140 

the SW480β6OE cell line. Interestingly, dual treatment with active TGFβ1 and SB431542 141 

significantly increased SW480β6OE wound closure by 32% relative to the untreated control, 142 
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suggesting that active TGFβ1 may promote cell migration through other TGFβR1-143 

independent mechanisms. 144 

Figure 2 SW480 wound healing assay. (a) Representative micrographs of wound closure 145 

observed with TGFβ-treated SW480Mock and SW480β6OE cells. (b) Percentage of wound 146 

closure normalised to the untreated SW480Mock control. TGFβ treatment significantly 147 

increased SW480β6OE wound closure relative to the TGFβ-treated SW480Mock cells (*p<0.05; 148 

**p<0.01). Wound width was calculated using TScratch software [21] 149 

These results suggest that β6 expression influences the ability of SW480β6OE cells to 150 

migrate into the wound compared to SW480Mock cells, overcoming the significant anti-151 

migrative effect of active TGFβ1. 152 

 153 
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2.3 β6 expression increases CRC cell invasion through an ECM analogue 154 

Given these results and the notion that β6 overexpression directly or indirectly 155 

increases invasion in various cancers [18, 22, 23], we further assessed the influence of TGFβ1 156 

on SW480 and HT29 invasion using Transwell invasion assays to determine whether the 157 

level of β6 expression would influence invasive potential. In addition to the SW480 158 

subclones, in which β6 is artificially expressed, this study employed HT29 subclones which 159 

endogenously express β6 (HT29Mock) or have had β6 expression stably reduced by ~80% 160 

using antisense suppression (HT29β6AS) [20]. 161 

162 
Figure 3 a) SW480 and (b) HT29 invasion assay normalised to the untreated SW480Mock 163 

and HT29Mock controls respectively (*p<0.05; **p<0.01). 164 

We observed that SW480β6OE cells were significantly more invasive than SW480Mock 165 

cells under untreated serum-free conditions (Figure 3a), in agreement with previous 166 

observations [18].  TGFβ1 treatment significantly decreased SW480β6OE invasion relative to 167 

the untreated control, whilst SW480Mock cells did not show any noticeable change. Similarly, 168 

no significant change was observed in either cell line when treated with SB431542 alone. 169 

However, SW480Mock cells were significantly more invasive when treated with both TGFβ1 170 

and SB431542, whilst no change was observed with SW480β6OE cells. These findings 171 

initially seemed in contradiction to those observed in the wound healing assay; however it 172 

is important to note the two assays interrogate different aspects of cell invasion. Wound-173 

healing assays assess cell migration into an unoccupied space on a two-dimensional substrate 174 

while Transwell invasion assays assess the ability for cells to actively degrade the ECM 175 

components of a basement membrane extract and undergo chemotactic migration. Taken 176 

together, these two experiments suggest that β6 expression may protect SW480 cells from 177 
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TGFβ1-mediated inhibition of cell movement and significantly enhance invasion through an 178 

ECM analogue via a mechanism that can be significantly impaired by active TGFβ1. 179 

HT29 subclones which natively express β6 were then used to further examine the 180 

TGFβ1- and β6-associated invasion. These results (Figure 3b) confirmed that high β6 181 

expression promotes HT29 invasion as HT29Mock cells were significantly more invasive than 182 

HT29β6AS. As seen with the SW480 subclones, active TGFβ1 treatment inhibited this 183 

increase while TGFβR1 antagonism restored the increase in HT29Mock invasion when treated 184 

with TGFβ1. Interestingly, dual treatment with TGFβ1 and SB431542 significantly 185 

increased HT29Mock invasion compared to treatment with TGFβ1 alone, suggesting again 186 

that active TGFβ1 may promote cell invasion through a TGFβR1-independent mechanism. 187 

These results suggest that treatment of β6-expressing CRC cells with TGFβ1 188 

promotes ECM degradation and eventually invasion. This trend was observed even when the 189 

cells were treated with SB431542, which inhibits signalling through TGFβ receptors, 190 

suggesting the presence of an alternative pathway other than the αvβ6-TGFβ axis for 191 

invasion. This requires further investigation. 192 

 193 

2.4 β6 expression promotes proliferation following active TGFβ1 treatment 194 

β6 overexpression significantly enhanced SW480 cell proliferation under standard 195 

cell culture conditions [18]. The ability of TGFβ to alter cell proliferation of CRC cells with 196 

varying levels of β6 expression was examined by performing proliferation assays. Cell 197 

counting identified significant differences in proliferation as a result of β6 expression 198 

following treatment (Figure 4).  199 

Interestingly, in the absence of FBS, SW480β6OE cells were less proliferative than the 200 

SW480Mock cells grown in SF media without any treatments. However, TGFβ1 treatment 201 

doubled the number of SW480β6OE cells compared to the untreated control. On the other 202 

hand, active TGFβ1 treatment exerted no significant effect in the SW480Mock proliferation. 203 

When we compared active TGFβ1-treated SW480βMock to similar SW480β6OE experiments, 204 

β6 expression was found to induce a ~60% increase in cell number, suggesting the anti-205 

proliferative effect of SF conditions on SW480β6OE cells can be reversed with TGFβ1 206 

treatment in a β6-dependent manner. To validate this observation, TGFβ antagonism with 207 

SB431542 was used to ablate the pro-proliferative effect of TGFβ in SW480β6OE cells, 208 

significantly decreasing cell numbers by 55% relative to the active TGFβ1 treatment. While 209 
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SB431542 had no effect on SW480Mock cell numbers, the dual treatment with TGFβ1 and 210 

SB431542 significantly increased SW480Mock proliferation by 24%, suggesting that TGFβ1 211 

may be exerting an anti-proliferative effect in in the absence of β6 expression. 212 

 213 

Figure 4 Proliferation assay of SW480 and HT29 subclones normalised to the untreated 214 

SW480Mock and HT29Mock controls. (a) Live cell counts of SW480 subclones (b) Live cell 215 

counts of HT29 subclones. Active TGFβ treatment significantly enhances the proliferation 216 

rate of cells expressing β6 which then regresses back to normal rates when treated with 217 

SB431542 (TGFβR1 inhibitor) (*p<0.05; **p<0.01) 218 

 219 

This approach was subsequently repeated using the HT29 subclones. HT29Mock cells 220 

constitutively express β6 which is reduced by ~80% in the HT29β6AS cell line. Unlike 221 

SW480β6OE cells, endogenous β6 expression in HT29Mock cells did not experience an anti-222 

proliferative effect. Instead, antisense suppression of β6 significantly reduced HT29β6AS 223 

proliferation. Interestingly, TGFβ1 treatment had a significant anti-proliferative effect on 224 

HT29Mock cells compared to the untreated control. Again, this initially seemed 225 

counterintuitive when considering the SW480 data. However, it should be remembered that 226 

β6 is endogenously expressed in the parental cell line and so there may be considerable 227 

differences in the operative cell biology. In the HT29β6AS cell line, TGFβ1 treatment did not 228 

exert an anti-proliferative effect compared to the untreated control: instead TGFβ1 229 

antagonism by SB431542 significantly increased proliferation. This was also observed when 230 

HT29β6AS cells were treated with both TGFβ1 and SB431542, although the effect was greatly 231 

reduced. TGFβ1 antagonism had no effect on HT29Mock cell proliferation, suggesting that 232 

increased HT29Mock proliferation is mediated by β6 expression, albeit in a different 233 

mechanism to that operating in SW480s, possibly the product of a counterbalance against β6 234 

expression. 235 
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Data obtained from both cell lines affirm that β6 expression positively correlates with 236 

cell proliferation and that TGFβ1 remains “duplicitous”. Our data also suggests that TGFβ1 237 

has a pro-proliferative effect on CRC cells in which β6 expression is induced while having 238 

an anti-proliferative effect on CRC cells in which β6 is endogenously expressed. This, 239 

coupled with the increase in invasion observed, prompted us to take a wider view of the 240 

effect of TGFβ1 in CRC and therefore we adopted proteomics to gain clear insight into how 241 

TGFβ and β6 expression affects CRC. 242 

 243 

2.5 Membrane Proteomic analysis of CRC cell lines by iTRAQ-MS profiling 244 

Having determined that TGFβ1 exerts different effects on cells with varying β6 245 

expression, we investigated the membrane changes associated with TGFβ1 treatments using 246 

proteomics in order to gain a greater insight into the action of TGFβ1. These molecular 247 

changes were investigated using iTRAQ-based quantitative membrane proteomic analysis.  248 

The protein lists obtained from the individual iTRAQ experiments were used to 249 

generate a single ‘library’ using Stouffer’s method, whereby the protein ratios across 250 

experiments are combined to obtain a single Stouffer’s p-value [24]. The combined protein 251 

list was subjected to strict filtering criteria for the confident identification of differentially 252 

expressed proteins. These filter criteria included: (1) a strict cut-off of unused protein score 253 

≥1.3, which corresponds to a 5% false discovery rate (FDR) at protein level, was used as a 254 

part of Stouffer’s method, (2) a protein p-value ≤ 0.05, ensuring the proteins identified were 255 

seen in replicate MS runs, 3) a minimum average fold change of ≥ 20%, which corresponds 256 

to a iTRAQ ratio (or fold change) of ≥ 1.2 for up-regulated and ≤ 0.83 for down-regulated 257 

proteins. 258 

Using the Stouffer method, we identified 2,666 and 2,041 proteins from the iTRAQ 259 

MS analysis of SW480 and HT29 subclones respectively. The subcellular locations (%) of 260 

the identified proteins was determined using PloGO (Figure 5). Using the workflow detailed 261 

above, these lists were then used to identify differentially expressed proteins for a 262 

combination of treatment comparisons as shown in Table 1. The complete list of 263 

differentially regulated proteins for all comparisons can be found in the supplementary 264 

information. This manuscript will not discuss any results comparing the untreated SW480 265 

β6OE and SW480 Mock, as this work has been previously published by Cantor et al., [18]. 266 
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 267 

Figure 5 Cellular distribution of all the proteins identified from SW480 and HT29 iTRAQ 268 

proteomic experiments. 269 

 270 

Table 1 SW480 and HT29 comparisons showing the total number of significant proteins 271 

(p≤ 0.05) and number of differentially expressed proteins 272 

Comparison of Cell line 
(+/- TGFβ) 

Total # of proteins 
with p ≤ 0.05 

# up-regulated 
proteins (iTRAQ 
fold change ≥1.2) 

# down-regulated 
proteins (iTRAQ 

fold change ≤0.83) 
SW480 subclones       
SW480 Mo+ vs Mo- 41 11 13 
SW480 β6OE+ vs β6OE- 129 30 16 
SW480 β6OE+ vs Mo+ 344 161 150 
SW480 β6OE- vs Mo- 369 180 174 
HT29 subclones       
HT29 Mo- vs β6AS- 140 69 70 
HT29 Mo+ vs Mo- 161 55 70 

HT29 β6AS+ vs β6AS- 94 45 35 
HT29 Mo+ vs β6AS+ 168 84 75 

 273 

 274 
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2.6 Lack of integrinβ6 expression results in minimal change to the proteome when 275 

treated with TGFβ (SW480 Mo+ vs Mo-) 276 

TGFβ treatment of β6-deficient SW480Mock cells resulted in the detectable up- and 277 

down-regulation of only a small number of proteins (11 and 13 respectively). This included 278 

proteins associated with cytoskeleton, cell adhesion and, integrin and MAPK signalling 279 

(Table 2). Various intermediate filament-associated proteins, keratin, type II cytoskeletal 1 280 

(KRT1), keratin, type II cytoskeletal 8 (KRT8), keratin, type I cytoskeletal 9 (KRT9) and 281 

keratin, type I cytoskeletal 10 (KRT10) were identified. Walker et al. showed that KRT8/18 282 

expression can be used to differentiate different subtypes of invasive ductal breast carcinoma 283 

[25]. Desmoplakin, a cell junction-associated protein was found to be slightly down-regulated. 284 

Cytoskeleton-associated protein 4 (CKAP4) was down-regulated and has been previously 285 

shown to have moderate to strong expression in cancer tissues by IHC [26]. CKAP4 is known 286 

to function as a receptor for anti-proliferative factor (APF) and has been shown to regulate 287 

tissue plasminogen activator in bladder cancer [27]. Actin filament-associated proteins 288 

myosin-9 and myosin-10 (MYH9 and MYH10), which play an important role during cell 289 

spreading and focal contact formation in the centre of spreading cells, were slightly down-290 

regulated. 291 

Table 2 Differentially expressed proteins observed in the TGFβ treated SW480Mock cells 292 

relative to the untreated control (SW480 Mo+ vs Mo-)a 293 

Accession 
number 

Gene 
name Protein Name 

iTRAQ 
fold 

change 

Expression 
pattern 

P15924 DSP desmoplakin 0.79 ↓ 
P35580 MYH10 myosin-10 0.80 ↓ 

Q07065 CKAP4 
cytoskeleton-associated protein 
4  0.80 ↓ 

P05787 KRT8 keratin, type II cytoskeletal 8 0.81 ↓ 
P35579 MYH9 myosin-9 0.83 ↓ 
P13645 KRT10 keratin, type I cytoskeletal 10 1.36 ↑ 
P35527 KRT9 keratin, type I cytoskeletal 9 1.89 ↑ 
P04264 KRT1 keratin, type II cytoskeletal 1 1.92 ↑ 
a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ 
experiment. These proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change 
in expression level of at least 1.2 fold for aggressive (SW480Mock treated with TGFβ) vs non-aggressive 
(SW480Mock not reated with TGFβ) 

 294 
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IPA analysis of the significantly altered proteins identified two protein networks with 295 

high scores [“Cellular Development, Cellular Growth and Proliferation, Cell Cycle” (IPA 296 

score = 21) and “Protein Synthesis, Cell Morphology, RNA Post-Transcriptional 297 

Modification” (IPA score = 18)]. Various basic cellular functions involved in cancer, namely 298 

(i) cellular assembly and organization, (ii) cell morphology, (iii) cellular function and 299 

maintenance, (iv) cellular development, and (v) cellular growth and proliferation [28] were 300 

identified. Additionally, tight junction signalling and ILK signalling canonical pathways, 301 

that can also be associated with cancer, were identified. Unfortunately, despite this 302 

interesting observation, the number of proteins identified for each of these pathways (< 2% 303 

of the total molecules in the pathways) were insufficient for establishing conclusive 304 

biological connection. 305 

 306 

2.7 Overexpression of integrin β6 increased the number of differentially proteins 307 

observed (SW480 OE+ vs OE-) 308 

Treatment of SW480β6OE cells with TGFβ resulted in differential up-regulation of 30 309 

proteins and down-regulation of 16 proteins (Table 3). Among the differentially expressed 310 

proteins integrin beta-1 (β1) and integrin alpha-v (αv) were identified to be up-regulated in 311 

TGFβ-treated cells. The up-regulation of integrin αv supports the overexpression of β6 312 

which requires integrin αv to form a heterodimer and participate in downstream signalling. 313 

Increased β1 expression could be the result of significantly increased αv expression as a 314 

result of the activation of the Ets-1 transcription factor. As shown in a previous membrane 315 

proteomic study using the same cell lines [18], the number of observed αv peptides far exceeds 316 

the number of observed β6 peptides. 317 

It is known that epithelial cells actively trigger anoikis (cell death triggered by 318 

improper or loss of cell adhesion) during metastasis [29, 30]. Suppression of anoikis, is an 319 

important requirement for tumor cells to metastasize to distant organs [31]. Various chaperone 320 

proteins were identified, of which DnaJ homolog subfamily A member 1 (DNAJA1 or 321 

Hsp40) was significantly upregulated. Chaperone proteins play an important role in defence 322 

against cellular stress and the up-regulation of Hsp40 could reflect the suppression of 323 

anoikis. This was further supported by the fact that BAG family molecular chaperone 324 

regulator 2 (BAG-2), which directly affects the activity of Hsp70/HSC70 by promoting 325 

substrate release, was up-regulated following treatment. 326 
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Decreased expression of intermediate filaments keratin, type II cytoskeletal 2 327 

epidermal (KRT2) and keratin, type II cytoskeletal 8 (KRT8) was observed in the TGFβ 328 

treated cells. Interestingly, vimentin, a mesenchymal marker, was slightly down-regulated. 329 

Ragulator complex protein LAMTOR2 which indirectly regulates mTORC1 signalling and 330 

enhances MAPK signalling activity by activating MAPK2 [32], was significantly up-331 

regulated. Nicastrin, a transmembrane glycoprotein, was also up-regulated. Nicastrin and 332 

notch4 are known to promote epithelial to mesenchymal transition (EMT) in breast cancer 333 

[33, 34].  334 

Table 3 Differentially expressed proteins observed in the TGFβ treated SW480β6OE cells 335 

relative to the untreated control (SW480 OE+ vs OE-)a 336 

Accession 
number Gene name Protein Name iTRAQ fold 

change 
Expression 

pattern 
P35908 KRT2 keratin, type II cytoskeletal 2 epidermal 0.25 ↓ 
P05787 KRT8 keratin, type II cytoskeletal 8 0.78 ↓ 
P08670 VIM vimentin 0.80 ↓ 
Q92542 NCSTN nicastrin 1.21 ↑ 

O95816 BAG2 BAG family molecular chaperone 
regulator 2 1.21 ↑ 

P06756 ITGAV integrin alpha-V  1.21 ↑ 
P31689 DNAJA1 DnaJ homolog subfamily A member 1 1.38 ↑ 
P05556 ITGB1 integrin beta-1  1.54 ↑ 
Q9Y2Q5 LAMTOR2 Ragulator complex protein LAMTOR2  1.85 ↑ 
a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. These 
proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change in expression level of at least 1.2 
fold for aggressive (SW480β6OE treated with TGFβ) vs non-aggressive (SW480β6OE not treated with TGFβ) 

 337 

IPA identified only one protein network with score >15: the “Protein Synthesis, 338 

Developmental Disorder, Hereditary Disorder” network (IPA score of 49) (Figure 6). This 339 

network was extrapolated from 22 molecules from the list of significantly altered proteins. 340 

The network contained, amongst others, integrins – αv, β1; molecular chaperones – BAG2, 341 

HSP5A and ECM molecules – VIM, KRT8, matrin 3. The network showed associations with 342 

molecules such as Akt, p38 MAPK, MAP2K1/2 and Mek, all of which have been associated 343 

with non-Smad TGFβ signalling during cancer [35, 36].  344 

IPA also suggested that fundamental cellular functions such as (i) RNA post-345 

transcriptional modification, (ii) protein synthesis, (iii) cellular movement, and (iv) cellular 346 

growth and proliferation were altered with TGFβ1 treatment. Most of the canonical pathways 347 
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identified had little to no association with cancer with the exception of Eukaryotic translation 348 

initiation factor 2 (eIF2) signalling. However, only 3 molecules that are part of the eIF2 349 

signalling pathway were identified which is not sufficient to infer any biological relevance. 350 

 351 

 352 

Figure 6 The “Protein Synthesis, Developmental Disorder, Hereditary Disorder” network 353 

identified by IPA from comparison of the TGFβ-treated SW480β6OE cells relative to 354 

untreated controls. The network shows the relationships between various differentially 355 

expressed proteins observed by proteomics (red, up-regulated; green, down-regulated; white, 356 

not observed by proteomics but crucial to the network). 357 

2.8 Integrin β6 overexpression alters a wide variety of cancer-related proteins and 358 

functions when treated with TGFβ relative to no integrin β6 expression (SW480 359 

β6OE+ vs Mo+) 360 

To examine the effect of TGFβ when β6 is overexpressed, we compared the 361 

SW480β6OE and SW480Mock cell lines following treatment with TGFβ. This showed 344 362 

proteins to be differentially expressed (161 proteins and 149 proteins up-regulated and 363 

down-regulated respectively). These data have been functionally classified help 364 
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interpretation of the molecular events affected by TGFβ treatment when β6 was 365 

overexpressed. Some of the key proteins observed are listed in Table 4. 366 

Cytoskeletal signalling proteins such as intermediate and actin filament associated 367 

proteins aid in maintaining integrity both in and between cells. Our study identified various 368 

intermediate filament associated family proteins to be significantly changed in SW480β6OE 369 

cells. Several keratins including, keratin, type II cytoskeletal 5 (KRT5) and keratin, type I 370 

cytoskeletal 18 (KRT18), all of which are integral to cytoskeletal arrangement in cells [37], 371 

were down-regulated. Talin-1 and desmoplakin, which are involved in organising 372 

connections between various cytoskeletal structures and plasma membrane [38UniProt, 2015 #113], 373 

were up-regulated. 374 

Various actin filament associated proteins such as α-actinin-4, unconventional 375 

myosin-Ib, unconventional myosin-Id and ezrin (Villin-2) were significantly down-376 

regulated. The actin-binding protein, α-actinin-4, has been associated with cell motility and 377 

invasion during cancer [39]. A recent study by Gosh et al. that showed down-regulation of α-378 

actinin-4 in the SW620 cell line, which is a metastatic lymph node progenitor of the SW480 379 

cell line, supports our results [31], suggesting that SW480 cells that express β6 can adopt 380 

metastatic cell line behaviour in the presence of TGFβ. Myosin regulatory light chain 12A, 381 

a protein known to can play a significant role in cell cell adhesion, proliferation, migration 382 

and division [40] was significantly up-regulated. Ezrin (villin-2) expression was further 383 

validated by Western blot analysis (Figure 11). 384 

Increased cell proliferation and migration along with decreased adhesion are 385 

important biological/molecular functions required for cancer progression. Our study 386 

identified various molecules involved in cell adhesion that were altered with TGFβ 387 

treatment. Cell surface glycoprotein MUC18 (MCAM), integrin α6, integrin β1 and CD97 388 

antigen were down-regulated. Additionally, catenin δ-1 and pinin were significantly up-389 

regulated in SW480β6OE. Integrin β1 is known to affect cell adhesion and migration in vitro 390 

as it is a receptor for fibronectin and vitronectin [41]. Down-regulation of β1, as a result αvβ1, 391 

could create a shortage of receptors for fibronectin and vitronectin resulting in unstable or 392 

loose ECM which may enable cell migration and proliferation [41]. 393 

Annexin A2, galectin-3, glypican-1, GTPase Kras and Ras GTPase-activating 394 

protein-binding protein 1 which are known to regulate cell migration, were all significantly 395 

down-regulated. Annexin A2, is known to inhibit cell migration in vitro [42] and the observed 396 
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down-regulation could support the increased cell migration observed in TGFβ-treated 397 

SW480β6OE cells (Figure 2, 3). The expression of annexin A2 was further validated by 398 

Western blot analysis (Figure 11). Liprin β1 and tight junction protein ZO-2 which are 399 

involved in the regulation of focal adhesions and tight junctions were also down-regulated. 400 

Liprin β1 could be involved in the regulation of focal adhesion disassembly [43] and was 401 

shown to be a target for metastasis-associated protein S100-A4 [44]. The down-regulation of 402 

various cell migration and adhesion associated molecules indicates that cells may have 403 

acquired the ability to spread from the primary cancer site. This is in agreement with the 404 

observation that SW480β6OE cells showed increased cell proliferation and migration when 405 

treated with TGFβ (Figure 2, 3). 406 

Table 4 Functional classification of significantly altered proteins observed upon treatment 407 

of SW480β6OE cells with TGFβ relative to TGFβ treated SW480Mock cells (SW480 β6OE+ 408 

vs Mo+)a. 409 

Accession 
number Gene name Protein Name iTRAQ 

fold change 
Expression 

pattern 
Intermediate Filament associated proteins 

P35908 KRT2 keratin, type II cytoskeletal 2 epidermal 0.29 ↓ 
P04264 KRT1 keratin, type II cytoskeletal 1  0.36 ↓ 
P13647 KRT5 keratin, type II cytoskeletal 5  0.42 ↓ 
P35527 KRT9 keratin, type I cytoskeletal 9 0.47 ↓ 
P13645 KRT10 keratin, type I cytoskeletal 10  0.58 ↓ 
P05783 KRT18 keratin, type I cytoskeletal 18 0.65 ↓ 
P05787 KRT8 keratin, type II cytoskeletal 8 0.72 ↓ 
Q9Y490 TLN1 talin-1 1.21 ↑ 
P15924 DSP desmoplakin 1.21 ↑ 

     
Actin filament associated proteins  

O94832 MYO1D unconventional myosin-Id  0.54 ↓ 
O43707 ACTN4 alpha-actinin-4  0.70 ↓ 
O43795 MYO1B unconventional myosin-Ib  0.82 ↓ 
P19105 MYL12A myosin regulatory light chain 12A  2.66 ↑ 

     
Cell Proliferation, migration and adhesion associated proteins 

P43121 MCAM cell surface glycoprotein MUC18  0.24 ↓ 
P15311 EZR ezrin (Villin-2) 0.34 ↓ 
P07355 ANXA2 annexin A2  0.39 ↓ 
P23229 ITGA6 integrin alpha-6 0.45 ↓ 
P17931 LGALS3 galectin-3  0.48 ↓ 
P35052 GPC1 glypican-1 0.54 ↓ 
P29317 EPHA2 ephrin type-A receptor 2 0.61 ↓ 
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Q86W92 PPFIBP1 liprin-beta-1 0.63 ↓ 
Q9UDY2 TJP2 tight junction protein ZO-2 0.78 ↓ 
P05556 ITGB1 integrin beta-1  0.79 ↓ 
P48960 CD97 CD97 antigen  0.82 ↓ 
O60716 CTNND1 catenin delta-1 1.24 ↑ 
Q86UP2 KTN1 kinectin 1.48 ↑ 
Q9H307 PNN pinin  1.65 ↑ 

     
Cellular stress and  cell death associated proteins 

P51572 BCAP31 B-cell receptor-associated protein 31  0.54 ↓ 
P35232 PHB prohibitin  0.48 ↓ 
P07900 HSP90AA1 heat shock protein HSP 90-alpha  0.49 ↓ 
Q99623 PHB2 prohibitin-2 0.57 ↓ 
P50454 SERPINH1 serpin H1 (47 kDa heat shock protein) 0.71 ↓ 
P08238 HSP90 heat shock protein HSP 90-beta 1.44 ↑ 
O60884 DNAJA2 DnaJ homolog subfamily A member 2 1.63 ↑ 
P13010 XRCC5 X-ray repair cross-complementing protein 5 1.89 ↑ 
P12956 XRCC6 X-ray repair cross-complementing protein 6 2.09 ↑ 

     
RAS oncogene family 

P11233 RALA Ras-related protein Ral-A  0.52 ↓ 
P51149 RAB7A Ras-related protein Rab-7a 0.63 ↓ 
P51148 RAB5C Ras-related protein Rab-5C  0.68 ↓ 

Q13283 G3BP1 
Ras GTPase-activating protein-binding 
protein 1  0.72 ↓ 

P01116 KRAS GTPase Kras 0.75 ↓ 
     

Other proteins 

O15173 PGRMC2 membrane-associated progesterone receptor 
component 2  0.68 ↓ 

P02786 TFRC transferrin receptor protein 1 0.73 ↓ 
Q8N163 KIAA1967 DBIRD complex subunit KIAA1967  0.81 ↓ 
a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. These 
proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change in expression level of at least 1.2 fold 
for aggressive (SW480β6OE treated with TGFβ) vs non-aggressive (SW480Mock treated with TGFβ) 

 410 

This study also identified various molecules that either promote or hinder cell death. 411 

Similar to the SW480 β6OE+ vs β6OE- comparison, we identified various chaperone and 412 

heat shock proteins such as Heat shock protein HSP 90-alpha and serpin H1 (47 kDa heat 413 

shock protein) to be down-regulated. B-cell receptor-associated protein 31 (BCAP31), 414 

another chaperone protein, which may be involved in CASP-8 mediated apoptosis [45] was 415 

also down-regulated. Since these proteins play an important role in defence against cellular 416 
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stress, their down-regulation could be associated with activation of cell death-related 417 

pathways. However, other chaperone proteins such as Heat shock protein HSP 90-beta, DnaJ 418 

homolog subfamily A member 2, X-ray repair cross-complementing protein 5 (XRCC5) and 419 

6 (XRCC6) were significantly up-regulated. XRCC5/6 heterodimer expression shown to be 420 

increased in gastric carcinoma and may lead to genome instability [46]. This up-regulation of 421 

cell repair molecules such as XRCC5 and XRCC6 may promote anoikis suppression and 422 

alter the genome towards a metastatic phenotype. 423 

 424 

Figure 7 “Cellular Movement, Hematological System Development and Function, Immune 425 

Cell Trafficking” network identified by IPA comparing the TGFβ-treated SW480β6OE cells 426 

relative to TGFβ-treated SW480Mock cells. Refer to Figure 6 for legend details. 427 

Various RAS oncogene family related proteins were down-regulated. Ras GTPase-428 

activating protein-binding protein 1 (G3BP1) and GTPase Kras are known to play an 429 

important role in the regulation of cell proliferation [47, 48]. G3BPs are overexpressed in a 430 

number of cancers, including CRC. In breast cancer cells, G3BP1 is known to affect cell 431 
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proliferation though the regulation of PMP22 mRNA expression [49]. Interestingly, the 432 

membrane-associated progesterone receptor component 2 that is associated with malignant 433 

phenotype in breast cancer was observed to be down-regulated in CRC cell lines [50]. 434 

IPA analysis of the differentially expressed proteins identified numerous protein 435 

networks with IPA scores greater than 15. Important networks include “Cellular Movement, 436 

Hematological System Development and Function, Immune Cell Trafficking” (IPA score = 437 

40) (Figure 7) and “Cell Cycle, Protein Synthesis, Cellular Development” (IPA score = 28), 438 

“Cellular Assembly and Organization, Dermatological Diseases and Conditions, Organismal 439 

Injury and Abnormalities” (IPA score = 24) and “Cellular Movement, Cell Morphology, 440 

Cellular Assembly and Organization” (IPA score = 16). The analysis also identified various 441 

fundamental cellular functions that are required for cancer, namely (i) RNA post-442 

transcriptional modification, (ii) cell death and survival, (iii) cellular growth and 443 

proliferation, (iv) protein synthesis, and (v) cellular development. 444 

Table 5 Signalling pathways that are significantly altered in the TGFβ-treated SW480β6OE 445 

cells, relative to the TGFβ-treated SW480Mock cells. 446 

Pathway Significantly altered proteins (number of molecules) p value 

eIF2 
signalling 

EIF2S1, RPL7A, RPS10, RPS26, RPS5, RPL26, RPL6, 
RPS13, RPS19, RPL8, EIF2S2, RPS8, RPS3A, RPL4, 
RPL14, RPL18A, KRAS, RPS6, RPL17, RPLP2, RPS2, 
RPL23A, EIF5, RPS3, RPS16, RPL7, EIF2S3, RPS9, 
RPL18, RPS17, RPL36, RPL34, RPL15, RPL27, RPL10A 
(35) 

2.69E-28 

Regulation 
of eIF4 and 
p70S6K 
signalling 

EIF2S1, KRAS, RPS6, RPS10, RPS26, RPS5, RPS2, RPS3, 
RPS19, RPS16, RPS13, EIF2S3, EIF2S2, RPS9, RPS17, 
ITGB1, RPS8, RPS3A, PPP2R1B (19) 

2.08E-12 

mTOR 
signalling 

KRAS, RPS6, RPS10, RPS26, RPS5, RPS2, RPS3, RPS19, 
RPS16, RPS13, RPS9, RPS17, RPS8, RPS3A, PPP2R1B 
(15) 

3.44E-07 

 447 

Three canonical pathways (eIF2 signalling, regulation of eIF4 and p70S6K 448 

signalling, and mammalian target of rapamycin (mTOR) signalling) that have previously 449 

been implicated in cancer [51, 52], were found to be significantly altered (p < 3.44E-07) by 450 

IPA, Table 5. Interestingly, KRAS was observed to be involved in all three canonical 451 

pathways, suggesting a critical role for KRAS. Additionally, integrin β1 was part of the 452 

“regulation of eIF4 and p70S6K signalling” pathway. Proteomic analysis of cells that 453 

overexpress or do not express the β6 subunit following treatment with TGFβ demonstrated 454 
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the differential expression of numerous proteins that regulate a wide variety of molecular 455 

mechanisms required for cancer development and progression. IPA analysis identified cell 456 

morphology, cellular assembly and organization, cellular movement, cellular growth and 457 

proliferation and protein synthesis to be some of the important molecular functions 458 

associated with the proteomic data sets. These results show that β6 and TGFβ together can 459 

alter various cellular functions related to cancer. To further investigate the effect of TGFβ 460 

when native expression of β6 is greatly reduced we next used the HT29 subclone cell lines 461 

as models (HT29Mock cells have endogenous expression of β6; HT29ASβ6 cells have the β6 462 

expression greatly reduced). 463 

2.9 Suppressing endogenous β6 expression alters various cancer-related molecules 464 

and functions (HT29 Mo- vs AS-) 465 

Prior to examining the effects of TGFβ on the HT29 subclones, we compared the 466 

proteomes of untreated HT29Mock and HT29β6AS cells. Significant differences were observed 467 

in the expression of 139 proteins, with 69 proteins up-regulated and 70 down-regulated 468 

respectively (Table 6). 469 

A number of intermediate filament proteins including plectin, KRT18, KRT19 and 470 

KRT20 were down-regulated while KRT10 was up-regulated in the HT29Mock cells. Various 471 

actin filament associated proteins such as LIM domain and actin-binding protein 1 (LIAM1), 472 

α-actinin-4, septin-2, myosin light polypeptide 6 and myosin-9 were found to be up-473 

regulated while Myb-binding protein 1A was down-regulated. LIAM1 is known to regulate 474 

actin dynamics by cross-linking and stabilizing the filaments [53]. Again, α-actinin-4 has 475 

previously been implicated in cancer cell motility and invasion [39]. 476 

Table 6 Functional classification of significantly altered proteins observed in the untreated 477 

HT29Mock cells relative to untreated HT29β6AS cells (HT29 Mo- vs AS-)a  478 

Accession 
number Gene name Protein Name iTRAQ 

fold change 
Expression 

pattern 
Intermediate Filament associated proteins 

P13645 KRT10 keratin, type I cytoskeletal 10  0.65 ↓ 
Q15149 PLEC plectin  1.22 ↑ 
P08727 KRT19 keratin, type I cytoskeletal 19  1.49 ↑ 
P05783 KRT18 keratin, type I cytoskeletal 18 1.55 ↑ 
P35900 KRT20 keratin, type I cytoskeletal 20 2.39 ↑ 

     
Actin filament associated proteins 

Q9BQG0 MYBBP1A Myb-binding protein 1A 0.47 ↓ 
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Q9UHB6 LIMA1 LIM domain and actin-binding protein 1  1.31 ↑ 
O43707 ACTN4 alpha-actinin-4  1.50 ↑ 
P60660 MYL6 myosin light polypeptide 6  1.55 ↑ 
Q15019 SEPT2 septin-2  1.63 ↑ 
P35579 MYH9 myosin-9 2.09 ↑ 

     
Cell adhesion 

P43121 MCAM cell surface glycoprotein MUC18  0.32 ↓ 

P09758 TACSTD2 
Tumor-associated calcium signal 
transducer 2  (Cell surface glycoprotein 
Trop-2) 

0.41 ↓ 

P18084 ITGB5 integrin beta-5  0.59 ↓ 

Q96AP7 ESAM 
endothelial cell-selective adhesion 
molecule  0.66 ↓ 

P06756 ITGAV integrin alpha-V  0.71 ↓ 
Q9Y653 GPR56 G-protein coupled receptor 56  1.67 ↑ 

     
Cell migration 

Q9NX58 LYAR cell growth-regulating nucleolar protein  0.45 ↓ 
P27487 DPP4 dipeptidyl peptidase 4 (CD26) 0.58 ↓ 
P46013 MKI67 antigen KI-67  1.46 ↑ 
P17931 LGALS3 galectin-3 2.24 ↑ 
P06703 S100A6 S100-A6  3.42 ↑ 

     
RAS Oncogene family 

Q15907 RAB11B Ras-related protein Rab-11B  0.41 ↓ 
P51149 RAB7A Ras-related protein Rab-7a  0.55 ↓ 

     
Cellular stress and  cell death associated proteins  

P38646 HSPA9 Stress-70 protein, mitochondrial  1.38 ↑ 
Q8WXX5 DNAJC9 DnaJ homolog subfamily C member 9  1.65 ↑ 

     
Other significantly expressed proteins 

P37059 HSD17B2 estradiol 17-beta-dehydrogenase 2  0.15 ↓ 

Q9Y3A6 TMED5 transmembrane emp24 domain-containing 
protein 5 0.35 ↓ 

O75695 RP2 XRP2  0.47 ↓ 
P02786 TFRC transferrin receptor protein 1 0.48 ↓ 
Q9UHA4 LAMTOR3 Ragulator complex protein LAMTOR3  0.48 ↓ 
P16444 DPEP1 dipeptidase 1  0.53 ↓ 
P15529 CD46 membrane cofactor protein  0.53 ↓ 
Q5ZPR3 CD276 CD276 antigen  0.57 ↓ 
Q9UNN8 PROCR endothelial protein C receptor  0.70 ↓ 
P07339 CTSD cathepsin D  0.79 ↓ 
Q8N163 KIAA1967 DBIRD complex subunit KIAA1967  1.47 ↑ 
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Q9P206 KIAA1522 uncharacterized protein KIAA1522 1.52 ↑ 
a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. These 
proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change in expression level of at least 1.2 fold 
for aggressive (HT29Mock, endogenous β6 expression) vs non-aggressive (HT29β6AS, artificially reduced β6 expression) 

 479 

Cellular adhesion molecules such as MCAM, Tumor-associated calcium signal 480 

transducer 2 (Cell surface glycoprotein Trop-2), integrins αv and β5 were down-regulated 481 

whereas GPR56 was up-regulated. Trop-2 is a paralog of epithelial cell adhesion molecule 482 

(EpCAM) and is overexpressed in ovarian carcinoma and CRC [54, 55]. The overexpression 483 

of Trop-2 is associated with poor prognosis in ovarian carcinomas [54]. The expression of 484 

GPR56 has been shown to inhibit tumor cell growth in melanoma and to regulate VEGF 485 

production and angiogenesis during melanoma progression [56]. 486 

Cell migration molecules such as cell growth-regulating nucleolar protein and 487 

dipeptidyl peptidase 4 (CD26) were down-regulated while Antigen KI-67, Galectin-3 and 488 

Protein S100-A6 were up-regulated. S100-A6 is known to be overexpressed in common 489 

cancers including colorectal, breast and gastric cancers [57, 58]. It is known to affect CRC 490 

adenocarcinoma tumourigenesis, invasion and metastasis [59] through the ERK and p38 491 

MAPK pathways [60]. It has also been suggested to be a potential serum prognostic marker 492 

for gastric cancer [61]. 493 

Ras-related proteins Rab-11B and Rab-7a were observed to be down-regulated. The 494 

overexpression of various Ras-related proteins has been associated with increased 495 

proliferation and aggressive cancer phenotypes [62]. The expression of Rab-11 in CRC 496 

resulted in increased E-cadherin levels and eventual cell transformation and migration [63]. 497 

The over-expression of Rab-7, on the other hand, showed tumour suppressor properties in 498 

prostate cancer [64]. Cellular stress associated proteins DnaJ homolog subfamily C member 499 

9 and Stress-70 protein, mitochondrial were found to be up-regulated. 500 

The current study also showed differential expression of various other proteins such 501 

as LAMTOR3, CD276 antigen which were down-regulated while DBIRD complex subunit 502 

KIAA1967 (also known as deleted in breast cancer gene 1 protein (DBC1)) and 503 

uncharacterized protein KIAA1522 were up-regulated. LAMTOR3, along with LAMTOR2, 504 

is part of the Ragulator complex involved in activation of mTORC1 required for MAPK2 505 

activation [32]. DBC1 has been shown to interact with mutated in colorectal cancer (MCC) 506 

and regulates the canonical Wnt signalling pathway through β-catenin [65] and has also been 507 
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reported to play an important role in tumour suppression by stabilizing the p53/TP53 508 

interaction with the murine double minute 2 (MDM2) ubiquitin ligase [66]. Expression of 509 

DBC1 has been observed in various cancers with varying outcomes [67-70]. For instance, 510 

DBC1 deficiency in breast cancer cells has been shown to result in apoptosis [69]. In CRC 511 

specifically, Zhang et al. reported that the overexpression of DBC1 in CRC results in poor 512 

prognosis [70] whilst Kikuchi et al. reported that low expression of DBC1 is associated with 513 

poor prognosis [71]. Although more evidence from other cancers have shown that 514 

overexpression of DBC1, as we have seen, is associated poor prognosis [67-69]. 515 

Uncharacterized protein KIAA1522, was observed in this study and although it has not yet 516 

been associated with cancer or any related functions been reported to date, a recent study has 517 

observed this protein in lung cancer [72] and esophageal squamous cell carcinoma [73] and 518 

indeed Chen et al. reported that KIAA1522 expression was elevated in squamous cell 519 

carcinoma compared to squamous cell adenocarcinomas of the lung [72].  520 

IPA analysis of the entire dataset of the differentially expressed proteins identified 521 

four protein networks with scores >20 [i.e., “Cellular Function and Maintenance, Small 522 

Molecule Biochemistry, Molecular Transport” (IPA score = 53); “Cellular Assembly and 523 

Organization, Cell-To-Cell Signaling and Interaction, Reproductive System Development 524 

and Function” (IPA score = 45); “Cell Cycle, Infectious Diseases, Cancer” (IPA score = 25) 525 

and “Cancer, Endocrine System Disorders, Gastrointestinal Disease” (IPA score = 21)]. The 526 

combination of all identified networks is shown in Supplementary Figure 1.The “Cellular 527 

Function and Maintenance, Small Molecule Biochemistry, Molecular Transport” network 528 

contained 29 molecules from the dataset which were involved in these processes, (Figure 8). 529 

This network contains various ECM molecules such as keratins (KRT10, KRT18, KRT19), 530 

actin associated proteins (MYH9, MYL6), chaperone proteins (HSPA5, HSPA9) which 531 

were up-regulated and integrins (αv, β5) which were down-regulated. It is important to note 532 

that “Cellular Function and Maintenance” was also identified as one of the cellular functions 533 

by IPA. Other fundamental cellular functions identified by IPA include (i) RNA post-534 

transcriptional modification, (ii) cell death and survival, and (iii) cellular growth and 535 

proliferation.  536 
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 537 

Figure 8 The “Cellular Function and Maintenance, Small Molecule Biochemistry, 538 

Molecular Transport” network identified by IPA comparing the untreated HT29Mock cells 539 

relative to the untreated HT29β6AS cells. Refer to Figure 6 for legend details. 540 

IPA also identified two canonical pathways (eIF2 signalling and Granzyme B 541 

signalling) to be significantly altered in the dataset. Granzyme B is a cell death-inducing 542 

enzyme that is released from the granules of cytotoxic T lymphocytes and natural killer cells 543 

when a viral infected cell is marked for elimination [74]. The proteolytic cleavage of two key 544 

substrates, poly (ADP-ribose) polymerase 1 (PARP1) and lamin B2 (LMNB2), of granzyme 545 

B in the nucleus is essential for granzyme B-programmed cell death.[74]. Interestingly, 546 

impairment of granzyme B substrates, including, PARP1, NUMA1 (nuclear mitotic 547 

apparatus protein 1), and PRKDC (protein kinase, DNA-activated, catalytic polypeptide) 548 
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affects its signalling [75]. PARP1 and LMNB2 were found to be up-regulated while PRKDC 549 

was observed to be down-regulated in proteomic data. 550 

2.10 TGFβ induced differential expression of more proteins when β6 is natively 551 

expressed rather than artificially induced (HT29 Mo+ vs Mo-) 552 

Investigation of HT29Mock cells following treatment with TGFβ showed differential 553 

expression of 125 proteins relative to the untreated cells. Among the differentially expressed 554 

proteins 55 were up-regulated and 70 were down-regulated. Although, this particular 555 

comparison can be considered equivalent to SW480β6OE + vs SW480β6OE -, as both these 556 

examine the effects of TGFβ when β6 is expressed, the number of differentially expressed 557 

proteins was higher in the TGFβ-treated HT29Mock cells (125 proteins) compared to 558 

SW480β6OE cells (46 proteins). To facilitate analysis of the data they were functionally 559 

classified, and key proteins of interest are listed in Table 7. This comparison identified 560 

various intermediary and actin filament proteins, cell proliferation, migration, adhesion and 561 

stress-related proteins. 562 

Keratins have been widely used as immunohistochemical markers in diagnostic 563 

pathology. KRT8 and KRT18, have been implicated in breast cancer [25] and a wide variety 564 

of other cancers, while KRT9 and KRT10 can be used to stain for cervix and squamous skin 565 

carcinomas. Up-regulation of KRT10, a downstream molecule of PTEN, was shown to 566 

increase cisplatin-resistance in ovarian cancer [76]. In our current study KRT8 and KRT18 567 

were found to be down-regulated while KRT9 and KRT10 were up-regulated. KRT8 down-568 

regulation was also observed in the SW480 β6OE+ vs β6OE- comparison. LIAM1, which 569 

regulates actin dynamics by cross-linking and stabilizing the filaments [53], was also down-570 

regulated. 571 

Table 7 Functional classification of significantly altered proteins observed upon treatment 572 

of HT29Mock cells with TGFβ relative to the untreated control (HT29 Mo+ vs Mo-)a 573 

Accession 
number Gene name Protein Name iTRAQ 

fold change 
Expression 

pattern 
Intermediate Filament associated proteins 

P05787 KRT8 keratin, type II cytoskeletal 8  0.55 ↓ 
P05783 KRT18 keratin, type I cytoskeletal 18  0.55 ↓ 
P13645 KRT10 keratin, type I cytoskeletal 10  2.07 ↑ 
P35527 KRT9 keratin, type I cytoskeletal 9  3.89 ↑ 

     
Actin filament associated proteins 
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Q9UHB6 LIMA1 LIM domain and actin-binding protein 1 0.83 ↓ 
     

Cell Proliferation, migration and adhesion associated proteins 
P49006 MARCKSL1 MARCKS-related protein  0.45 ↓ 

P13688 CEACAM1 carcinoembryonic antigen-related cell 
adhesion molecule 1  0.67 ↓ 

Q13277 STX3 syntaxin-3  0.72 ↓ 
Q08431 MFGE8 lactadherin  0.73 ↓ 
P16422 EPCAM epithelial cell adhesion molecule  0.75 ↓ 
Q92542 NCSTN nicastrin  0.75 ↓ 
Q86Y82 STX12 syntaxin-12  0.75 ↓ 
P16070 CD44 CD44 antigen  0.75 ↓ 
Q13740 ALCAM CD166 antigen  0.75 ↓ 
P23229 ITGA6 integrin alpha-6  0.76 ↓ 
P50895 BCAM basal cell adhesion molecule 0.78 ↓ 
P12830 CDH1 cadherin-1 (E-cadherin) 0.80 ↓ 
P06702 S100A9 protein S100-A9 0.80 ↓ 
P35613 BSG basigin (CD147) 0.81 ↓ 
P27487 DPP4 dipeptidyl peptidase 4 (CD26) 0.81 ↓ 
Q9UQ80 PA2G4 proliferation-associated protein 2G4  1.34 ↑ 
Q16181 SEPT7 septin-7  1.36 ↑ 
Q9Y653 GPR56 G-protein coupled receptor 56  1.74 ↑ 

     
Cellular stress and  cell death associated proteins  

Q969Q5 RAB24 Ras-related protein Rab-24  0.72 ↓ 
Q92520 FAM3C protein FAM3C 0.74 ↓ 
Q96A26 FAM162A protein FAM162A 0.80 ↓ 
P51572 BCAP31 B-cell receptor-associated protein 31  0.81 ↓ 

P13010 XRCC5 X-ray repair cross-complementing 
protein 5 1.36 ↑ 

P12956 XRCC6 X-ray repair cross-complementing 
protein 6  1.40 ↑ 

     
Proteins with unknown function 

Q9BQ61 C19orf43 uncharacterized protein C19orf43 0.58 ↓ 
a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. These 
proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change in expression level of at least 1.2 
fold for aggressive (HT29Mock treated with TGFβ) vs non-aggressive (HT29Mock not treated with TGFβ) 

 574 

Various cell adhesion molecules such as CEACAM1 (carcinoembryonic antigen-575 

related cell adhesion molecule 1), EpCAM, BCAM (basal cell adhesion molecule), 576 

Cadherin-1 (E-cadherin) and lactahedrin were down-regulated following TGFβ treatment 577 

while GPR56 (G-protein coupled receptor 56) was up-regulated in the treated cells. Various 578 
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CEACAM molecules including CEACAM1, CEACAM5 and CEACAM6 are now 579 

considered valid clinical biomarkers and promising therapeutic targets in colorectal, 580 

melanoma, lung, and pancreatic cancers [77]. E-cadherin is typically expressed in all normal 581 

epithelial cells and regulates cell-cell adhesion, mobility and proliferation. Loss or decrease 582 

in E-cadherin expression is a well-known diagnostic biomarker for breast cancer and 583 

indicates increased invasion and epithelial-to-mesenchymal transition [78]. Lactahedrin, 584 

which is an RGD-dependent cell adhesion molecule [79] and a ligand for integrins αvβ3 and 585 

αvβ5, was shown to regulate angiogenesis in mouse models [80]. 586 

Proteins that regulate cellular proliferation and migration such as CD44 antigen, 587 

basigin (CD147), Protein S100-A9 and dipeptidyl peptidase 4 (CD26) were down-regulated 588 

and Proliferation-associated protein 2G4 (or ErbB3-binding protein 1) were up-regulated. 589 

Low preoperative serum levels of CD26 in CRC patients have been shown to correlate with 590 

poor prognosis [81]. Basigin, has been shown in various cancers to promote the production 591 

and/or release of MMPs into the surrounding ECM, which then increase the invasive 592 

potential and promotes cancer progression [82, 83]. Interestingly, septin-7, which is required 593 

for normal organization of the actin cytoskeleton, was also found to be up-regulated while 594 

MARCKS-related protein, which regulates cell movement through actin cytoskeleton 595 

reorganization, was down-regulated. The α6 integrin subunit, a receptor for laminin which 596 

is required for the structural integrity of hemidesmosomes, was found to be down-regulated. 597 

During prostate cancer, integrin α6 was shown to undergo cleavage in a urokinase-type 598 

plasminogen activator (uPA)-dependent manner [84, 85]. This resulted in an increase in 599 

laminin-dependant migration, invasion and metastasis. However, blockage of this cleavage 600 

resulted in delayed bone metastasis [84, 86]. Interestingly, ErbB3-binding protein 1 expression 601 

has also been associated with poor prognosis in prostate [87, 88] and breast cancers [89, 90]. A 602 

CRC stem cell marker, CD166 (or Activated leukocyte cell adhesion molecule) which is 603 

frequently expressed in aggressive tumours was found to be down-regulated [91]: it has been 604 

reported to be an aggressive marker for breast cancer [92] and tumor progression of malignant 605 

melanoma [93]. 606 

Chaperone protein BCAP31 was found to be down-regulated while XRCC5 and 607 

XRCC6 were up-regulated. The decreased expression for XRCC5 has been reported for 608 

colon and cervical cancers, and melanoma [94]. 609 

 610 
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 611 

Figure 9 The “Cellular Movement, Cell-To-Cell Signalling and Interaction, Connective 612 

Tissue Development and Function” network identified by IPA comparing the treated 613 

HT29Mock cells relative to the untreated control. Refer to Figure 6 for legend details. 614 

IPA of the differentially expressed proteins identified a total of seven protein 615 

networks, six of which has an IPA score ≥ 23. Amongst these networks were “Cell 616 

Morphology, Cellular Assembly and Organization, Cellular Compromise” (IPA score = 64); 617 

“Cellular Movement, Cell-To-Cell Signaling and Interaction, Connective Tissue 618 

Development and Function” (IPA score = 42) and “Cellular Function and Maintenance, 619 

Cellular Assembly and Organization, Cell Cycle” (IPA score = 23). The “Cell Morphology, 620 

Cellular Assembly and Organization, Cellular Compromise” network identified 30 proteins 621 

involved in these pathway. The jajority of these consisted of various ribosomal proteins, 622 

keratins (KRT8, 9, 10, 18) and also integrin α6. Similarly, the “Cellular Movement, Cell-623 
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To-Cell Signalling and Interaction, Connective Tissue Development and Function” network 624 

identified 22 proteins from the dataset. Most of these (Figure 9) contributed to cell adhesion 625 

(ALCAM, BCAM, BSG, CD44, CDH1, EpCAM, NCSTN, S100A9, and SCARB1) and 626 

were observed to be down-regulated. Interestingly, IPA grouped these various cellular 627 

adhesion-related proteins and suggested involvement with ERK1/2, MAP2K1/2 and Notch 628 

signalling, all of which have been previously implicated in CRC and other cancers [35, 95].  629 

It is clear from the proteomic and IPA results that native expression of integrin β6 induces 630 

differential expression of various proteins and affects cellular function when treated with 631 

TGFβ. In order to investigate if these TGFβ-induced effects are directly related to integrin 632 

β6 expression, we examined the HT29β6AS cells to determine the effect of treatment 633 

following β6 suppression. 634 

2.11 β6 suppression reduced the number of differentially expressed proteins upon 635 

TGFβ treatment (HT29 AS+ vs AS-) 636 

The HT29β6AS cells are an ideal model system to investigate the effects of TGFβ 637 

when only low levels of integrin β6 are present. Upon treatment with TGFβ, HT29β6AS cells 638 

showed significant differences in the expression of 80 proteins, of which 45 proteins were 639 

up-regulated and 35 proteins were down-regulated. Key proteins are listed in Table 8. 640 

Various intermediate filament associated proteins such as plectin (plectin-1), and 641 

several keratins were found to be up-regulated. Bausch et al. showed that in pancreatic 642 

cancer plectin is expressed only in adenocarcinoma tissue and has been suggested as a 643 

potential biomarker to identify primary and metastatic pancreatic ductal adenocarcinoma [96]. 644 

Plectin has been reported to promote migration and invasion in head and neck squamous cell 645 

carcinoma (HNCC) through Erk1/2 activation [97]. Interestingly, in HNCC the overall 646 

survival of patients with higher plectin levels was significantly lower than those with low E-647 

cadherin levels [97]. In contrast, knockdown of plectin in Chang liver cell resulted in 648 

increased cell migration and an increase in focal adhesion kinase (FAK) at the focal 649 

adhesions resulting in an invasive phenotype [98]. 650 

Actin filament related proteins such as transgelin-2 and septin-2 were observed to be 651 

down-regulated. Transgelin-2, which is rarely expressed in normal epithelia, was observed 652 

to be overexpressed in lymph nodes and distant metastases, and was associated with 653 

decreased overall survival rate in CRC [99]. Zhang et al. suggested the use of transgelin-2 as 654 

a marker for predicting CRC progression and prognosis [99]. Huang et al. also reported 655 
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overexpression in gastric cancer tissue samples [100]. Interestingly, TGFβ is known to 656 

increase transgelin expression via direct binding of Smad3 to the Smad-binding elements 657 

within the TAGLN promoter region [101]. Increased expression resulted in higher cell 658 

proliferation and migration rates in the ATII cells [101]. Microtubule associated proteins 659 

tubulin-β and tubulin-β 4B chains were found to be up-regulated in the TGFβ treated cells. 660 

Table 8 Functional classification of significantly altered proteins observed upon treatment 661 

of HT29β6AS cells with TGFβ relative to the untreated control (HT29 AS+ vs AS-)a 662 

Accession 
number Gene name Protein name iTRAQ fold 

change 
Expression 

pattern 
Intermediate Filament associated proteins 

Q15149 PLEC plectin (plectin-1) 1.25 ↑ 
P35900 KRT20 keratin, type I cytoskeletal 20  1.31 ↑ 
P04264 KRT1 keratin, type II cytoskeletal 1  2.01 ↑ 
P13645 KRT10 keratin, type I cytoskeletal 10 2.23 ↑ 
P02538 KRT6A keratin, type II cytoskeletal 6A 4.92 ↑ 
Q04695 KRT17 keratin, type I cytoskeletal 17  5.13 ↑ 
P08779 KRT16 keratin, type I cytoskeletal 16  5.81 ↑ 

     
Actin filament associated proteins 

P37802 TAGLN2 transgelin-2  0.78 ↓ 
Q15019 SEPT2 septin-2  0.80 ↓ 
P60660 MYL6 myosin light polypeptide 6  1.35 ↑ 

     
Microtubule associated proteins 

P07437 TUBB tubulin beta chain  1.94 ↑ 
P68371 TUBB4B tubulin beta-4B  1.97 ↑ 

     
Cell Proliferation, migration and adhesion associated proteins 

P21926 CD9 CD9 antigen  0.69 ↓ 
P16070 CD44 CD44 antigen  0.73 ↓ 
P17301 ITGA2 integrin alpha-2  1.22 ↑ 
Q9Y653 GPR56 G-protein coupled receptor 56  2.14 ↑ 
P05109 S100A protein S100-A8  9.24 ↑ 

     
RAS oncogen family  

P20340 RAB6A Ras-related protein Rab-6A  0.74 ↓ 
Q15907 RAB11B Ras-related protein Rab-11B  0.76 ↓ 

     
Other Significantly expressed proteins 

Q96A26 FAM162A protein FAM162A 0.57 ↓ 

P11279 LAMP1 lysosome-associated membrane 
glycoprotein 1  0.63 ↓ 
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Q96KN1 FAM84B protein FAM84B (Breast cancer 
membrane protein 101) 0.69 ↓ 

Q9BYG3 MKI67IP MKI67 FHA domain-interacting 
nucleolar phosphoprotein 1.22 ↑ 

Q8N163 KIAA1967 DBIRD complex subunit KIAA1967 
(Deleted in breast cancer 1 (DBC1)) 

1.60 ↑ 

a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. 
These proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change in expression level of at 
least 1.2 fold for aggressive (HT29β6AS treated with TGFβ) vs non-aggressive (HT29β6AS not treated with TGFβ) 

 663 

CD9 and CD44 antigens were significantly down-regulated. CD9 antigen has been 664 

associated with cell adhesion, cell motility and tumor metastasis [102, 103]. For example, 665 

Murayama et al. have shown that CD9 can bind with epidermal growth factor receptor 666 

(EGFR) on human gastric cell line (MKN-28) and two CD9-transfected cell lines - 667 

hepatocellular carcinoma cells (HepG2/CD9) and Chinese hamster ovary cancer cells (CHO-668 

HER/CD9) [104]. They also showed that CD9 expression in the CHO-HER cells completely 669 

attenuates the EGFR signalling and resulted in decreased EGFR expression at the cell surface 670 

[104]. 671 

Integrin α2, GPR56 and protein S100-A8 were up-regulated. Integrin α2β1 is a 672 

receptor for laminin, collagen, collagen C-propeptides, fibronectin and E-cadherin. It is 673 

known to regulate cell adhesion and invasion in prostate cancer through the 674 

FAK/src/paxillin/Rac/JNK pathway that leads to increased MMP-2 and -9 activity and 675 

eventual invasion [105]. Ramierz et al. showed that loss of integrin α2β1 promotes breast 676 

cancer and is associated with decreased survival in breast and prostate cancers [106], 677 

suggesting the use of α2 expression as a putative biomarker, particularly for prostate cancer 678 

[106, 107]. S100-A8 usually forms a heterodimer with S100-A9 that has been shown to be up-679 

regulated in various cancers including CRC, gastric cancer and prostate cancer [108]. The 680 

S100-A8/A9 complex may influence tumor cell migration, invasion and metastasis. In CRC, 681 

the complex has been shown to be expressed in the invasive margins of the tumor [109]. The 682 

co-expression of S100-A8/A9 in ductal carcinomas of the breast has been associated with 683 

poor tumor differentiation, vessel invasion and node metastasis [110]. The differential 684 

expression of Protein S100-A8 in the HT29β6AS cells was validated by Western blotting 685 

(Figure 11). Furthermore, we observed the up-regulation of KIAA1967 (or DBC1) and 686 

MKI67 FHA domain-interacting nucleolar phosphoprotein. The role of DBC1 has been 687 

discussed in the previous sections. 688 
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To further understand the biological significance of these data the differentially 689 

expressed proteins were analysed using IPA. IPA identified three protein networks with 690 

scores > 20: “Cell-To-Cell Signalling and Interaction, Protein Synthesis, Cell Death and 691 

Survival” (IPA score = 47); “Cellular Movement, Hair and Skin Development and Function, 692 

Cell-To-Cell Signaling and Interaction” (IPA score = 27) and “Cell Death and Survival, 693 

Cancer, Organismal Injury and Abnormalities” (IPA score = 21). Taken together these 694 

networks (Supplementary Figure 2) identified several ECM related molecules including 695 

plectin, CD44, Keratins (KRT1, 6A, 10, 16, 17), microtubule-associated protein 4 (MAP4), 696 

MYL6, protein S100-A8, septin-2, transgelin 2, tubulin-β, tubulin-β 4B, integrin α2, Rab-697 

6A and Rab-11B. IPA appropriately grouped these molecules showing interrelations with 698 

other molecules such as annexin A2, basigin, caveloin-1, Ras, p38 MAPK, and EGFR, which 699 

are known cancer associated proteins. The top cellular functions identified by IPA include 700 

(i) RNA post-transcriptional modification (ii) cellular assembly and organization, (iii) cell 701 

growth and proliferation, (iv) cell cycle, and (iv) cell death and survival.  702 

2.12 TGFβ treatment of cells expressing different levels of β6 exhibited differential 703 

expression of molecules essential for cancer-related functions (HT29 Mo+ vs AS+) 704 

It was clear from the two previous comparisons that β6 expression directly affects 705 

the number of differentially expressed proteins following treatment with TGFβ. The 706 

comparison of HT29Mock and HT29β6AS cells when both were treated with TGFβ showed 707 

differential expression of 159 proteins, of which 84 proteins were up-regulated and 75 708 

proteins were down-regulated. Similar to the previous comparisons a wide range of proteins 709 

associated with intermediate filaments, actin filaments, microtubules, cell adhesion, cell 710 

migration, cellular stress and cell death, and RAS oncogene family proteins were found to 711 

be differentially expressed (Table 9). 712 

Intermediate filament proteins KRT17 and KRT6A were down-regulated while 713 

KRT20 and KRT9 were up-regulated. Various actin filament associated proteins such as 714 

Actin, cytoplasmic 2 (γ-actin), α-actinin-4, myosin-9, septin-2, septin-7, and septin-9 were 715 

significantly down-regulated. Septin-2, -6 and -7 are required for normal organization of 716 

actin cytoskeleton. The expression of these septins is coupled, whereby up-regulation in any 717 

one member can induce the expression of the other two [111] which is the case in this study. 718 

The knockdown of these proteins in HeLa cells resulted in disintegration of stress fibres and 719 

caused cells to lose polarity [112]. Kremer et al. showed that these three septins are required 720 
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for regulation of the actin cytoskeleton and cell-cycle arrest. The cell-cycle arrest is mediated 721 

by NCK which is translocated into the nucleus by SOCS7 (suppressor of cytokine signaling-722 

7). The proposed septin-SOCS7-NCK axis can then control the DNA-damage kinase cascade 723 

and induce the activation of Chk2 (checkpoint kinase 2) and p53 required for cell cycle arrest 724 

[112]. 725 

Table 9 Functional classification of significantly altered proteins observed upon TGFβ 726 

treatment of HT29Mock cells relative to the TGFβ treated HT29β6AS cells (HT29 Mo+ vs AS+) 727 

Accession 
number 

Gene 
name Protein Name iTRAQ 

fold change 
Expression 

pattern 
Intermediate Filament associated proteins 

Q04695 KRT17 keratin, type I cytoskeletal 17  0.19 ↓ 
P02538 KRT6A keratin, type II cytoskeletal 6A  0.19 ↓ 
P35900 KRT20 keratin, type I cytoskeletal 20  1.60 ↑ 
P35527 KRT9 keratin, type I cytoskeletal 9 1.92 ↑ 

     
Actin filament associated proteins 

Q9BQG0 MYBBP1A Myb-binding protein 1A  0.55 ↓ 
P63261 ACTG1 actin, cytoplasmic 2  1.51 ↑ 
O43707 ACTN4 alpha-actinin-4  1.70 ↑ 
P35579 MYH9 myosin-9  1.74 ↑ 
Q16181 SEPT7 septin-7  2.12 ↑ 
Q9UHD8 SEPT9 septin-9  2.15 ↑ 
Q15019 SEPT2 septin-2  2.25 ↑ 

     
Microtubule associated proteins 

P07437 TUBB tubulin beta chain  0.38 ↓ 
Q71U36 TUBA1A tubulin alpha-1A 0.38 ↓ 
Q00610 CLTC clathrin heavy chain 1  0.55 ↓ 
P26038 MSN moesin 1.52 ↑ 

     
Cell adhesion  

P43121 MCAM cell surface glycoprotein MUC18  0.36 ↓ 
Q96AP7 ESAM endothelial cell-selective adhesion molecule  0.62 ↓ 
P06756 ITGAV integrin alpha-V  0.63 ↓ 
P18084 ITGB5 integrin beta-5  0.66 ↓ 
P17301 ITGA2 integrin alpha-2  0.80 ↓ 
O60716 CTNND1 catenin delta-1 (p120) 1.35 ↑ 
Q9Y653 GPR56 G-protein coupled receptor 56  1.38 ↑ 
P35221 CTNNA1 catenin alpha-1  1.41 ↑ 

P13688 CEACAM1 carcinoembryonic antigen-related cell 
adhesion molecule 1 1.65 ↑ 
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Cell migration 
P06702 S100A9 protein S100-A9  0.16 ↓ 
P27487 DPP4 dipeptidyl peptidase 4 (CD26) 0.54 ↓ 
Q08380 LGALS3BP galectin-3-binding protein  0.70 ↓ 
P46013 MKI67 antigen KI-67  1.33 ↑ 
P17931 LGALS3 galectin-3  2.05 ↑ 
P06703 S100A6 protein S100-A6  2.89 ↑ 

     
RAS Oncogene family 

Q15907 RAB11B Ras-related protein Rab-11B 0.58 ↓ 
P51149 RAB7A Ras-related protein Rab-7a  0.62 ↓ 
P57735 RAB25 Ras-related protein Rab-25  0.64 ↓ 

     
Cellular stress and  cell death associated proteins 

P50454 SERPINH1 serpin H1 (47 kDa heat shock protein) 1.52 ↑ 
P14625 HSP90B1 endoplasmin 1.72 ↑ 

P11021 HSPA5 78 kDa glucose-regulated protein (Heat 
shock 70 kDa protein 5) 1.75 ↑ 

Q9Y4L1 HYOU1 hypoxia up-regulated protein 1  1.90 ↑ 
Q8WXX5 DNAJC9 DnaJ homolog subfamily C member 9  1.98 ↑ 

     
Other significantly expressed proteins 

P09758 TACSTD2 tumor-associated calcium signal transducer 
2  0.40 ↓ 

P55061 TMBIM6 bax inhibitor 1  0.47 ↓ 
Q9UHA4 LAMTOR3 Ragulator complex protein LAMTOR3 0.54 ↓ 
Q08945 SSRP1 FACT complex subunit SSRP1 1.41 ↑ 

Q9HDC9 APMAP adipocyte plasma membrane-associated 
protein  1.53 ↑ 

P04439 HLA-A HLA class I histocompatibility antigen, A-3 
alpha chain  1.66 ↑ 

Q53GQ0 HSD17B12 estradiol 17-beta-dehydrogenase 12  1.79 ↑ 
a Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. These 
proteins have met the stipulated criteria (i.e., unused protein score >1.3 and change in expression level of at least 1.2 fold 
for aggressive (HT29Mock treated with TGFβ) vs non-aggressive (HT29β6AS treated with TGFβ) 

 728 

Several cell adhesion molecules such as MCAM, integrins αv, α2 and β5 were down-729 

regulated whereas catenin α-1, catenin δ-1 (or p120 catenin), GPR56 and CEACAM1were 730 

significantly down-regulated. Catenins are known to associate with and regulate cell 731 

adhesion properties of various cadherins that are crucial for cell stability [113]. Catenin δ-1 732 

can bind to and inhibit ZBTB33, a transcriptional repressor, which may lead to activation of 733 

Wnt target genes [114]. Casagolda et al. showed that catenin δ-1 can regulate Wnt signalling 734 
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when complexed with CK1ε (casein kinase 1ε) through the LRP (lipoprotein receptor-related 735 

proteins) 5/6 [115]. 736 

Increased expression of several cellular stress and cell death related proteins 737 

including serpin H1, endoplasmin, 78 kDa glucose-regulated protein (heat shock 70 kDa 738 

protein 5), hypoxia up-regulated protein 1 and DnaJ homolog subfamily C member 9 was 739 

observed. The up-regulation of these proteins could reflect the activation of pathways 740 

required for suppression of anoikis, in turn promoting a malignant phenotype. 741 

Down-regulation of Ras-related proteins Rab-11B, Rab-7a and Rab-25 was observed 742 

in the HT29Mock cell line. The roles of Rab-11B and Rab-7a have been discussed above. Rab-743 

25 expression has been shown to be low in human CRC independent of stage. However, 744 

studies using mouse models have shown that Rab-25 deficiency promotes development of 745 

colonic neoplasia [116]. 746 

Interestingly, the down-regulation of tumor-associated calcium signal transducer 2, 747 

Bax inhibitor 1 (BI-1) and Ragulator complex protein LAMTOR3 was also observed. The 748 

low expression of BAX, a downstream effector of p53, in CRC is associated with poor 749 

prognosis for patients with resected liver metastases [117]. The down-regulation of Bax 750 

inhibitor 1 could be a signal to increase the levels of BAX that are associated with better 751 

prognosis. Additionally, Grzmil et al. showed different levels of BI-1 expression, which is 752 

required to avert in apoptosis various breast cancers [118]. 753 

The biological significance of these data was examined using IPA. IPA of the 754 

differentially expressed proteins identified multiple protein networks with scores > 20: 755 

“Cell-To-Cell Signaling and Interaction, Cellular Movement, Protein Degradation” (IPA 756 

score = 41) (Figure 10), “Cancer, Organismal Injury and Abnormalities, Respiratory 757 

Disease” (IPA score = 41), “Cellular Assembly and Organization, Cell-To-Cell Signaling 758 

and Interaction, Reproductive System Development and Function” (IPA score = 24), 759 

“Cellular Compromise, Cell Cycle, DNA Replication, Recombination, and Repair” (IPA 760 

score = 24) and “Cellular Movement, Hematological System Development and Function, 761 

Immune Cell Trafficking” (IPA score = 24). The networks identified potential involvement 762 

of a multitude of molecules including integrins (αv, β5), keratins (KRT6A, KRT17), heat 763 

shock proteins (HSPA5, HSPD1, HSP90B1), chaperonin containing TCP1, subunits (CCT2, 764 

CCT3, CCT4, CCT5, CCT6A, CCT7, CCT8), adhesion molecules (MCAM, CEACAM1, 765 

DPP4), protein S100-A8 and -A9, and septins (-2, -7, -9). These molecules are known to 766 
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have crucial cellular functions including (i) cellular growth and proliferation, (ii) cell death 767 

and survival, (iii) cell-to-cell signalling and interaction, (iv) cellular compromise, and (v) 768 

cellular function and maintenance. The entire subset of CCT proteins were found to be 769 

significantly down-regulated by proteomics (iTRAQ fold change was in range of 0.54 – 770 

0.74). It was not surprising to see IPA associate actin, ERK1/2, p38 MAPK, Akt and PI3K 771 

(complex) with these networks as they are known to mediate cancer related cellular 772 

processes.  773 

 774 

Figure 10 The top IPA network, “Cell-To-Cell Signaling and Interaction, Cellular 775 

Movement, Protein Degradation”, identified when comparing the TGFβ-treated HT29Mock 776 

cells relative to TGFβ-treated HT29β6AS cells. The network is illustrates the relationships 777 

between various differentially expressed proteins observed by proteomics (red, up-regulated; 778 

green, down-regulated; white, not observed by proteomics but crucial to the network). 779 

 780 
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2.13 Validation of proteomic results by Western blotting 781 

To validate the differential expression of ezrin, annexin-A2 and S100-A8 observed 782 

by iTRAQ, these proteins were analysed by Western blotting. These results were generally 783 

in agreement with the fold changes observed through iTRAQ (Figure 11), although Western 784 

blot analysis of protein S100-A8 does not reflect the large fold change (↑9.24) observed by 785 

proteomics. However, the intensity measurements performed using Image Studio Lite (v5.0) 786 

show at least a 20% fold change which was the minimum cut-off used in the iTRAQ 787 

proteomic study.  788 

Figure 11 Validation of proteomic results. The differential expression of 3 proteins were 789 

validated by Western-blot analysis. The down-regulation of ezrin and annexin- A2 was 790 

observed in the SW480β6OE cells, relative to the TGFβ-treated SW480Mock cells, by 791 

western-blot studies which confirmed the iTRAQ results shown in Table 4. The up-792 

regulation of Protein S100-A8 in the TGFβ-treated HT29β6AS cells, relative to the 793 

untreated, also supported the iTRAQ results. 794 

2.14 TGFβ can alter expression of crucial cancer related networks in a β6-dependent 795 

manner  796 

From the results obtained from both cell-based and proteomics studies, it is clear that 797 

TGFβ treatment of cells expressing any amount of β6 results in differential expression of 798 

basic cellular functions required for CRC. IPA provided numerous correlations between the 799 

proteomic data and altered cell functions in CRC. These results demonstrate the impact of 800 

TGFβ and β6 expression in CRC on many important cell functions in CRC (e.g., apoptosis, 801 

cell death, adhesion, proliferation, migration, and invasion). The proteins identified by IPA 802 

and significant changes in CRC cell function and listed in supplementary table 1. As would 803 
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be expected, some of these proteins were observed in our previous proteomics study using 804 

SW480 subclones [18].  805 

 806 

2.15 TGFβ and β6 together alter expression of potential biomarkers 807 

Using the biomarker function in IPA, we identified 76 proteins in our proteomics 808 

study that have been suggested as potential biomarkers by the American Society of Clinical 809 

Oncology (ASCO) (Supplementary Table 2). Annexin A2, for example, has been suggested 810 

as a diagnostic and prognostic marker for CRC [119, 120] and was also seen to be down-811 

regulated in SW620 (lymph node metastatic variant of SW480) [31]. Our observation of 812 

down-regulation of annexin A2 is in agreement with the data of Ghosh et al. [31]. Various 813 

keratins (KRT1, KRT5, KRT6A, KRT8, KRT9, KRT17, KRT18, KRT20) were also 814 

identified to be markers for diagnosis, disease progression, prognosis, and efficacy. Karantza 815 

et al. have published a detailed review on the role of keratins in cancer, and illustrated the 816 

use of keratins as diagnostic and prognostic markers for various cancers including CRC [37]. 817 

The S100 proteins A6, A8 and A9 were also identified as potential markers for diagnosis 818 

and efficacy. Yang et al. have shown that S100-A6 is up-regulated in gastric cancer [57] which 819 

is supported by the data of Zhang et al. who showed that higher levels of S100-A6 in serum 820 

could be used as prognostic marker in gastric cancer [61]. It is interesting to speculate that 821 

some of the new potential biomarkers identified in this study could act as markers for 822 

processes that are altered in a TGFβ- and β6-dependent manner during cancer progression. 823 

 824 

3. CONCLUSIONS 825 

TGFβ is now known to play key roles in regulating normal cell growth as well as 826 

cancer cell growth. Its role in cancer is poorly understood but there are multiple reports 827 

suggesting its association with various cancer-related pathways such as Erk, Ras, p38 828 

MAPK, AKT, Wnt and PI3k [35, 36]. Similarly, TGFβ has also been associated with the 829 

integrin αvβ6, which is known to activate latent-TGFβ1 and TGFβ3 through the RGD 830 

binding domain on their latency associated peptides [121]. Interestingly, overexpression of 831 

both TGFβ and the β6 have been associated with CRC [9, 122]. 832 

To the best of our knowledge, this is the first study to examine membrane proteome 833 

changes of SW480Mock, SW480β6OE, HT29Mock and HT29β6AS cell lines after treatments with 834 

active TGFβ. Our focus was to identify membrane proteomic changes associated with TGFβ 835 
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treatments at a concentration (10 ng/mL) that recapitulates the levels found in CRC plasma 836 

[9] and tissues [10]. This study employed Triton X-114 phase partitioning to enrich for highly 837 

hydrophobic integral membrane proteins that were subsequently analysed using iTRAQ. 838 

Using this high-throughput quantitative proteomics approach we identified several proteins 839 

as significantly altered in a TGFβ and β6 dependant manner. The expression changes 840 

observed were validated using Western blotting. 841 

IPA of the proteomic data associated TGFβ treatment with fundamental cancer-842 

related functions such as adhesion, proliferation, migration, invasion, apoptosis and cell death. 843 

The differential expression of these proteins associated with these functions provides some 844 

insight into the TGFβ-β6-dependent pathophysiology of CRC. Additionally, the initial cell-845 

based experiments performed as a part of this study conclusively demonstrated that TGFβ 846 

mediates cell proliferation, wound healing, and invasion in a β6-dependent manner in support of 847 

the proteomics results. 848 

This study also demonstrated that TGFβ treatment of β6-expressing cells alters key 849 

cell functions and pathways required for cancer progression. For example, the proteomic 850 

data identified that the expression of numerous eIF2 and eIF4 signalling pathway members 851 

including eIF2A, eIF2S1, eIF2S2, eIF2S3, and KRAS changed significantly when treated 852 

with TGFβ. Using these observations, IPA identified eIF2 signalling as one of the top 853 

canonical pathways for majority of the comparisons examined. The eIF2 signalling complex, 854 

made up of the three essential subunits eIF2S1, eIF2S2, and eIF2S3, controls stress-related 855 

signals to regulate both global and specific mRNA translation, and thus protein synthesis 856 

[123]. The up-regulation of these eIF2 subunits could suggest the need to sustain increased 857 

protein levels for the abnormal functioning associated with cancer. However, the increased 858 

protein levels cannot be achieved without eIF4 which is necessary to deliver the mRNA to 859 

eIF3 for translation into polypeptide. Although eIF4 was not observed in this proteomic 860 

study, it may be up-regulated during a later stage or have been suppressed in a TGFβ-861 

dependent manner. Interestingly, eIF4G1 a member of the eIF4 complex was observed to be 862 

up-regulated in our previous proteomic study using the SW480 subclones [18] and has been 863 

reported to be up-regulated in breast [124] and lung [125] cancers.  864 

The loss of cell adhesion is an important prerequisite for cancer cells to be able to 865 

proliferate, migrate and invade into other tissues. The proteomic data provided insights into 866 

how this could be achieved. Based on differential expression of various adhesion related 867 
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molecules identified, including EpCAM, nicastrin, CD44, DPP4, ITGA6, cadherin, MCAM, 868 

ezrin, and annexin A2, IPA predicted alterations to cellular functions such as “cell movement 869 

of cancer cell lines”, “migration of tumour cell lines” and “invasion of tumour cell lines”. 870 

These functions clearly align with the cell-based experiments where treatment increased both 871 

cell proliferation and wound healing ability. In contrast to the invasion assay results (Figure 872 

3), where no significant change was observed following treatment with TGFβ, the 873 

proteomics data suggest that the cells may have the ability to invade the ECM. This is 874 

supported by the differential expression of various proteins required for cell movement, 875 

proliferation, migration and invasion (Supplementary Table 1). Additionally, the differential 876 

expression of various integrins such as αv, α2, β1 and β5 (key receptors for fibronectin, 877 

vitronectin and fibrinogen) may contribute to altered ECM stability, potentially modulating 878 

cancer cell proliferation, migration and invasion [41]. 879 

The loss of adhesion enables the cancer cells to spread to adjacent tissue and 880 

eventually metastasise. It is known that cells trigger anoikis when cell adhesion is lost or 881 

improper. The suppression of anoikis therefore becomes an important requirement for 882 

tumour cells and the proteomic observations provided insights to this process. On the basis 883 

of significant up-regulation of many proteins associated with this process (i.e., DNAJA1, 884 

DNAJA2, Hsp40, HSP90AB1, BAG-2, XRCC5, XRCC6, HSPA5, and HSPD), IPA 885 

identified “apoptosis of tumour cell lines” and “cell death of epithelial cell lines” as functions 886 

that were altered following TGFβ treatment. The cancer cells that survive gain the 887 

mesenchymal phenotype (thorough EMT) and metastasise. 888 

EMT is an important critereon for CRC progression and metastasis [126]. It was 889 

therefore not surprising to note that the epithelial cell marker, E-cadherin, was shown to be 890 

down-regulated by proteomics (Table 7). However, it was interesting to note that vimentin, 891 

the commonly acknowledged mesenchymal marker, was also observed to be down-regulated 892 

(Table 3), as seen in our lab’s previous study [18]. The down-regulation of these two proteins 893 

was observed in cells with high expression of β6 (SW480β6OE and HT29Mock) and was 894 

observed only when treated with active TGFβ. This could suggest a cancer promoting role 895 

of β6 mediated indirectly through TGFβ receptor system. 896 

This study also identified significant change in the expression of two uncharacterised 897 

proteins, KIAA1522 and C19orf43. Interestingly there have been reports of KIAA1552 898 

being involved in lung cancer and esophageal squamous cell carcinoma [72, 73]. Our data 899 



 

177 
 

supports the previous findings suggesting that KIAA1522 has a potential role to play in 900 

cancer. C19orf43 has not been reported by any other cancer proteomic studies thus far. The 901 

Human Protein Atlas (HPA) [127] shows the presence of both KIAA1522 and C19orf43 in 902 

cancer tissues by IHC. Using the HPA032050 antibody against KIAA1522, HPA reports its 903 

expression in a wide range of cancers. In CRC specifically, KIAA1522 was observed to have 904 

a medium expression in > 50% of the samples (7/12) while high expression was observed in 905 

normal tissues. Similarly, using the HPA059965 antibody against C19orf43, HPA has shown 906 

that it too is expressed in a wide range of cancers. In CRC, it was observed to have low to 907 

medium expression whereas a high to medium expression was observed in normal tissues. 908 

The HPA data now needs to be further validated by proteomics and other antibody based 909 

methods such as Western blotting, enzyme-linked immunosorbent assay, 910 

immunoprecipitation and flow cytometry to confirm their role in cancer and other diseases. 911 

In summary, this study analysed the membrane-enriched proteome of TGFβ-treated 912 

CRC cell lines (SW480 and HT29) that exhibit varying levels of β6 expression. A 913 

consortium of range of molecules that affect various fundamental cellular processes required 914 

for cancer progression were identified. Among the differentially expressed proteins, 74 have 915 

been previously proposed as protein biomarkers for either cancer diagnosis, prognosis, 916 

progression or response to therapy. These results support the observations from the cell-917 

based experiments where TGFβ treatment in some cases promoted cell proliferation, wound 918 

healing and invasion. The down-regulation of vimentin and E-cadherin upon TGFβ 919 

treatment suggests a cancer-promoting role for TGFβ when associated with β6 expression. 920 

Through proteomic analysis of membrane enriched samples we have identified significant 921 

alteration in numerous proteins and fundamental cellular process required for cancer 922 

progression. This allows, we believe, the first significant insight into the joint action of TGFβ 923 

and β6 expression in CRC, detailing how these molecules can promote metastatic 924 

phenotypes. This could assist in the development of targeted therapies against CRC 925 

metastasis. 926 
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3.2.2 – Supplemental files     1 

SUPPLEMENTARY INFORMATION 2 

S1. MATERIALS AND METHODS 3 

S1.1 Cell lines 4 

Two different colorectal adenocarcinoma cell lines SW480 and HT29 were used in 5 
this study. The SW480 cells (ATCC CCL-228™) [1] devoid of endogenous β6 expression 6 
were employed to engineer two stably transfected subclones used in this study. These cells 7 
were stably transfected with a pcDNA1Neo expression vector containing either an ‘empty’ 8 
vector (SW480Mock) or the full-length integrin β6 subunit coding sequence under control of 9 
the human cytomegalovirus immediate early enhancer (i.e., SW480β6OE) as previously 10 
described [2]. HT29 cells (ATCC HTB-38™) [371] which endogenously express the β6 11 

integrin, were stably transfected with the pEF.PGK.puro vector containing either an ‘empty’ 12 
vector (HT29Mock) or the β6 cDNA sequence in an antisense orientation (HT29β6AS) under 13 
the control of the human polypeptide chain elongation factor-1a promoter as previously 14 
described [3]. HT29β6AS cells do express β6 however this is strongly reduced [3]. The stable 15 
transfectant clones of these cells were a kind gift from Prof. Michael Agrez (University of 16 
Newcastle, Australia). Each cell line has been previously found to be invasive by matrigel 17 
invasion assays [2-4] and intrinsically express uPAR, TGFβR1 and TGFβR2. Cell lines 18 
tested negative for Mycoplasma infection using the PCR-based VenorGeM Mycoplasma 19 
Detection Kit (Minerva Biolabs Cat. No. 11-1050). 20 

SW480 subclone cells were cultured in Dulbecco’s Modified Eagle Medium 21 
(DMEM; Invitrogen, catalogue number: 19965-092) supplemented with 10% foetal bovine 22 
serum (FBS) (Invitrogen) and 500µg/mL geneticin (G418 sulfate, Invitrogen; 11811-031). 23 
HT29 subclone cells were cultured in Roswell Park Memorial Institute medium (RPMI; 24 
Invitrogen, catalogue number: 11875-093) supplemented with 10% FBS and 2.5µg/mL 25 

puromycin (Life Technologies; A11138-02). Both cell lines were incubated at 37oC in 5% 26 
CO2 for each incubation step unless otherwise stated. Serum-free (SF) media for both cell 27 

lines contained 0.5% FBS. 28 

S1.2 Recombinant protein treatment protocol 29 

The recombinant protein treatment method employed during this study remained 30 
constant for all the assays. Freshly passaged CRC subclone cells were seeded and incubated 31 
in serum-containing media for 24 hrs. Media was then changed to SF media and serum 32 

starved for 24 hrs. At this point recombinant proteins were aseptically introduced into 33 
respective wells and incubated for the time period required for each assay. Recombinant 34 
Human TGFβ1 was purchased from R&D Systems (Minnesota, USA) and SB431542 (TGFβ 35 

Receptor I kinase inhibitor) was purchased from Abcam (Cambridge, UK). 36 
Four treatment conditions were employed for this study: 1) SF media as a negative 37 

control, 2) SF media + 10ng/mL active TGFβ, 3) SF media + 10µM SB431542 and 4) SF 38 
media + 10ng/mL active TGFβ + 10µM SB431542. The active TGFβ1 was added to the 39 

culture 30min after treating with SB431542. All the cell based experimental comparisons 40 
were performed in biological triplicates and experiments were independently repeated at 41 
least two times. The data is presented as a percentage of the untreated mock transfectant 42 
controls.  43 
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S1.3 Wound-healing assay 44 

A wound healing assay was performed to mimic cell migration under stress 45 
conditions. In brief, 5.0 x 105 freshly passaged SW480 subclone cells were plated in six-well 46 
plates and incubated in serum media until a confluent monolayer had formed. The cells were 47 
then wounded using a the fine end of a 10µL pipette tip (0.35mm diameter) and stimulated 48 
with 10 ng/mL TGFβ1 or 10 µM SB431542 or both in the presence of SF media for 24 h, 49 
following prior serum deprivation in SF media for 24h. The pictures of the wounds were 50 
taken at 0h and 24h after wounding. The cells were observed using a 10x objective on a 51 
Leica DM-IL microscope with a Leica DFC280 digital imager. Three images were taken at 52 
random along the ‘wound’ for each well. The width of the wound before and after treatments 53 
was calculated using TScratch software (http://cse-lab.ethz.ch/software/) [5]. The median 54 
width measurements were then used for statistical testing. All conditions were performed in 55 

biological triplicate and statistical testing for significance performed using a Student’s t-test 56 

with a significance cut-off of p<0.05. 57 

S1.4 Invasion assay 58 

The ability of cells to invade through extra-cellular matrix (ECM) was assessed using 59 
the Chemicon QCM 96-well Invasion Assay Kit (ECM555, CHEMICON, International, CA, 60 
USA) and performed according to manufacturer’s instructions. Briefly, serum starved (0.5% 61 
FBS v/v) CRC subclone cells were non-enzymatically (trypsin/EDTA) detached from the 62 
growing surface and resuspended in SF media. Then, 5×104 cells and recombinant proteins 63 
were placed in the invasive chamber and incubated at 37 °C for 18-24 hrs. The cells which 64 
migrated through the ECM layer and attached to the bottom of the polycarbonate membrane, 65 
were dissociated from the membrane after incubation with the 150 μL of Cell Detachment 66 
Solution (37 °C for 30 min). Next, 50 μL of lysis buffer/CyQuant GR Dye Solution (1:75) 67 
was added to each well and incubated (15 min, room temperature). Finally, 150 μL of this 68 

mixture was transferred to a new 96-well plate, and the fluorescence was measured using a 69 
FLUOstar OPTIMA microplate spectrophotometer (BMG Labtech) using 480 nm/520 nm 70 
filter set. All conditions were performed in biological triplicate and statistical testing for 71 
significance performed using a Student’s t-test with a significance cut-off of p<0.05. 72 

S1.5 Cell-proliferation assay 73 

The cells were seeded at a density of 1x105 (SW480) or 5x104 (HT29) cells into six-74 

well plates and prepared for recombinant protein treatment as outlined above. The cells were 75 
then incubated in the presence of recombinant proteins for 24hrs. Cells were detached from 76 
the plate surface by trypsinization, gently mixed in a 1:1 ratio of cell suspension to 0.4% 77 

Trypan Blue (Sigma Aldrich) and the live cells enumerated using a BioRad TC-10TM 78 
automated cell counter. It should be noted that the trypan blue exclusion measures the steady 79 

state balance between cell viability and proliferation does not measure cell death. All 80 

conditions were performed in biological triplicate and statistical testing for significance 81 

performed using a Student’s t-test with a significance cut-off of p<0.05.  82 

S1.6 Membrane Protein enrichment 83 

Subclones of SW480 and HT29 cell lines were seeded in 15-cm cell culture dishes 84 
and at a confluence of 70-75%, were stimulated with 10 ng mL-1 of TGFβ1 in the presence 85 

of SF media for 24 h, following prior serum deprivation overnight. The cells were then 86 
collected in lysis buffer containing (50 mM Tris-HCl, 100 mM NaCl, protease inhibitor 87 
cocktail (Roche Applied Science) and phosphatase inhibitors (Sigma Aldrich)) and left on 88 
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ice for 30 min before proceeding to membrane enrichment. The cells were stored at -80 °C 89 
if not used immediately and were thawed on ice before proceeding to membrane enrichment. 90 

 Membrane enrichment was performed using a previously published method [6] with 91 
slight modifications. In detail, the crude cell lysate was homogenized in the lysis buffer using 92 
a probe sonicator (Branson Sonifier 450; www.bransonultrasonics.com) [7]. The 93 
homogenized cell lysate was centrifuged at 2000g (20 min, 4 °C) to remove nuclei and cell 94 
debris. The supernatant containing the membrane and other cellular proteins was then diluted 95 
to 8 mL using binding buffer (20 mM Tris-HCl, 100 mM NaCl) and subjected to 96 
ultracentrifugation (Sorvall Discovery; M120 SE, S80AT3 rotor) at 120,000g (90 min, 4 97 
°C). The resulting membrane pellet was washed twice with 0.1 M sodium carbonate (pH 98 
11.0) and resuspended/homogenized in binding buffer. The homogenized membrane 99 
proteins were diluted with 4 volumes of binding buffer containing 1% (v/v) Triton X-114 100 
and chilled on ice for 10 min with intermittent vortexing. Samples were then heated at 37 °C 101 

for 20 min and phase partitioned by centrifugation at 1000g (3 min). The detergent phase 102 
was further diluted with 4 volumes of binding buffer containing 1% (v/v) Trition X-114 and 103 
phase partition was repeated. The integral membrane proteins in the Triton X-114 detergent 104 
phase were subjected to acetone precipitation. The precipitated membrane proteins were 105 
resolubilized in 0.5 M triethylammonium bicarbonate (TEAB) (Sigma-Aldrich, Australia) 106 
and 0.1% SDS and stored at -80 °C if not used immediately. Protein samples were 107 
quantitated using Pierce™ BCA Protein Assay Kit and 100 µg of protein was used to 108 
perform the iTRAQ analyses. 109 

S1.7 iTRAQ labelling 110 

iTRAQ labelling was carried out, using a 4-plex isobaric tagging kit (AB SCIEX), 111 
according to manufacturer’s instructions with minor modifications. iTRAQ analysis was 112 
performed in biological duplicates for each cell line, where in one set of samples were not 113 

treated with TGFβ1. Briefly, 100 µg of total membrane protein samples for each replicate 114 

were reduced using 5 mM tris-(2-carboxyethyl) phosphine (TCEP) (60 C, 1 h), alkylated 115 
with 10 mM methyl methanethiosulfonate (MMTS) (room temperature, 10 min) and 116 

digested with trypsin (Promega; 1:25 w/w, 37C overnight). The digested peptides were then 117 
dried and reconstituted in 0.5 M TEAB and ethanol (70% (v/v) final concentration). They 118 
were then labelled with respective 4-plex isobaric tags and incubated at room temperature 119 
for 1 h before being combined. Confirmation of labelling and mixing was carried out using 120 

MALDI-MS. The iTRAQ labelled samples were dried and stored at -80C if not used 121 
immediately. 122 

S1.8 Strong cation exchange chromatography separation 123 

The strong cation-exchange chromatography (SCX) was performed to remove 124 
interfering substances such as dissolution buffer, organic solvents (ethanol, acetonitrile, 125 
TEAB), reducing agent (TCEP), alkylating agent (MMTS), SDS and any excess iTRAQ 126 

reagents. The samples were fractionated by SCX using an Agilent 1260 quaternary HPLC 127 
pump with a PolyLC polysulfoethyl aspartamide column (200 mm x 2.1 mm, 5µm, 200 Å; 128 
PolyLC, Columbia, MD). The column was equilibrated with buffer A (5mM KH2PO4, 25% 129 
v/v acetonitrile (ACN), pH 2.72), which was also used for sample resuspension, sample 130 

injection and peptide adsorption to the column. Peptide elution was achieved with a step 131 
gradient of 10, 45 and 100% (v/v) buffer B (5mM KH2PO4, 25% v/v ACN, 350mM KCl pH 132 
2.72) at a flow rate of 0.3mL/min. Peptides were collected every 4.5 min between 10 and 28 133 

min; 4 min between 28 and 40 min; 2 min between 40 and 70 min and; 4 min between 70 134 
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and 132.5 min. The resulting SCX fractionated samples were dried in a vacuum centrifuge 135 

and stored at -20C until mass spectrometry was performed. 136 

1.9 NanoLC Chromatography 137 

The dried peptides from each SCX fractions were resuspended in loading/desalting 138 
solution (0.1% v/v formic acid (FA), 2% v/v ACN) and 40μL of sample was loaded onto a 139 
reverse phase peptide Captrap (Michrom Bioresources, USA) for pre-concentration and 140 
desalting with 0.1% v/v FA, 2% v/v ACN at 5μL/min for 10 min per fraction. The peptide 141 
trap was then switched on line with the Halo C18 column (75μm x 10 cm, 2.7μm, 160Å) 142 
(Advanced Materials Technology, USA). The desalted peptides in each fraction were eluted 143 
from the C18 column using a linear solvent gradient, with steps, from 98:2 of mobile phase 144 
A (0.1% v/v FA): mobile phase B (90% v/v ACN, 0.1% v/v FA) to 65:35, at 300 nL/min 145 
over 100 min per fraction. After peptide elution, the column was cleaned with 95% buffer B 146 

for 15 min and then equilibrated with buffer A for 25 min before next sample injection.  147 

S1.10 MS/MS data acquisition 148 

Mass spectra were acquired on an AB SCIEX TripleTOF 5600 mass spectrometer. 149 
The reverse phase nanoLC eluent was subjected to positive ion nanoflow electrospray 150 
analysis in an information dependant acquisition (IDA) mode. In the IDA mode, TOF-MS 151 
survey scan spectra from m/z 400 – 1500 were acquired for each fraction every 0.25 s. The 152 
ten most intense multiply charged ions (counts >150) in the survey scan were sequentially 153 
subjected to MS/MS analysis. MS/MS spectra were accumulated for 200 milliseconds in the 154 
mass range m/z 100 – 1500 with the total cycle time 2.3 seconds. 155 

S1.11 Peptide and protein identification 156 

The nanoLC ESI MS/MS data set (*.wiff) files were submitted into ProteinPilot 157 
software (ver. 4.2b, AB SCIEX) for data processing and protein identification. This program 158 

uses the Paragon Algorithm for protein database searching, identification, protein grouping 159 
for the removal of redundant hits and quantitative comparisons [372]. The following search 160 
parameters were selected: sample type, iTRAQ 4plex (peptide labelled); Cysteine alkylation, 161 
MMTS; Digestion, trypsin; Instrument, TripleTOF 5600; Special factors, none; Species, 162 
human; ID focus, biological modifications; Database, uniprot_sprot2014; and Search effort, 163 
thorough. The resulting data set was auto bias corrected ProteinPilot to get rid of any 164 
variations imparted due to the unequal mixing during the combination of different labelled 165 

samples or loading errors. The detected protein threshold (unused ProtScore) was set to ≥ 166 
1.3 (95% confidence or better) and a p-value (p < 0.05) ensured that protein identifications 167 
and subsequent quantitation were not based on single peptide hits. The results were then 168 
exported into Microsoft Excel for manual data interpretation. The individual cell line and 169 
treatment comparisons were performed using Stouffer’s method. 170 

S1.12 Bioinformatics analysis of proteomics data 171 

To appreciate the data generated, lists of significantly altered proteins were uploaded 172 

into QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, 173 
www.qiagen.com/ingenuity) software server and analysed using the Core Analysis module 174 
to rank the proteins into top biological functions including disease and disorders as well as 175 
molecular and cellular functions. The reference set and parameters for IPA on significantly 176 
altered protein list was as follows: (i) Reference set, Ingenuity Knowledge Base (Genes 177 
Only); (ii) Relationship to include, Direct and Indirect; (iii) Filter Summary, Consider only 178 
molecules and/or relationships where (species = Human) AND (cell lines = All Cancer cell 179 
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lines in ingenuity database). Additionally, cellular location of all the identified proteins was 180 
determined using PloGO, a gene ontology (GO) mapping software [373]. 181 

S1.13 Western blotting assay 182 

Protein extracts used for iTRAQ analysis were separated using 4-12% NuPAGE gel 183 
(Invitrogen) at 200V for 1hr. The resolved proteins were then electrophoretically transferred 184 
onto to a PVDF membrane (Invitrogen). After the transfer, the PVDF membranes were 185 
immediately incubated in blocking buffer, containing Tris buffered saline (TBS) with 3% 186 
(w/v) bovine serum albumin (BSA) and 0.5% (v/v) Tween-20, for 1h at room temperature 187 
with gentle shaking. The blots were then incubated with specific primary antibody overnight 188 
(4 oC) with gentle shaking. Following this they were then incubated with horseradish 189 
peroxidase-conjugated mouse, goat or rabbit secondary antibodies (R&D Systems, 190 
Minnesota, USA). The imunoreactivity was detected using chemiluminescence substrate 191 

(SuperSignal West Femto Maximum Sensitivity Substrate, Thermo) and imaged using LAS 192 
3000, FUJI. The following primary antibodies were used: integrin β6 (sc-6632), Ezrin (sc-193 
58758), and calgranulin A (sc-20174) were purchased from Santa Cruz Biotechnology; and 194 
Annexin-A2 (ab41803) was purchased from abcam. Antibody dilutions were applied as per 195 
manufacturer’s recommendations. Image Studio Lite (ver 5.0) (LI-COR) was used for 196 
measurement of band intensities where required. 197 

S1.14 Statistical Analysis 198 

All statistical analyses were performed using R-package and/or Microsoft Excel. All 199 
the p-values were calculated using student’s t-test followed by Bonferroni p-value 200 
correction. A p<0.05 was considered to be statistically significant for each case.  201 
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2. SUPPLEMENTARY FIGURES 225 

 226 

Supplementary Figure 1 The top four networks identified for the HT29 Mo- vs As- 227 
(merged). The networks include “Cellular Function and Maintenance, Small Molecule 228 
Biochemistry, Molecular Transport” (IPA score = 53); “Cellular Assembly and 229 
Organization, Cell-To-Cell Signaling and Interaction, Reproductive System Development 230 
and Function” (IPA score = 45); “Cell Cycle, Infectious Diseases, Cancer” (IPA score = 25) 231 

and “Cancer, Endocrine System Disorders, Gastrointestinal Disease” (IPA score = 21). 232 

 233 
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 234 

Supplementary Figure 2 The top three networks identified for the HT29 Mo- vs As- 235 
(merged). The networks include “Cell-To-Cell Signalling and Interaction, Protein Synthesis, 236 
Cell Death and Survival” (IPA score = 47); “Cellular Movement, Hair and Skin 237 

Development and Function, Cell-To-Cell Signaling and Interaction” (IPA score = 27) and 238 

“Cell Death and Survival, Cancer, Organismal Injury and Abnormalities” (IPA score = 21). 239 

3. SUPPLEMENTARY TABLES  240 

Supplementary Table 1 Cellular function that were significantly altered in integrin β6 and 241 

TGFβ defendant manner 242 

function differentially expressed proteins no. of 
molecules p-value 

apoptosis of 
colon cancer 
cell lines 

CEACAM1,HSPD1,ITGAV,LGALS3,PARP1,PPIA,SFPQ 7 7.47E-03 
FASN,ITGB1,KRAS,KRT18,LGALS3,NAPA,NOC2L,PARP1,PPIA,XRC
C5 10 1.37E-02 

apoptosis of 
tumor cell 
lines 

AIMP1,BCLAF1,CBX5,CCAR2,CCT2,CTNND1,CYB5A,ENO1,EPHA2,E
ZR,FASN,GNAS,H2AFX,HNRNPC,HNRNPK,HSP90AB1,IMMT,ITGB1,
KHDRBS1,KRAS,KRT18,LGALS3,MDC1,MYBBP1A,NAPA,NCL,NOC2

45 2.99E-05 
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L,NPM1,PARP1,PHB,PHB2,PPIA,PSIP1,RPS19,SLC25A5,SRSF1,SSRP1,S
TOML2,TFRC,TMED10,TOP2A,VDAC1,VDAC2,XPO1,XRCC5 

cell cycle 
progression CD44,DDX17,EWSR1,ITGA2,NOLC1,NPM1,NUMA1,PHB2 8 2.16E-02 

cell death of 
epithelial cell 
lines 

CAT,DDX17,HSPA5,HSPD1,ITGAV,NDUFAB1,SSRP1,TFRC 8 1.96E-03 

cell death of 
tumor cell 
lines 

AIMP1,ANXA2,APMAP,ATP2A2,ATP5A1,BCLAF1,BUB1B,CBX5,CCA
R2,CCT2,CTNND1,CYB5A,DAP3,DHCR24,EIF2S1,ENO1,EPHA2,EZR,F
ASN,FDFT1,GNAS,GPC1,H2AFX,HNRNPC,HNRNPK,HSP90AB1,ILF2,I
MMT,ITGB1,KHDRBS1,KRAS,KRT18,LGALS3,LMNA,MDC1,MYBBP1
A,NAPA,NCL,NOC2L,NPM1,PARP1,PHB,PHB2,PKM,PPIA,PSIP1,RPS19
,SF3B3,SLC25A5,SLC3A2,SRSF1,SSB,SSRP1,STOML2,TEX10,TFRC,T
MED10,TOP2A,VDAC1,VDAC2,XAB2,XPO1,XRCC5,XRCC6 

64 1.18E-08 

cell 
movement 

CD44,CD9,CXADR,HNRNPK,HSPD1,ILF3,ITGA2,KRT16,MFI2,NCL,NP
M1,PHB2,RTN4,S100A8,SLC2A1,TAGLN2 16 6.00E-04 

cell 
movement of 
cancer cells 

ADAM10,ALCAM,CD44,CD47,CEACAM1,DPP4 6 5.52E-04 

cell 
movement of 
colon cancer 
cell lines 

CD44,CD47,CDH1,ITGA6 4 9.57E-03 

cell 
movement of 
tumor cell 
lines 

ACTN4,AGR2,C1QBP,CAT,CRKL,DPP4,ITGA2,ITGAV,ITGB5,LGALS
3,LGALS3BP,MCAM,MFI2,MSN,MYH9,PEBP1,PPIA,S100A9,SEPT9,SL
C12A2,SLC9A3R1,TACSTD2 

22 2.69E-05 

CD44,CD9,HNRNPK,ILF3,ITGA2,MFI2,NCL,PHB2,S100A8,SLC2A1,TA
GLN2 11 2.29E-03 

ACSL4,ACTN4,ADGRE5,ANXA2,BSG,C1QBP,EPHA2,EZR,GALNT2,G
NA13,GNAS,HNRNPK,HSP90AA1,ILF3,ITGA6,ITGB1,KHDRBS1,KRA
S,KRT8,LGALS3,MCAM,NCL,PA2G4,PHB,PHB2,PPIA,RALA,SLC16A1,
TLN1 

29 1.99E-03 

cell-cell 
adhesion of 
tumor cell 
lines 

C1QBP,DSP,ITGB1,LGALS3 4 4.08E-03 

invasion of 
tumor cell 
lines 

AGR2,CAT,CTNND1,DPP4,ITGAV,LGALS3,MCAM,PEBP1,RAB25,S10
0A6,S100A9,SEPT9,SLC12A2,SLC9A3R1 14 3.69E-03 

ACSL4,ADGRE5,BSG,CBX5,CTNND1,EPHA2,EZR,GALNT2,GNAS,HSP
90AA1,ILF3,ITGB1,KRAS,KRT8,LGALS3,MCAM,PA2G4,PHB,PKM,RA
LA,SRRM1 

21 1.10E-02 

invasion of 
tumor cells ADGRE5,EZR,ITGB1,MCAM 4 1.18E-02 

migration of 
cells 

ACTN4,C1QBP,CAT,CEACAM1,CRKL,CXADR,DPP4,HLA-
A,HMGB1,HSPA5,HSPD1,ITGA2,ITGAV,ITGB5,LGALS3,LGALS3BP,
MCAM,MFI2,MSN,MYH9,PPIA,S100A9,SEPT9,SLC12A2,SLC9A3R1,TA
CSTD2 

26 1.00E-04 

CD44,CD9,CXADR,HNRNPK,HSPD1,ILF3,ITGA2,KRT16,MFI2,NCL,NP
M1,PHB2,RTN4,S100A8,SLC2A1 15 5.00E-04 

migration of 
tumor cell 
lines 

ACTN4,C1QBP,CAT,CRKL,DPP4,ITGA2,ITGAV,ITGB5,LGALS3,LGA
LS3BP,MCAM,MFI2,MSN,MYH9,S100A9,SEPT9,SLC12A2,SLC9A3R1,T
ACSTD2 

19 6.60E-05 

CD44,CD9,HNRNPK,ILF3,ITGA2,MFI2,NCL,PHB2,S100A8,SLC2A1 10 2.01E-03 
ACSL4,ACTN4,ADGRE5,ANXA2,BSG,C1QBP,EPHA2,EZR,GALNT2,G
NA13,GNAS,HNRNPK,HSP90AA1,ILF3,ITGA6,ITGB1,KHDRBS1,KRA
S,KRT8,LGALS3,MCAM,NCL,PHB,PHB2,RALA,SLC16A1 

26 1.32E-03 

HNRNPA2B1,HNRNPK,ILF3,ITGAV,ITGB1,KRT8,NCL,VCP,VIM 9 1.44E-04 
migration of 
tumor cells ACTN4,ADGRE5,EZR,ITGB1,LGALS3 5 5.50E-03 

proliferation 
of cancer 
cells 

ADAM10,BSG,CD44,NPM1,RPS4X,S100A9,TRIM25,XRCC5 8 4.82E-03 

proliferation 
of cells 

ACIN1,ACTG1,ACTN4,ADAR,ADGRG1,ATAD3A,ATP5A1,ATP5B,C1Q
BP,CAT,CCT2,CCT3,CCT5,CCT7,CD276,CD55,CEACAM1,CRKL,CTNN 63 1.97E-11 
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D1,CXADR,DDX17,DLD,DPP4,ETFDH,H2AFY,HIST1H1B,HMGB1,HN
RNPC,HNRNPF,HSPA5,HSPD1,IMMT,ITGA2,ITGAV,ITGB5,LGALS3,
MCAM,MKI67,MYBBP1A,MYH9,NDUFAB1,PARP1,PDIA3,PEBP1,PLI
N3,PPIA,PRKCSH,RAB25,RPS25,S100A6,S100A9,SEPT9,SERPINH1,SFP
Q,SLC9A3R1,SRSF1,SSBP1,TACSTD2,TFRC,THRAP3,TOP1,TUBB,UBT
F 
ADGRG1,CD44,CD9,CXADR,DDX17,DDX21,EWSR1,HNRNPK,HNRNP
M,HSPD1,ILF3,ITGA2,KRT10,KRT16,LMNA,NCL,NDUFS3,NPM1,NUM
A1,PLEC,PRKCSH,RPS3A,RTN4,S100A8,SLC2A1,SNRNP200,TAGLN2,
TFRC,TUBB 

29 2.16E-05 

ACIN1,ADAM10,ADAR,ADGRG1,ALCAM,ALDH1A1,ATP5B,BCAP31,
BSG,CD44,CD47,CDH1,CEACAM1,CXADR,DDX17,DPP4,EPCAM,ETF
DH,GALNT2,H2AFY,HADHA,HIST1H1B,HNRNPM,HNRNPU,ILF2,ITG
A6,KRT10,KRT8,LIMA1,LMNB1,MFGE8,NCSTN,NDUFAF2,NDUFV1,N
OP2,NPM1,PA2G4,PLIN3,RPS3A,RPS4X,S100A9,SCARB1,SFPQ,STX3,T
OP1,TRIM25,UBTF,VDAC1,XRCC5,XRCC6 

50 1.12E-06 

DNAJA1,EEF1A1,HNRNPA1,HNRNPA2B1,HNRNPAB,HNRNPD,HNRN
PK,HSPA5,ILF3,ITGAV,ITGB1,KRT2,KRT8,LAMTOR2,NCL,NCSTN,N
PM1,PKM,PTBP1,RTN4,TOP2B 

21 7.84E-06 

proliferation 
of tumor cell 
lines 

ACIN1,ACTN4,C1QBP,CAT,CEACAM1,CRKL,CTNND1,CXADR,DDX1
7,DPP4,H2AFY,HMGB1,HSPA5,IMMT,ITGA2,ITGAV,ITGB5,LGALS3,
MKI67,MYBBP1A,PARP1,PDIA3,PEBP1,RPS25,S100A6,SEPT9,SFPQ,SL
C9A3R1,SSBP1,TACSTD2,TFRC,TOP1,TUBB 

33 2.28E-05 

aProteins in bold are members of various CRC sub-networks discussed in the main body of the manuscript 
 243 

Supplementary Table 2 Proteins that are significantly up- or down-regulated in this study 244 

and those that can be used as ASCO cancer biomarkers and their respective applications 245 

Symbol Entrez Gene Name Entrez Gene ID 
for Human 

UniProt 
ID 

Biomarker 
Application/s 

AGR2 anterior gradient 2 10551 O95994 D 

AIMP1 
aminoacyl tRNA synthetase complex-
interacting multifunctional protein 1 9255 Q12904 D 

ALCAM 
activated leukocyte cell adhesion 
molecule 214 Q13740 P 

ALDH1A1 
aldehyde dehydrogenase 1 family, 
member A1 216 P00352 D,DP 

ALPL alkaline phosphatase, liver/bone/kidney 249 P05186 E 
ANXA2 annexin A2 302 P07355 D 

ARSE 
arylsulfatase E (chondrodysplasia 
punctata 1) 415 P51690 D 

BCAM 
basal cell adhesion molecule (Lutheran 
blood group) 4059 P50895 D 

BSG basigin (Ok blood group) 682 P35613 DP,P,RT 
CAT catalase 847 P04040 D 
CD276 CD276 molecule 80381 Q5ZPR3 P 
CD44 CD44 molecule (Indian blood group) 960 P16070 D,DP,P 
CD9 CD9 molecule 928 P21926 E 

CDH1 
cadherin 1, type 1, E-cadherin 
(epithelial) 999 P12830 D,DP,E,P 

CEACAM1 

carcinoembryonic antigen-related cell 
adhesion molecule 1 (biliary 
glycoprotein) 634 P13688 D,E 

CTNNA1 
catenin (cadherin-associated protein), 
alpha 1, 102kDa 1495 P35221 D 
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DNMT1 DNA (cytosine-5-)-methyltransferase 1 1786 P26358 D 

EIF2S1 
eukaryotic translation initiation factor 
2, subunit 1 alpha, 35kDa 1965 P05198 E 

ENO1 enolase 1, (alpha) 2023 P06733 D 
EPHA2 EPH receptor A2 1969 P29317 DP 

EPHX1 
epoxide hydrolase 1, microsomal 
(xenobiotic) 2052 P07099 D 

EZR ezrin 7430 P15311 P 
FASN fatty acid synthase 2194 P49327 D,E 

GAPDH 
glyceraldehyde-3-phosphate 
dehydrogenase 2597 P04406 D 

H2AFX H2A histone family, member X 3014 P16104 E 

HLA-A 
major histocompatibility complex, 
class I, A 3105 P04439 E,RT 

HMGB1 high mobility group box 1 3146 P09429 D 

HNRNPK 
heterogeneous nuclear 
ribonucleoprotein K 3190 P61978 P 

HSPD1 
heat shock 60kDa protein 1 
(chaperonin) 3329 P10809 D,P 

ICAM1 intercellular adhesion molecule 1 3383 P05362 D,E,P 
ITGAV integrin, alpha V 3685 P06756 D 

ITGB1 

integrin, beta 1 (fibronectin receptor, 
beta polypeptide, antigen CD29 
includes MDF2, MSK12) 3688 P05556 DP,P 

ITGB5 integrin, beta 5 3693 P18084 D 

KRAS 
Kirsten rat sarcoma viral oncogene 
homolog 3845 P01116 D,E,P,RT 

KRT1 keratin 1, type II 3848 P04264 D 
KRT17 keratin 17, type I 3872 Q04695 D,E 
KRT18 keratin 18, type I 3875 P05783 E 
KRT20 keratin 20, type I 54474 P35900 D,DP,P 
KRT5 keratin 5, type II 3852 P13647 D,E 
KRT6A keratin 6A, type II 3853 P02538 D 
KRT8 keratin 8, type II 3856 P05787 P 
KRT9 keratin 9, type I 3857 P35527 D 
LDLR low density lipoprotein receptor 3949 P01130 DP 
LGALS3 lectin, galactoside-binding, soluble, 3 3958 P17931 D 

LGALS3BP 
lectin, galactoside-binding, soluble, 3 
binding protein 3959 Q08380 P 

MAP4 microtubule-associated protein 4 4134 P27816 E 
MCAM melanoma cell adhesion molecule 4162 P43121 D,P 

MCM4 
minichromosome maintenance 
complex component 4 4173 P33991 DP 

MCM5 
minichromosome maintenance 
complex component 5 4174 P33992 DP 

MKI67 marker of proliferation Ki-67 4288 P46013 D,DP,E,P,RT 

NPM1 
nucleophosmin (nucleolar 
phosphoprotein B23, numatrin) 4869 P06748 DP 

NUCB1 nucleobindin 1 4924 Q02818 D 
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PARP1 poly (ADP-ribose) polymerase 1 142 P09874 D,E,P 

PDIA3 
protein disulfide isomerase family A, 
member 3 2923 P30101 D 

PHB prohibitin 5245 P35232 D 
PSIP1 PC4 and SFRS1 interacting protein 1 11168 O75475 DP 
RPS4X ribosomal protein S4, X-linked 6191 P62701 D 
RPS6 ribosomal protein S6 6194 P62753 E,RT 
RTN4 reticulon 4 57142 Q9NQC3 D 
S100A6 S100 calcium binding protein A6 6277 P06703 D 
S100A8 S100 calcium binding protein A8 6279 P05109 D,E 
S100A9 S100 calcium binding protein A9 6280 P06702 D 

SEPT9 septin 9 10801 
Q9UHD
8 D 

SLC16A1 

solute carrier family 16 
(monocarboxylate transporter), 
member 1 6566 P53985 D 

SLC2A1 
solute carrier family 2 (facilitated 
glucose transporter), member 1 6513 P11166 D,E 

SLC2A3 
solute carrier family 2 (facilitated 
glucose transporter), member 3 6515 P11169 E 

STOML2 stomatin (EPB72)-like 2 30968 Q9UJZ1 P 
TFRC transferrin receptor 7037 P02786 D,E 
TOP1 topoisomerase (DNA) I 7150 P11387 E 
TOP2A topoisomerase (DNA) II alpha 170kDa 7153 P11388 D,E,P,RT 
TPI1 triosephosphate isomerase 1 7167 P60174 D 
TUBB tubulin, beta class I 203068 P07437 E 
XPO1 exportin 1 7514 O14980 D,E 

ZAP70 
zeta-chain (TCR) associated protein 
kinase 70kDa 7535 P43403 P,RT 

a D: diagnosis; DP: disease progression; E: efficacy; P: prognosis; RT: response to therapy 
 246 

247 
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Supplementary Table 3: Complete list of proteins identified within the SW480 248 

comparisons. Fold changes >1.2 are considered up-regulated and <0.83 are considered 249 

down-regulated.     250 
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Supplementary Table 4: Complete list of proteins identified within the HT29 259 

comparisons§       260 
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CHAPTER 4 
The subsequent study then aimed to further evaluate the associations of uPAR and TGFβ in 

the context of CRC using HCT116 colon cancer cells. The HCT116WT cells endogenously 

express uPAR and this expression has be artificially decreased by 35% in the HCT116uPARAS 

cells. This study used a similar approach to that of the previous proteomics experiment in 

Chapter 3, Study II. Preliminary proliferation and invasion assays determined that TGFβ did 

not significantly affect the proliferation or invasion of HCT116 WT cells, although HCT116 

ASuPAR cells, with reduced uPAR expression, exhibited significantly decreased 

proliferation and invasion following TGFβ treatment. The observations when investigated 

by proteomics showed differential up- and down-regulation of various proteins in a TGFβ-

dependent or –independent manner in HCT116WT cells relative to HCT116uPARAS cells. 

Some of the cellular process that were associated with these proteins included cell adhesion, 

migration, invasion and cytoskeletal signalling which were also determined by IPA to be 

significantly altered. IPA also indicated eIF2 signalling pathway to be significantly altered 

and cancer was observed to be one of the top three diseases. Overall, the observations from 

cell-based and proteomic studies demonstrated that cells with endogenous uPAR expression 

do not respond to TGFβ treatment, whilst inhibiting metastatic phenotypes in cells with 

decrease in uPAR expression. 

4.1 - Does differential expression of cell-surface uPAR alter the effects active TGFβ has 
on the colorectal cancer cell membrane proteome?  [Publication V] (Prepared for 

publication) 
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Abstract 25 

Urokinase-type plasminogen activator receptor (uPAR) and transforming growth factor-β 26 

(TGFβ) have been widely implicated in different biologies in CRC, wherein the cell-surface 27 

plasminogen activation cascade (in part mediated by uPAR) has been identified as one means 28 

of latent TGFβ activation. However, the effects of TGFβ on uPAR and vice-versa remain 29 

poorly understood in CRC. To investigate the biological effect/s of TGFβ when uPAR is 30 

artificially suppressed, this study treated wild type HCT116WT and uPAR-suppressed 31 

(~35%) HCT116uPAR-AS colon cancer cells with active TGFβ and then performed cell 32 

membrane-enriched quantitative proteomic analysis. Preliminary proliferation and invasion 33 

assays determined that TGFβ did not significantly affect either proliferation or invasion of 34 

HCT116WT cells, although HCT116uPAR-AS exhibited significantly decreased proliferation 35 

(24%↓) following TGFβ treatment and invasion (~20%↓) following SB431542 inhibition 36 

or dual SB431542 and TGFβ treatment. These puzzling differential effects between cell lines 37 

were subsequently investigated by proteomics. IPA analyses of the data demonstrated that 38 

several proteins related to cytoskeletal signalling, cell adhesion, migration, cell death and 39 

survival, protein trafficking and the eIF2 signalling pathway were significantly up- or down-40 

regulated in either in a TGFβ-dependent or a TGFβ-independent manner. Three proteins of 41 

interest (ezrin, annexin A2 and Ras-related protein Rab-10) were further validated by 42 

Western blotting to confirm that expression changes observed by iTRAQ. Overall, cell-based 43 

and proteomic studies have demonstrated that when uPAR expression is decreased, active 44 

TGFβ suppresses metastatic phenotypes though this effect is lost with increased uPAR 45 

expression. These observations demonstrate that elevated uPAR expression promotes 46 

proliferation and invasion in a TGFβ-independent manner while TGFβ exerts growth 47 

inhibitory effects when uPAR expression is decreased. 48 

 49 

Keywords: transforming growth factor-β; uPAR; colorectal cancer; HCT116; iTRAQ 50 

 51 
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1. INTRODUCTION 53 

World Health Organisation indicated that colorectal cancer (CRC) is the third most 54 

common malignancy (~1.36 million cases worldwide in 2012) with a mortality rate 55% [1]. 55 

Metastases, rather than primary tumours, are responsible for the majority (almost 90%) of 56 

cancer deaths [2, 3]. Metastasis is a cascade of complex molecular interactions between 57 

various proteins that can alter and regulate signalling pathways required for primary tumours 58 

to spread to distant organs [2]. Proteins such as urokinase-type plasminogen activator 59 

receptor (uPA/uPAR) [4], transforming growth factor-beta (TGFβ) [5], integrin αvβ6 [6], 60 

various mitogen-activated protein kinases (i.e., Erk, p38, Jnk, Ras) [7] and MMPs [8, 9] have 61 

been widely implicated in CRC.  62 

In addition, the epithelial–mesenchymal transition (EMT) a key process for 63 

metastasis [10]. EMT is primarily facilitated by the loss/degradation of extracellular matrix 64 

(ECM) structure that allows for cancer cells to escape and spread to neighbouring tissues 65 

and distant organs [10]. In cancer, changes to ECM structure contribute to altered adhesion 66 

which is thought to be controlled by proteolysis [11]. uPAR, a cell surface receptor bound 67 

to the plasma membrane through a glycosyl phosphatidylinositol (GPI) anchor, is known to 68 

regulate ECM proteolysis, cell-ECM interactions and cell signalling [11]. uPAR primarily 69 

focusses plasminogen activation (PA) to the cell-surface by binding active twin chain uPA 70 

(urokinase-type plasminogen activator) as well as its single chain zymogen form sc-uPA 71 

[11]. Active uPA catalyses the conversion of zymogen plasminogen to active plasmin (a 72 

broad spectrum serine protease), which through positive-feedback can activate both 73 

zymogen forms of uPA and plasmin. Plasmin can degrade various ECM molecules such as 74 

fibrin, fibronectin and laminin while also activating matrix metalloproteinases (MMP)-1, 75 

MMP-3, MMP-9, MMP-12 and MMP-13 [11]. Interestingly, plasmin and MMPs such as 76 

MMP-2 and MMP-9 are both known to activate latent-TGFβ (L-TGFβ) [8, 12].  77 

The (canonical) TGFβ signalling cascade in normal cells is known to promote tumour 78 

suppression through cytostasis, cell differentiation and apoptosis [13]. During cancer, 79 

however, TGFβ plays a dual role wherein it either strongly promotes cell growth suppression 80 

in the early stages but then switches to promote tumour growth, invasion, and metastasis 81 

during mid to late stages [13, 14]. The biological mechanism/s explaining this switch to 82 

promote tumour growth and metastasis are poorly characterised. However, it is known that 83 

active TGFβ during CRC is found at very high levels (14.8 ± 8.4 ng/mL) compared to healthy 84 

controls (1.9 ± 1.4 ng/mL) [15]. These high active TGFβ levels may be required to promote 85 
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cancer related processes and can partly be achieved through increased expression of plasmin, 86 

MMPs and integrins, which are then able to activate L-TGFβ [8, 16, 17]. A recent study by 87 

Ahn et al., examining Dukes’ stages B (n=170) and C (n=179) rectal cancer tissues showed 88 

that expression of uPAR in epithelial and stromal cells differentially correlated with patient 89 

survival [4]. Their results showed that elevated epithelial uPAR expression in both the 90 

central region and invasive tumour front adversely correlated with overall survival of stage 91 

B patients while elevated stromal uPAR (detected with a different monoclonal antibodies) 92 

at the invasive front favourably correlated with overall survival of stage C patients [4]. In 93 

contrast, a study by Boonstra et al., examined CRC tumour tissues (n=262; all stages) and 94 

showed that stromal uPAR expression was adversely associated with overall survival as well 95 

as disease free survival [18]. Another study by Illemann et al., also reported, similar results 96 

to Boonstra et al., that uPAR expression on tumour-associated macrophages negatively 97 

correlated with overall survival in all stages (n=244) [19]. These high levels of uPAR can 98 

lead to increased levels of plasmin which can aid in TGFβ activation during cancer. 99 

Therefore, high levels of plasmin (and other suspected activators) during cancer could 100 

contribute to developing high active TGFβ levels.  101 

Proteomics, is being widely used to study differential protein expression in response 102 

to treatments with agonists or antagonists of certain processes during cancer and other 103 

diseases [20]. Some of the most commonly used proteomic methods/technologies in 104 

combination with mass spectrometry include one- or two-dimensional electrophoresis 105 

(1/2DE) [21], two-dimensional differential in-gel electrophoresis (2D-DIGE) [22], stable 106 

isotope labelling by amino acids in cell culture (SILAC) [23], and isobaric tag for relative 107 

and absolute quantitation (iTRAQ )[24, 25]. This study uses iTRAQ-based technology as it 108 

allows for differential labelling of peptides from 2-8 samples which are then combined 109 

together and analysed in a single MS/MS run. Additionally, the differential labelling allows 110 

for identification and quantitation in a single step which is a key advantage over standard 111 

label-free approaches. 112 

In the current study, the effects of active TGFβ on HCT116 cells with differential 113 

uPAR expression was investigated. The use of active TGFβ removes any molecular changes 114 

that are associated with any plasmin-mediated TGFβ activation. The study compared 115 

membrane enriched proteomes of TGFβ-treated and untreated HCT116WT and HCT116uPAR-116 

AS subclone cells and the biological significance of the proteomic data evaluated using 117 

Ingenuity Pathway Analysis (IPA) where a number of basic cellular pathways/functions 118 
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were found altered significantly. Additionally, prior to proteomic experiments proliferation 119 

and invasion assays were performed.  120 

 121 

2. RESULTS 122 

2.1 Validation of uPAR expression in HCT116WT and HCT116uPAR-AS cells 123 

HCT116WT cells used in this study natively express uPAR. However, the 124 

HCT116uPAR-AS cell line shows decreased cell surface uPAR expression (35%↓) through 125 

stable transfection [26]. Figure 1 shows the differential expression differences of uPAR 126 

between HCT116WT and HCT116uPAR-AS cell lines that was confirmed through western blot 127 

analysis. These results support the reported differential expression of uPAR in these cell 128 

lines [26]. 129 

 130 

Figure 1 a) Validation of uPAR expression in HCT116WT and HCT116uPAR-AS cell lines. 131 
100ng of recombinant uPAR and 20μg of cell lysates for both cell lines were separated on 132 
SDS-PAGE gel followed by Western blotting using the anti-human uPAR monoclonal AF-133 
807 antibody (R&D Systems) b) Relative abundance of uPAR HCT116WT and HCT116uPAR-134 
AS cell lines (mean ± SEM) obtained by quantitative analysis of the Western blot band 135 

intensities. Results indicate that HCT116WT expresses more uPAR than HCT116uPAR-AS 136 

cells. 137 

2.2 Effects of TGFβ1 on proliferation of HCT116 WT and AS cells 138 

uPAR and TGFβ are key members for the uPAR/αvβ6/TGFβ1 hypothetical 139 

interactome that was postulated in by group [27]. Research has shown that down-regulation 140 

of uPAR correlated with decreased proliferation in papillary thyroid carcinoma cells [28]. In 141 

order to evaluate the effects of TGFβ on cell proliferation (CP) of HCT116WT and 142 

HCT116uPAR-AS colon cancer cells, a simple cell enumeration assay was performed. The 143 
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assay was performed under serum-free (SF) conditions to avoid interference from any 144 

growth factors that might be present in fetal bovine serum (FBS) and that could affect 145 

outcomes. The cells were treated with 10 ng/mL active TGFβ1 or 10µM SB431542 (a TGFβ 146 

receptor I kinase inhibitor) or both and incubated for 24 hr, prior to analysis.  147 

 148 

Figure 2 Proliferation assay of HCT116WT and HCT116uPAR-AS cells normalised to the 149 
untreated HCT116WT control. All assays were performed in SF media and in biological 150 

triplicate (*p<0.05; **p<0.01). 151 

Both HCT116WT and HCT116uPAR-AS cells showed no significant difference in 152 

proliferation under SF conditions, Figure 2. Interestingly, the HCT116WT cells showed a 153 

slight increase in cell numbers upon treatment with TGFβ but failed to reach significance. 154 

However, HCT116uPAR-AS  cells, relative to untreated controls, exhibited significant changes 155 

in cell numbers, decreased (24%↓) when treated with TGFβ alone or increased (26%↑) 156 

when treated with TGFβ + SB431542, respectively. It is interesting to note that treatment 157 

with TGFβ (alone) showed growth inhibitory responses in HCT116uPAR-AS cells that 158 

expressed lower levels of uPAR. This growth inhibitory response was lost upon co-treatment 159 

with TGFβ and SB431542 (that blocks its downstream signalling receptor TGFβR1), and 160 

HCT116uPAR-AS cells reached high cell numbers similar to HCT116WT cells. Although, a 161 

similar effect was observed in the HCT116uPAR-AS cells that were treated only with 162 

SB431542, these failed to reach statistical significance. Collectively, these observations 163 
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demonstrate that TGFβ exerts tumour suppressive effects on HCT116 cells and this effect is 164 

more pronounced when uPAR expression levels are lower. 165 

 166 

2.3 Effects of TGFβ1 on invasion of HCT116 WT and AS cells 167 

Previous studies using the HCT116WT and HCT116uPAR-AS cell lines demonstrated 168 

that suppression of uPAR correlated with decreased migration and invasion [26]. In the 169 

current study, the possible correlation of uPAR and TGFβ that may occur during invasion 170 

was evaluated using a Transwell invasion assay where the chambers are pre-coated with a 171 

thin layer of ECMatrixTM. Invasion was assessed in the presence of 10% FBS as a 172 

chemoattractant in the lower chamber and the cells which migrated through the layer of 173 

ECMatrix and through 8μm pores in the invasion chamber were scored as invasive. 174 

Similar to results observed in proliferation assays, there was no significant difference 175 

in invasive potential of HCT116WT and HCT116uPAR-AS cells under SF conditions, Figure 3. 176 

Similarly, both HCT116WT and HCT116uPAR-AS cells relative to their untreated controls, 177 

exhibited no significant difference when treated with TGFβ. However, upon treatment with 178 

SB431542 (alone) or TGFβ + SB431542 (together) the HCT116uPAR-AS cells exhibited a 179 

significant decrease in their invasive capacity relative to the untreated controls and TGFβ 180 

treated cells. This decrease in invasion was more pronounced when the HCT116uPAR-AS cells 181 

were just treated with SB431542 i.e., 17% and 18.5% relative to untreated control and TGFβ 182 

treatment respectively. However, upon addition of TGFβ to SB431542 treated HCT116uPAR-183 

AS cells showed only a 12.7% and 14.3% decrease in invasive potential relative to untreated 184 

controls and TGFβ treated cells respectively. Despite no significant difference in invasion 185 

(relative to untreated control) observed when HCT116uPAR-AS cells were treated with TGFβ 186 

(alone) there was some loss of invasive potential upon addition of SB431542 (alone or in 187 

combination with TGFβ). These observations suggest that TGFβR1 is required to regulate 188 

invasion and that treatment with SB431542 greatly reduced invasion in both cell lines.  189 
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  190 

Figure 3 Effect of TGFβ on invasion of HCT116WT and HCT116uPAR-AS cells normalised to 191 
the untreated HCT116WT control. All assays were performed in SF media and in biological 192 

triplicate (*p<0.05; **p<0.01). 193 

2.4 Proteomic analysis 194 

The results from cell-based assays demonstrated that TGFβ does not affect 195 

proliferation or invasion of HCT116WT cells. However, TGFβ showed an anti-proliferative 196 

responses in the HCT116uPAR-AS cells and this was abrogated upon SB431542 treatment. 197 

However, SB431542-treatment seemed to decrease the invasive potential of the 198 

HCT116uPAR-AS cells. These interesting observations were then expanded to examine what 199 

changes were occurring as assessed by proteomics. 200 

To elucidate the molecular events associated with TGFβ treatment of HCT116WT and 201 

HCT116uPAR-AS colon cancer cells, quantitative membrane proteomic analysis was 202 

performed using iTRAQ. HCT116WT and HCT116uPAR-AS cells were treated with 10ng/mL 203 

TGFβ1 and membrane enrichment was performed using Triton X-114 phase partitioning. 204 

Following iTRAQ labelling the samples were then mixed in equal proportions and 205 

fractionated by SCX and analysed by nano LC-MS/MS using a TripleTOF mass 206 

spectrometer. The experiment was designed to examine the biological reproducibility, hence, 207 

duplicate samples were obtained for both untreated and TGFβ treated HCT116WT and 208 

HCT116uPAR-AS cell lines and biological replicates were analysed on separate MS runs. The 209 

proteins identified from individual iTRAQ MS runs (biological replicates) were ‘combined’ 210 
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into a single list using Stouffer’s method [29]. Stouffer’s method, based on the observed 211 

iTRAQ protein ratios, allows for combining proteins identified across two or more MS runs 212 

and return a single combined (Stouffer’s) p-value [29]. Using this approach a total of 1726 213 

proteins were identified from two biological replicates (unused protein score ≥2.0; false 214 

discovery rate < 1% at protein level). A filter of minimum average iTRAQ fold change of ≥ 215 

1.2 (up-regulated) or ≤ 0.83 (down-regulated) with a p < 0.05 was applied to the identified 216 

proteins and the ones that met this criteria were selected for further analysis.  217 

Accordingly, the comparison of the untreated HCT116WT against the untreated 218 

HCT116uPAR-AS identified 222 proteins to be up- or down-regulated in the HCT116WT cells 219 

(Supplementary table 1). Likewise, the comparison of TGFβ-treated HCT116WT against 220 

the TGFβ-treated HCT116uPAR-AS identified 279 proteins to be up- or down-regulated 221 

(Supplementary table 2). For ease, these two protein lists were manually merged to 222 

generate a list of 346 proteins between both TGFβ treated and/or untreated conditions of 223 

HCT116WT and HCT116uPAR-AS. Furthermore, 155 of the 346 proteins were found to be 224 

differentially expressed in both conditions, while 67 and 124 proteins were found to be 225 

differentially up- or down-regulated when untreated and TGFβ-treated conditions 226 

respectively. 227 

2.5 Gene ontology mapping of differentially expressed proteins 228 

Gene ontology studies using PloGo [29] script classified the proteins into various 229 

groups based on their sub cellular locations, molecular function and biological processes. 230 

PloGo analysis of the 346 differentially expressed proteins is shown. These differentially 231 

expressed proteins were observed to be involved in cellular processes including cell motility, 232 

cell proliferation, cell differentiation, cell growth and cellular organisation (Figure 4a). The 233 

analysis also identified these proteins to be expressed in various membrane organelles 234 

including plasma membrane, Golgi apparatus, endoplasmic reticulum and mitochondria 235 

(Figure 4b).  236 

2.6 Relevance of iTRAQ data to the processes of CRC  237 

The 346 significantly altered proteins form iTRAQ experiment were functionally 238 

analysed and classified to collectively interpret the molecular events associated with CRC 239 

pathophysiology. The proteins were classified into four major categories (a) cytoskeletal 240 

signalling (b) cellular adhesion and migration (c) cellular stress and cell death and (d) 241 

membrane trafficking. For possible involvement in CRC, selected proteins from various 242 
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classes are listed and described below. All the protein fold changes are reported as observed 243 

for HCT116WT cells relative to HCT116uPAR-AS cells (i.e.,  HCT116WT  fold change

HCT116uPAR−AS fold change
  ) and are 244 

separated based on treatment. 245 

 246 

 247 

Figure 4 Gene ontology based classification of the 346 differentially up- or down-regulated 248 
proteins in the HCT116WT cells for TGFβ-treated and untreated conditions of HCT116WT 249 

and HCT116uPAR-AS. 250 
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 251 

 252 

Cytoskeletal signalling related proteins. The cytoskeletal proteins help maintain 253 

the integrity of a cell and between cells. From the significantly altered proteins, several actin 254 

filament, intermediate filament and microtubule associated proteins were identified.  255 

Actin and several actin filament associated proteins such as α-actinin-4, myosin-10, 256 

septin-2, septin-9, septin-11, myosin regulatory light chain 12A and LIM domain and actin-257 

binding protein 1 were found to be significantly up-regulated in HCT116WT cells regardless 258 

of TGFβ treatment (Table 1). Myosin-9 and emerin (down-regulated) and spetin-7 (up-259 

regulated) were observed to be significantly altered only upon TGFβ treatment. 260 

Intermediated filament associated proteins keratin, type II cytoskeletal 8, keratin, type I 261 

cytoskeletal 18 and keratin, type I cytoskeletal 19 were down regulated in TGFβ treated 262 

HCT116WT cells, while keratin, type I cytoskeletal 9 and keratin, type I cytoskeletal 10 were 263 

found to be up-regulated (Table 1). Plectin was also found to be down-regulated in TGFβ 264 

treated HCT116WT cells. Interestingly, lamin-B1, lamin-B2 and lamina-associated 265 

polypeptide 2, isoforms beta/gamma were found to be up-regulated in both conditions. 266 

 267 

Table 1 Functional classification of significantly altered proteins related to cytoskeletal 268 

signalling (a)  269 

Accession 
number 

Gene 
name 

Protein names 
iTRAQ fold change Expression 

pattern Untreated 
TGFβ 

treated 

    Actin filament associated proteins       

O43707 ACTN4 alpha-actinin-4 1.34 1.36 ↑ 

P35580 MYH10 myosin-10 1.47 n/o ↑ 

Q9UHD8 SEPT9 septin-9  1.87 3.19 ↑ 

P19105 MYL12A myosin regulatory light chain 12A  1.97 1.56 ↑ 

Q9NVA2 SEPT11 septin-11  2.02 2.99 ↑ 

Q15019 SEPT2 septin-2  2.10 3.10 ↑ 

Q9UHB6 LIMA1 LIM domain and actin-binding protein 1  2.21 2.63 ↑ 

P63261 ACTG1 actin, cytoplasmic 2 2.70 2.31 ↑ 

P35579 MYH9 myosin-9  n/o 0.50 ↓ 

P50402 EMD emerin n/o 0.72 ↓ 

Q16181 SEPT7 septin-7  n/o 2.16 ↑ 

            

    Intermediate filament associated proteins       
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P35908 KRT2 keratin, type II cytoskeletal 2 epidermal  0.58 n/o ↓ 

P04264 KRT1 keratin, type II cytoskeletal 1  0.64 n/o ↓ 

P42167 TMPO 
lamina-associated polypeptide 2, isoforms 
beta/gamma  

1.75 2.00 ↑ 

P20700 LMNB1 lamin-B1  2.15 2.39 ↑ 

Q03252 LMNB2 lamin-B2  2.31 1.57 ↑ 

P13645 KRT10 keratin, type I cytoskeletal 10  n/o 1.62 ↑ 

P35527 KRT9 keratin, type I cytoskeletal 9  n/o 1.60 ↑ 

P05783 KRT18 keratin, type I cytoskeletal 18  n/o 0.47 ↓ 

P08727 KRT19 keratin, type I cytoskeletal 19  n/o 0.51 ↓ 

P05787 KRT8 keratin, type II cytoskeletal 8  n/o 0.32 ↓ 

Q15149 PLEC plectin  n/o 0.60 ↓ 

            

    Microtubule associated proteins       

P26038 MSN moesin n/o 1.70 ↑ 

Q07065 CKAP4 cytoskeleton-associated protein 4  1.53 1.36 ↑ 

P07437 TUBB tubulin beta chain 0.37 0.23 ↓ 

P33176 KIF5B kinesin-1 heavy chain 0.50 0.42 ↓ 

P27816 MAP4 microtubule-associated protein 4  0.77 n/o ↓ 

Q9BUF5 TUBB6 tubulin beta-6 chain  n/o 0.53 ↓ 
(a) Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. 
These proteins have met the stipulated criteria (i.e., unused protein score >2.0 and the change in expression level of 
at least 1.2 fold for HCT116WT/HCT116uPAR-AS untreated and TGFβ-treated conditions. n/o – not observed in the 
treatment condition. 

 270 

Tubulin-β and -β6 chains along with kinesin-1 heavy chain were found to be 271 

significantly down-regulated upon TGFβ treatment to HCT116WT cells. Additionally, 272 

microtubule-associated protein 4 was down-regulated in the untreated HCT116WT cells. 273 

Interestingly, cytoskeleton-associated protein 4 (CKAP4) that is a high affinity receptor for 274 

antiproliferative factor (APF) was found to be down-regulated upon TGFβ treatment (Table 275 

1). Shahjee et al., reported have previously reported that the knockdown of CKAP4 276 

expression using siRNA inhibited the APF-CKAP4 driven anti-proliferative responses in 277 

T24 bladder carcinoma cells [30]. 278 

 279 

Proteins related to cell adhesion and migration. The balance of cell adhesion is a 280 

crucial factor during cancer development. The loss of cell adhesion can result in increased 281 

cell migration and invasion that is required for tumour cells dissipate to surrounding tissue 282 

and distant organs. 283 

Cell adhesion associated molecules such as ALCAM (Activated leukocyte cell 284 

adhesion molecule or CD166 antigen), catenin α1, integrins-α2, -α3, and -β1, and CD44 285 
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were found to be up-regulated untreated condition (Table 2). Interestingly, the addition of 286 

TGFβ resulted further up-regulation of the integrins which are key molecules for maintaining 287 

cell adhesion. This TGFβ mediated up-regulation of various adhesion related molecules 288 

could suggest a growth inhibition associated with TGFβ. Coxsackievirus and adenovirus 289 

receptor (CXADR) a component of the epithelial apical junction complex and require for 290 

tight junction integrity was observed to be up-regulated (Table 2). 291 

Various cellular migration related proteins ezrin, tumour protein D54, galectin-3, 292 

galectin-1, alpha-enolase and cell division control protein 42 homolog were observed to be 293 

up-regulated (Table 2) in the HCT116WT cells, irrespective of TGFβ treatment. Although, 294 

some of these proteins showed slight up-regulation upon TGFβ treatment, the change was 295 

negligible. Annexin A2 has been reported to inhibit cell migration in vitro [31] was observed 296 

to be up-regulated regardless of TGFβ treatment. Additionally, prohibitin and prohibitin-2 297 

that were shown to be required for cancer cell adhesion and proliferation [32] were observed 298 

to be down-regulated significantly which further decrease upon TGFβ treatment (Table 2). 299 

Once again, these observations indicate a TGFβ-mediated growth inhibition in these cells. 300 

The expression of annexin A2 and ezrin was validated by Western blotting analysis (Figure 301 

5). 302 

 303 

Table 2 Functional classification of significantly altered proteins related to cellular adhesion 304 

and migration (a)  305 

Accession 
number 

Gene 
name 

Protein names 
iTRAQ fold change 

Expression 
pattern Untreated 

TGFβ 
treated 

    Cell adhesion related proteins       

P48960 CD97 CD97 antigen  1.32 n/o ↑ 

P16070 CD44 CD44 antigen 1.37 1.67 ↑ 

P21926 CD9 CD9 antigen 1.76 n/o ↑ 

P35221 CTNNA1 catenin alpha-1  1.78 1.68 ↑ 

P26006 ITGA3 integrin alpha-3 1.98 3.35 ↑ 

P17301 ITGA2 integrin alpha-2  2.19 2.70 ↑ 

Q13740 ALCAM CD166 antigen 2.34 2.19 ↑ 

P05556 ITGB1 integrin beta-1  2.70 4.04 ↑ 

P50895 BCAM basal cell adhesion molecule  n/o 0.67 ↓ 

            

    Tight junction proteins       

P78310 CXADR 
coxsackievirus and adenovirus 
receptor  

1.62 1.56 ↑ 
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    Cell migration related proteins       

P46013 MKI67 antigen KI-67  1.25 n/o ↑ 

P15311 EZR ezrin 1.46 1.99 ↑ 

O43399 TPD52L2 tumour protein D54  2.00 3.04 ↑ 

P17931 LGALS3 galectin-3  2.06 2.82 ↑ 

P09382 LGALS1 galectin-1  2.14 2.61 ↑ 

P07355 ANXA2 annexin A2 2.47 2.38 ↑ 

P06733 ENO1 alpha-enolase 2.70 2.37 ↑ 

P60953 CDC42 
cell division control protein 42 
homolog 

4.34 2.48 ↑ 

P51858 HDGF hepatoma-derived growth factor  n/o 3.96 ↑ 

Q99623 PHB2 prohibitin-2  0.54 0.30 ↓ 

P35232 PHB prohibitin  0.60 0.46 ↓ 
(a) Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. 
These proteins have met the stipulated criteria (i.e., unused protein score >2.0 and the change in expression level 
of at least 1.2 fold for HCT116WT/HCT116uPAR-AS untreated and TGFβ-treated conditions. n/o – not observed. 

 306 

Cell death related proteins. Tumour cells to spread to surrounding tissue and/or 307 

distant organs, they require to survive the loss of cell adhesion and the stress that is 308 

associated with it. However, it is known that epithelial cells can trigger apoptosis when the 309 

cell adhesion is lost (i.e., anoikis) during cancer [33, 34]. Therefore, suppression of anoikis 310 

becomes a crucial requirement for cancer cells. This study identified several proteins that 311 

are associated with this process. 312 

Various chaperone and heat shock proteins such as DnaJ homolog subfamily A 313 

member 1, heat shock 70 kDa protein 1A/1B and heat shock cognate 71 kDa protein were 314 

observed to be down regulated whereas DnaJ homolog subfamily B member 11, heat shock 315 

70 kDa protein 4, and DnaJ homolog subfamily C member 9 were found to be down-316 

regulated in the TGFβ treated HCT116 WT cells (Table 3). Additionally, hypoxia up-317 

regulated protein 1, stress-70 protein, mitochondrial, 78 kDa glucose-regulated protein, 318 

endoplasmin, and heat shock protein beta-1 were found to be up-regulated in both conditions.  319 

 320 

Table 3 Functional classification of significantly altered proteins related to cell death (a) 321 

Accession 
number 

Gene 
name 

Protein names 
iTRAQ fold change 

Expression 
pattern Untreated 

TGFβ 
treated 

    Chaperones and heat shock proteins       

P12956 XRCC6 X-ray repair cross-complementing protein 6 1.25 n/o ↑ 

P38646 HSPA9 stress-70 protein, mitochondrial 1.42 1.39 ↑ 
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P11021 HSPA5 78 kDa glucose-regulated protein 1.54 1.43 ↑ 

P14625 HSP90B1 endoplasmin  1.65 1.68 ↑ 

P04792 HSPB1 heat shock protein beta-1  4.44 3.96 ↑ 

Q96EY1 DNAJA3 
DnaJ homolog subfamily A member 3, 
mitochondrial  

n/o 1.33 ↑ 

Q9UBS4 DNAJB11 DnaJ homolog subfamily B member 11  n/o 1.58 ↑ 

P34932 HSPA4 heat shock 70 kDa protein 4  n/o 1.70 ↑ 

Q8WXX5 DNAJC9 DnaJ homolog subfamily C member 9  n/o 1.91 ↑ 

P50454 SERPINH1 serpin H1  1.55 n/o ↑ 

P31689 DNAJA1 DnaJ homolog subfamily A member 1  n/o 0.36 ↓ 

P51572 BCAP31 B-cell receptor-associated protein 31  n/o 0.50 ↓ 

P08107 HSPA1A heat shock 70 kDa protein 1A/1B n/o 0.68 ↓ 

P11142 HSPA8 heat shock cognate 71 kDa protein  n/o 0.73 ↓ 

P50991 CCT4 T-complex protein 1 subunit delta  n/o 0.75 ↓ 

            

    Apoptosis-related proteins       

Q9Y4L1 HYOU1 hypoxia up-regulated protein 1 1.28 1.35 ↑ 

O95831 AIFM1 apoptosis-inducing factor 1, mitochondrial  n/o 1.35 ↑ 

Q9UKV3 ACIN1 
apoptotic chromatin condensation inducer 
in the nucleus  

n/o 1.65 ↑ 

Q96A26 FAM162A protein FAM162A  n/o 1.86 ↑ 
(a) Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. 
These proteins have met the stipulated criteria (i.e., unused protein score >2.0 and the change in expression level of at 
least 1.2 fold for HCT116WT/HCT116uPAR-AS untreated and TGFβ-treated conditions. n/o – not observed. 

 322 

Interestingly, the apoptotic related molecules apoptosis-inducing factor 1, 323 

mitochondrial (AIFM1) (or Programmed cell death protein 8; PDCD8), apoptotic chromatin 324 

condensation inducer in the nucleus (ACIN1), and protein FAM162A (or human growth and 325 

transformation-dependent protein; HGTD-P) were found to be significantly up-regulated in 326 

the TGFβ treated HCT116WT cells (Table 3). AIFM1 was reported by Kim et al., to induce 327 

apoptosis by inhibiting protein synthesis [35]. During apoptotic induction AIFM1 328 

translocates from the mitochondria into the nucleus where it binds to the eukaryotic 329 

translation initiation factor 3 subunit p44 (eIF3g) required for protein synthesis [35]. It is not 330 

surprising to see the up-regulation of AIFM1 as IPA showed eIF4 signalling to be the top 331 

canonical pathway altered in these cells. Additionally, overexpression of FAM162A a death-332 

inducing effector molecule downstream of HIF-1α (Hypoxia-inducible factor 1α) was 333 

reported by Lee et al., to facilitate cell death by inducing mitochondrial apoptotic pathway 334 

[36]. This increased expression of these apoptosis inducing proteins suggests that anoikis 335 

has been triggered in the TGFβ treated HCT116WT cells. 336 

 337 
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Table 4 Functional classification of significantly altered proteins related to protein 338 

trafficking (a) 339 

Accession 
number 

Gene 
name 

Protein names 
iTRAQ fold change 

Expression 
pattern Untreated 

TGFβ 
treated 

    Ras-related Proteins       

P61026 RAB10 Ras-related protein Rab-10 7.54 4.72 ↑ 

P51148 RAB5C Ras-related protein Rab-5C  1.87 n/o ↑ 

P51149 RAB7A Ras-related protein Rab-7a  1.73 n/o ↑ 

P61224 RAP1B Ras-related protein Rap-1b  1.57 n/o ↑ 

Q15907 RAB11B Ras-related protein Rab-11B  n/o 0.69 ↓ 

            

    Protein trafficking       

Q86Y82 STX12 syntaxin-12  1.38 1.81 ↑ 

O15400 STX7 syntaxin-7  1.48 1.56 ↑ 
(a) Fold change ratios of significantly altered proteins observed in two biological replicates of iTRAQ experiment. 
These proteins have met the stipulated criteria (i.e., unused protein score >2.0 and the change in expression level 
of at least 1.2 fold for HCT116WT/HCT116uPAR-AS untreated and TGFβ-treated conditions. n/o – not observed 

 340 

Proteins involved in trafficking. Several Ras-related proteins were found to be up-341 

regulated in the untreated HCT116WT cells (Table 4). The identified Rab and Rap proteins 342 

are GTPases that are required for protein trafficking across the membranous cell organelles 343 

including endoplasmic reticulum, Golgi complex, endosomes and plasma membrane. For 344 

example, Rab-10 has been reported to be involved in trafficking from the Golgi at early 345 

stages of epithelial polarization [37, 38]. Additionally, Rab-10 was found to be up-regulated 346 

in both untreated (7.54 fold↑) and TGFβ-treated (4.72 fold↑) conditions (Table 4). 347 

Interestingly, treatment with TGFβ resulted in a 2.8-fold decrease in the expression of Rab-348 

10 and this differential expression was validated through Western blotting (Figure 5). 349 

Surprisingly, there are very few reports that have identified Rab-10 in association with 350 

cancer. However, Lee et al., identified Rab-10 in an HMGB1 (high mobility group box 1) 351 

pull-down experiment on the same cells we use here, namely HCT116 cells [39]. This 352 

observation is interesting as HMGB members have previously been associated with cell 353 

migration [40]. Our study would be the second after Lee et al., [39] to report the 354 

identification of Rab-10 in the context of CRC. 355 

Two other proteins, syntaxin-7 and syntaxin-12, that regulate protein trafficking from 356 

the plasma membrane to the early endosomes [41] were observed to be up-regulated (Table 357 

4). Decreased expression of Syntaxin-7 in melanoma is associated with more aggressive 358 
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tumours [42]. In contrast, up-regulation of Syntaxin-7 in this study could indicate a less 359 

aggressive phenotype or even growth inhibition. 360 

This study also identified other proteins such as plasminogen activator inhibitor 1 361 

RNA-binding protein, transforming protein RhoA, uncharacterized protein C19orf43, and 362 

scavenger receptor class B member 1 to be up-regulated while transferrin receptor protein 1, 363 

protein FAM3C, Ragulator complex protein LAMTOR1, membrane-associated 364 

progesterone receptor component 1, DBIRD complex subunit KIAA1967, and 365 

uncharacterized protein KIAA2013 to be down-regulated (Supplementary tables 3). 366 

Interestingly, KIAA1967 or deleted in breast cancer gene 1 protein (DBC1) expression has 367 

been observed in various cancers with varying outcomes [43-46]. Zhang et al., reported that 368 

the overexpression of DBC1 in CRC results in poor prognosis [46], which confers with this 369 

study. However, low expression of DBC1 was associated with poor prognosis in CRC as 370 

reported by Kikuchi et al., [47]. In contrast, several studies report the overexpression of 371 

DBC1 in other cancers to be associated poor prognosis [43-45].  372 

2.7 Validation of selected protein candidates by western blotting 373 

To confirm that the fold changes values of proteins observed through iTRAQ was 374 

real, the differential expression of three proteins – ezrin, annexin A2 and Ras-related protein 375 

Rab-10, were validated using Western blotting. As shown in Figure 5, the relative expression 376 

of these proteins was assayed using specific antibodies. The results observed here were in 377 

agreement with the fold changes observed through iTRAQ. 378 

 379 

 380 

Figure 5 Validation of proteomic results. The differential expression of 3 proteins was 381 
validated by Western-blot analysis. 20 μg of protein sample for TGFβ –treated and untreated 382 

HCT116WT and HCT116uPAR-AS cells were separated on SDS-PAGE gel followed by 383 
Western blotting using ezrin (sc-58758), annexin A2 (ab41803) and Rab-10 (ab181367) 384 

antibodies. 385 
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 386 

Leiphrakpam et al., recently reported that the expression of ezrin and the 387 

phosphorylatiaon at its T567 site was increased during CRC liver metastasis [48]. From the 388 

Western blot analysis, it is clear that the HCT116WT cells endogenously have higher ezrin 389 

levels compared to the HCT116uPAR-AS cells that have lower uPAR expression. However, the 390 

addition of TGFβ to either cells increased ezrin expression, suggesting a TGFβ-mediated 391 

growth of these cells. Other studies on breast cancer and tongue squamous cell carcinoma 392 

have shown that the expression of ezrin is required during proliferation, migration and 393 

invasion during cancer [49, 50]. 394 

Annexin A2 overexpression has been observed in pancreatic, colorectal and brain 395 

tumours and correlated with advanced clinical stage [51]. Likewise, high expression of 396 

annexin A2 was observed in metastatic CRC cells compared with non-metastatic cells [52]. 397 

Similar to ezrin, annexin A2 was found to be expressed at high levels when uPAR was 398 

expressed (HCT116WT) and decreased with uPAR expression (HCT116uPAR-AS). However, 399 

the addition of TGFβ showed very little difference in the expression. 400 

The increased expression of these proteins in cells with high uPAR expression, 401 

regardless of TGFβ treatment, suggests that uPAR primarily could be responsible for the 402 

cancer progression propertied observed within these cell lines. 403 

2.8 Network analysis of proteomic data using Ingenuity Pathway Analysis 404 

To examine the biological significance, the proteomic data was examined using IPA 405 

server. The differentially expressed proteins from the untreated and TGFβ-treated were 406 

analysed separately. The untreated dataset contained 222 proteins and the TGFβ-treated 407 

dataset contained 279 proteins. It is important to note that 155 proteins were found to be 408 

observed in both datasets. Despite the large overlap, the network aimed to differentiate 409 

changes associated with TGFβ treatment. First we examined the untreated dataset.  410 

IPA of untreated dataset. IPA identified various fundamental cellular functions 411 

including (i) cellular growth and proliferation (ii) cell death and survival (iii) protein 412 

synthesis (iv) cell morphology and (v) cellular function and maintenance to be significantly 413 

altered in either of the untreated HCT116 subclone cell lines. Likewise, several networks 414 

related to these cellular processes were also seen to be altered significantly. They include, 415 

“Protein Synthesis, Cell Death and Survival, Drug Metabolism” (IPA score=41), “Cell-To-416 

Cell Signaling and Interaction, Cancer, Organismal Injury and Abnormalities” (IPA 417 
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score=35), “Cell Death and Survival, Cell-To-Cell Signaling and Interaction, Cardiovascular 418 

System Development and Function” (IPA score=31) and “Cell Cycle, Cancer, Organismal 419 

Injury and Abnormalities” (IPA score=25).  420 

IPA also showed eIF2 signalling, regulation of eIF4 and p70S6K signalling to be the 421 

top two canonical pathways to be altered with this data set. Majority of the molecules that 422 

were associated with these pathways were various ribosomal proteins. IPA showed 423 

eukaryotic translation initiation factor 4 gamma 1 (eIF4G1) to be associated with both these 424 

pathways and was observed to be down-regulated by proteomics (iTRAQ-fold change, 425 

0.60↓). eIF4G1 is the most abundant member of the eIF4G scaffold protein family, whose 426 

elevated expression in yeast promoted direct mRNA-ribosome interaction and translation of 427 

mRNAs with longer polyA tails, thereby promoting mRNA translation efficiency [53-55]. 428 

eIF4G1 is a component of the eIF4F complex that is essential for mRNA translation. The 429 

down-regulation of eIF4G1 in mammalian and yeast cells showed a decrease in mRNA 430 

translation of multiple mRNAs but was not completely inhibited [53, 56]. This suggest that 431 

eIF4G1 is crucial for increasing mRNA translation under stress conditions and the observed 432 

down-regulation in this study could mean a normal functioning of the cells. 433 

To further investigate the regulators associated with the proteomic changes observed, 434 

the upstream regulator analysis in IPA was implemented. Interestingly, TGFβ1 system was 435 

found to be activated (activation z-score, 2.2; p-value, 0.041), despite any treatment. This 436 

shows that TGFβ is endogenously expressed in these cells. Furthermore, IPA associated the 437 

IgG and TGFβ regulators with several diseases and functions including adhesion of colon 438 

cancer cell lines, attachment of tumour cell lines binding of tumour cell lines, and cell 439 

movement of carcinoma cell lines. Rightly, IPA identified CALR, CD44, EZR, HSPB1, 440 

ITGA2, ITGA3, ITGB1, LGALS1, LGALS3, and SCARB1 to be involved in these 441 

functions.  442 

IPA of TGFβ-treated dataset. IPA identified cancer as the top disease while (i) 443 

RNA post-translational modification, (ii) cellular growth and proliferation, (iii) cell death 444 

and survival, (iv) protein synthesis and (v) cellular development were found to be the top 445 

cellular functions associated with the dataset. IPA also identified several networks associated 446 

with these cellular functions. The top three networks are “Protein Synthesis, Cancer, 447 

Hematological Disease” (IPA score=43), “RNA Post-Transcriptional Modification, 448 

Carbohydrate Metabolism, Cell Morphology” (IPA score=36) and “Cell Death and Survival, 449 
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Cancer, Organismal Injury and Abnormalities” (IPA score=36). IPA also showed eIF2 450 

signalling to be the top canonical pathway that is significantly altered. Interestingly, no eIFs 451 

were found to be altered upon treating HCT116WT and HCT116uPAR-AS cells with TGFβ. Like 452 

the untreated cells, the TGFβ1 system was found to be activated (activation z-score, 2.2) but 453 

was not significant.  454 

The IPA showed several basic cellular functions to be altered when uPAR is 455 

differentially expressed in the HCT116 cells. Similar observations were also seen when the 456 

HCT116 cells were treated with TGFβ. 457 

3. DISCUSSION 458 

Colorectal cancer is the third most common cancer globally with mortality rates over 459 

50% [1] with majority of the deaths being due to metastasis [3]. Several proteins including 460 

uPAR and TGFβ have been implicated in CRC biology. Likewise, several studies have 461 

shown that increased uPAR expression is associated with poor overall survival of cancer 462 

patients [4, 18, 19]. However, several reports have implicated TGFβ in CRC, but its exact 463 

mechanism is not very well understood. This study aimed to investigate the effects of TGFβ 464 

on HCT116 subclone cells with differential uPAR expression. 465 

The observations from initial cell proliferation (CP) and invasion studies showed that 466 

TGFβ did not significantly affect these processes. In contrast, the HCT116uPAR-AS cells 467 

showed significant decrease in CP upon addition of TGFβ alone or with SB431542. 468 

Although, the HCT116uPAR-AS showed no difference in invasion upon TGFβ treatment, this 469 

invasion was significantly decreased upon treatment with SB431542 alone or with TGFβ. 470 

These observations suggest that the proliferation of the HCT116WT cells with high uPAR 471 

expression could happen independent of TGFβ. In contrast, the increased proliferation 472 

associated with HCT116uPAR-AS cells upon treatment with SB431542 could be through non-473 

TGFβ mediated pathways such as mitogen-activated protein kinases (MAPKs). Overall, the 474 

cell based assays showed that high uPAR expression by itself can promote malignant 475 

phenotypes whereas lower uPAR expressing cells/tumours require assistance to attain the 476 

malignant phenotype. Interestingly, Brattain et al., had reported the parent HCT116 cells to 477 

be tumourigenic, when trypsinized or scrapped cells in tissue culture medium without any 478 

serum given as subcutaneous injections, to athymic nude mice [57]. Wang et al., also 479 

reported pulmonary metastases to occur in 63-78% of athymic nude mice injected with the 480 

parent HCT116 cells [58]. However, injection of the antisense transfected clones, 3′-AS7 481 
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and 5′-AS, showed pulmonary metastases only in 19% and 9% of the mice respectively [58]. 482 

The observations from our cell based studies seem to align with these mice studies, where 483 

proliferation and invasion was more pronounced in HCT116WT cells with high uPAR 484 

expression and reduced when uPAR expression was artificially decreased by ~50%. These 485 

interesting observations were then examined by proteomics. 486 

Our focus in this study was to identify membrane proteomic changes in the 487 

HCT116WT and HCT116uPAR-AS cells associated with TGFβ treatment at a concentration (10 488 

ng/mL) that recapitulates the levels during CRC Dukes’ stage B-D [15]. Following Triton 489 

X-114 phase partitioning for enrichment of highly hydrophobic integral membrane proteins 490 

they were subsequently analysed using iTRAQ. Using this high-throughput quantitative 491 

proteomics approach we identified several proteins as significantly altered. Proteomic results 492 

and the IPA of the data showed several proteins associated with the cytoskeletal signalling, 493 

cell adhesion and migration, cell death and survival, and protein trafficking were found to 494 

be up- or down-regulated either in a TGFβ-dependant or a TGFβ-independent manner when 495 

uPAR was differentially expressed. Three proteins of interest – ezrin, annexin A2 and Ras-496 

related protein Rab-10 were further validated by western blotting. Interestingly, the 497 

increased expression of ezrin and annexin A2 was reported to be crucial for metastasis in 498 

several cancers and their blockade or deficiency significantly reduced cell proliferation, 499 

migration and invasiveness [49-51, 59]. Prior to this study, Rab-10 was observed in only one 500 

other study in the context of CRC [39], which is an interesting observation.  501 

In conclusion, the observations from cell based studies and proteomics study suggest that 502 

the cells expressing uPAR (HCT116WT) do not significantly respond to TGFβ treatments in 503 

contrast to those with lower uPAR levels (HCT116uPAR-AS). These observations suggest a 504 

possible malignant phenotype of the HCT116WT cells in a TGFβ-independent manner and TGFβ-505 

dependant growth suppression in the HCT116uPAR-AS cells. Furthermore, the identification of 506 

Rab-10 is interesting and it warrants further investigation. Finally, the identification of important 507 

protein networks offer valuable information toward future research on role of TGFβ in CRC. 508 

4. MATERIALS AND METHODS 509 

4.1 Cell lines 510 

This study utilised the subclones of HCT116 cells (ATCC® CCL-247™). The 511 

HCT116 wild-type (HCT116WT) and HCT116 uPAR anti-sense (HCT116uPAR-AS) were a 512 

kind gift from Professor Yao Wang (Orthopaedic Research Institute, St George Hospital, 513 
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Sydney, Australia). The HCT116uPAR-AS subclone has shown approximately 35% decreased 514 

cell surface uPAR [26]. This decreased expression was achieved by stable transfection of 515 

the HCT116WT cells with a pDR2 vector which expresses 5′ uPAR cDNA in an antisense 516 

orientation [26]. HCT116 WT cells were maintained in complete Dulbecco's Modified 517 

Eagle’s Medium (DMEM; cat. no. D5796, Sigma-Aldrich Pty. Ltd, NSW, Australia) 518 

supplemented with 10% FBS and incubated at 37°C in the presence of 5% CO2. Complete 519 

media for HCT116 AS cells contained an additional 400 μg/mL hygromycin B as a selective 520 

antibiotic. Serum-free (SF) media used for both cell lines contained only 0.5% FBS. The 521 

primary HCT116 cell has been previously found to be tumourigenic to athymic nude mice 522 

when they were given subcutaneous injections with trypsinized or scrapped cells in tissue 523 

culture medium without any serum [57]. Cell lines tested negative for Mycoplasma infection 524 

using the PCR-based VenorGeM Mycoplasma Detection Kit (Minerva Biolabs Cat. No. 11-525 

1050).  526 

4.2 Recombinant protein treatment protocol 527 

The recombinant protein treatment method employed during this study remained 528 

constant for all the assays. Freshly passaged HCT116 cells were seeded and incubated in 529 

complete media for 24 hr and then serum starved using SF media for 24 hrs. At this point 530 

recombinant proteins were aseptically added and incubated as required. Recombinant 531 

Human TGFβ1 was purchased from R&D Systems (Minnesota, USA) and SB431542 (TGFβ 532 

Receptor I kinase inhibitor) was purchased from Abcam (Cambridge, UK). Four treatment 533 

conditions were employed during this study: 1) SF media as a negative control, 2) SF media 534 

+ 10ng/mL active TGFβ, 3) SF media + 10µM SB431542 and 4) SF media + 10ng/mL active 535 

TGFβ + 10µM SB431542. TGFβ1 was added to the cells 30 min after treating with 536 

SB431542. All the cell based experimental comparisons were performed in biological 537 

triplicates and were repeated at least twice and are presented as a percentage of the untreated 538 

HCT116 WT cells.  539 

4.3 Cell-proliferation assay 540 

The cells were seeded at a density of 1x105cells into six-well plates and prepared for 541 

recombinant protein treatment as outlined above. The cells were then incubated in presence 542 

of recombinant proteins for 24hr. They were then detached from the well surface by 543 

trypsinization, gently mixed in a 1:1 ratio of cell suspension to 0.4% Trypan Blue (Sigma 544 

Aldrich) and the live cells enumerated using a BioRad TC-10TM automated cell counter. It 545 
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should be noted that the trypan blue exclusion measures the steady state balance between 546 

cell viability and proliferation does not measure cell death. All conditions were performed 547 

in biological triplicate and statistical testing for significance performed using a Student’s t-548 

test with a significance cut-off of p<0.05.  549 

4.4 Invasion assay 550 

The ability of cells to invade through extra-cellular matrix (ECM) was assessed using 551 

the Chemicon QCM 96-well Invasion Assay Kit (ECM555, CHEMICON, International, CA, 552 

USA) and performed according to manufacturer’s instructions. Briefly, serum starved 553 

HCT116 cells were non-enzymatically (trypsin/EDTA) detached from the growing surface 554 

and resuspended in SF media. Then, 5×104 cells and recombinant proteins were placed in 555 

the invasive chamber and incubated at 37 °C for 18 hrs. The cells which migrated through 556 

the ECM layer and attached to the bottom of the polycarbonate membrane, were dissociated 557 

from the membrane after incubation with the 150 μL of Cell Detachment Solution (37 °C 558 

for 30 min). Next, 50 μL of lysis buffer/CyQuant GR Dye Solution (1:75) was added to each 559 

well and incubated (15 min, room temperature). Finally, 150 μL of this mixture was 560 

transferred to a new 96-well plate, and the fluorescence was measured using a FLUOstar 561 

OPTIMA microplate spectrophotometer (BMG Labtech) using 480 nm/520 nm filter set. All 562 

conditions were performed in biological triplicate and statistical testing for significance 563 

performed using a Student’s t-test with a significance cut-off of p<0.05. 564 

4.5 Membrane Protein Enrichment 565 

The HCT116 cells were seeded in 15-cm cell culture dishes and at a confluence of 566 

70-75%, were stimulated with 10 ng mL-1 of TGFβ1 for 24 hrs in the presence of SF media. 567 

The cells were then collected in lysis buffer containing 50 mM Tris-HCl, 100 mM NaCl, 568 

protease inhibitor cocktail (Roche Applied Science) and phosphatase inhibitors (Sigma 569 

Aldrich) and left on ice for 30 min before proceeding to membrane enrichment. The cells 570 

were stored at -80 °C if not used immediately and were thawed on ice before proceeding to 571 

membrane enrichment. 572 

 Membrane enrichment was performed using a previously published method [60] with 573 

slight modifications. In detail, the crude cell lysate was homogenized in the lysis buffer using 574 

a probe sonicator (Branson Sonifier 450; www.bransonultrasonics.com). The homogenized 575 

cell lysate was centrifuged at 2000g (20 min, 4 °C) to remove nuclei and cell debris. The 576 
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supernatant containing the membrane and other cellular proteins was then diluted to 8 mL 577 

using binding buffer (20 mM Tris-HCl, 100 mM NaCl) and subjected to ultracentrifugation 578 

(Sorvall Discovery; M120 SE, S80AT3 rotor) at 120,000g (90 min, 4 °C). The resulting 579 

membrane pellet was washed twice with 0.1 M sodium carbonate (pH 11.0) and 580 

resuspended/homogenized in binding buffer. The homogenized membrane proteins were 581 

diluted with 4 volumes of binding buffer containing 1% (v/v) Triton X-114 and chilled on 582 

ice for 10 min with intermittent vortexing. Samples were then heated at 37 °C for 20 min 583 

and phase partitioned by centrifugation at 1000g (3 min). The detergent phase was further 584 

diluted with 4 volumes of binding buffer containing 1% (v/v) Triton X-114 and phase 585 

partition was repeated. The integral membrane proteins in the Triton X-114 detergent phase 586 

were subjected to acetone precipitation. The precipitated membrane proteins were 587 

resolubilized in 0.5 M triethyl ammonium bicarbonate (TEAB) (Sigma-Aldrich, Australia) 588 

and 0.1% SDS and stored at -80 °C if not used immediately. Protein samples were 589 

quantitated using Pierce™ BCA Protein Assay Kit and 100 µg of protein was used to 590 

perform the iTRAQ analyses. 591 

4.6 iTRAQ isobaric labelling 592 

iTRAQ labelling was carried out, using a 4-plex isobaric tagging kit (AB SCIEX), 593 

according to manufacturer’s instructions with minor modifications. iTRAQ analysis was 594 

performed in biological duplicates for each cell line, where in one set of samples were not 595 

treated with TGFβ1. Briefly, 100 µg of total membrane protein samples for each replicate 596 

were reduced using 5 mM Tris-(2-carboxyethyl) phosphine (TCEP) (60 C, 1 h), alkylated 597 

with 10 mM methyl methanethiosulfonate (MMTS) (room temperature, 10 min) and 598 

digested with trypsin (Promega; 1:25 w/w, 37C overnight). The digested peptides were then 599 

dried and reconstituted in 0.5 M TEAB and ethanol (70% (v/v) final concentration). They 600 

were then labelled with respective 4-plex isobaric tags and incubated at room temperature 601 

for 1 hr before being combined. Confirmation of labelling and mixing was carried out using 602 

MALDI-MS. The iTRAQ labelled samples were dried and stored at -80C if not used 603 

immediately. 604 

4.7 Strong cation exchange chromatography separation 605 

The strong cation-exchange chromatography (SCX) was performed to remove 606 

interfering substances such as dissolution buffer, organic solvents (ethanol, acetonitrile, 607 
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TEAB), reducing agent (TCEP), alkylating agent (MMTS), SDS and any excess iTRAQ 608 

reagents. The samples were fractionated by SCX using an Agilent 1260 quaternary HPLC 609 

pump with a PolyLC polysulfoethyl aspartamide column (200 mm x 2.1 mm, 5µm, 200 Å; 610 

PolyLC, Columbia, MD). The column was equilibrated with buffer A (5mM KH2PO4, 25% 611 

v/v acetonitrile (ACN), pH 2.72), which was also used for sample resuspension, sample 612 

injection and peptide adsorption to the column. Peptide elution was achieved with a step 613 

gradient of 10, 45 and 100% (v/v) buffer B (5mM KH2PO4, 25% v/v ACN, 350mM KCl pH 614 

2.72) at a flow rate of 0.3mL/min. Peptides were collected every 4.5 min between 10 and 28 615 

min; 4 min between 28 and 40 min; 2 min between 40 and 70 min and; 4 min between 70 616 

and 132.5 min. The resulting SCX fractionated samples were dried in a vacuum centrifuge 617 

and stored at -20C until mass spectrometry was performed. 618 

4.8 Nano-LC MS/MS analysis 619 

The dried peptides from each SCX fractions were resuspended in loading/desalting 620 

solution (0.1% v/v formic acid (FA), 2% v/v ACN) and 40μL of sample was loaded onto a 621 

reverse phase peptide Captrap (Michrom Bioresources, USA) for pre-concentration and 622 

desalting with 0.1% v/v FA, 2% v/v ACN at 5μL/min for 10 min per fraction. The peptide 623 

trap was then switched on line with the Halo C18 column (75μm x 10 cm, 2.7μm, 160Å) 624 

(Advanced Materials Technology, USA). The desalted peptides in each fraction were eluted 625 

from the C18 column using a linear solvent gradient, with steps, from 98:2 of mobile phase 626 

A (0.1% v/v FA): mobile phase B (90% v/v ACN, 0.1% v/v FA) to 65:35, at 300 nL/min 627 

over 100 min per fraction. After peptide elution, the column was cleaned with 95% buffer B 628 

for 15 min and then equilibrated with buffer A for 25 min before next sample injection.  629 

Mass spectra were acquired on an AB SCIEX TripleTOF 5600 mass spectrometer. 630 

The reverse phase nanoLC eluent was subjected to positive ion nanoflow electrospray 631 

analysis in an information dependant acquisition (IDA) mode. In the IDA mode, TOF-MS 632 

survey scan spectra from m/z 400 – 1500 were acquired for each fraction every 0.25 s. The 633 

ten most intense multiply charged ions (counts >150) in the survey scan were sequentially 634 

subjected to MS/MS analysis. MS/MS spectra were accumulated for 200 milliseconds in the 635 

mass range m/z 100 – 1500 with the total cycle time 2.3 seconds. 636 

4.9 Protein identification 637 
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The nanoLC ESI MS/MS data set (*.wiff) files were submitted into ProteinPilot 638 

software (ver. 4.2b, AB SCIEX) for data processing and protein identification. This program 639 

uses the Paragon Algorithm for protein database searching, identification, protein grouping 640 

for the removal of redundant hits and quantitative comparisons [61]. The following search 641 

parameters were selected: sample type, iTRAQ 4plex (peptide labelled); Cysteine alkylation, 642 

MMTS; Digestion, trypsin; Instrument, TripleTOF 5600; Special factors, none; Species, 643 

human; ID focus, biological modifications; Database, uniprot_sprot2014; and Search effort, 644 

thorough. The resulting data set was auto bias corrected ProteinPilot to get rid of any 645 

variations imparted due to the unequal mixing during the combination of different labelled 646 

samples or loading errors. The detected protein threshold (unused ProtScore) was set to ≥ 647 

1.3 (95% confidence or better) and a p-value (p < 0.05) ensured that protein identifications 648 

and subsequent quantitation were not based on single peptide hits. The results were then 649 

exported into Microsoft Excel for manual data interpretation and other statistical analysis. 650 

4.10 Bioinformatics Analysis of Proteomic Data 651 

To appreciate the data generated, lists of significantly altered proteins were uploaded 652 

into QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, 653 

www.qiagen.com/ingenuity) software server and analysed using the Core Analysis module 654 

to rank the proteins into top biological functions including disease and disorders as well as 655 

molecular and cellular functions. The reference set and parameters for IPA on significantly 656 

altered protein list was as follows: (i) Reference set, Ingenuity Knowledge Base (Genes 657 

Only); (ii) Relationship to include, Direct and Indirect; (iii) Filter Summary, Consider only 658 

molecules and/or relationships where (species = Human) AND (cell lines = All Cancer cell 659 

lines in ingenuity database). Additionally, cellular location of all the identified proteins was 660 

determined using PloGO, a gene ontology (GO) mapping software [62]. 661 

4.11 Western blotting assay 662 

Protein extracts used for iTRAQ analysis were separated using 4-12% NuPAGE gel 663 

(Invitrogen) at 200V for 1hr. The resolved proteins were then electrophoretically transferred 664 

onto to a PVDF membrane (Invitrogen). After the transfer, the PVDF membranes were 665 

immediately incubated in blocking buffer, containing Tris buffered saline (TBS) with 3% 666 

(w/v) bovine serum albumin (BSA) and 0.5% (v/v) Tween-20, for 1 hr at room temperature 667 

with gentle shaking. The blots were then incubated with specific primary antibody overnight 668 
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(4 oC) with gentle shaking. Following this they were then incubated with horseradish 669 

peroxidase-conjugated mouse, goat or rabbit secondary antibodies (R&D Systems, 670 

Minnesota, USA). The imunoreactivity was detected using chemiluminescence substrate 671 

(SuperSignal West Femto Maximum Sensitivity Substrate, Thermo) and imaged using LAS 672 

3000, FUJI. The following primary antibodies were used: uPAR antibody (AF807) was 673 

purchased from R&D Systems; annexin A2 (ab41803) and RAB10 (ab181367) were 674 

purchased from abcam; and ezrin (sc-58758) was purchased from Santa Cruz Biotechnology. 675 

Antibody dilutions were applied as per manufacturer’s recommendations. Image Studio Lite 676 

(ver 5.0) (LI-COR, http://www.licor.com/bio/products/software/image_studio_lite/) was 677 

used for measurement of signal intensities where required. 678 

4.12 Statistical Analysis 679 

All statistical analyses were performed using R-package and/or Microsoft Excel. All 680 

the p-values were calculated using student’s t-test followed by Bonferroni p-value 681 

correction. A p<0.05 was considered to be statistically significant for each case.  682 

SUPPLEMENTARY INFORMATION 683 

Supplementary Table 1. The complete list of 222 proteins that were significantly 684 

up- or down-regulated in the untreated HCT116WT cells relative to the untreated 685 

HCT116uPAR-AS cells (HCT116WT-/ HCT116uPAR-AS-); Supplementary Table 2. The 686 

complete list of 279 proteins that were significantly up- or down-regulated in TGFβ treated 687 

HCT116WT cells relative to TGFβ treated HCT116uPAR-AS cells (HCT116WT+/HCT116uPAR-688 

AS+); Supplementary Table 3. List of other important proteins identified from untreated 689 

and TGFβ treated conditions. 690 
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CHAPTER 5 
The observations from studies in the previous chapters clearly indicated that TGFβ can 

promote alterations in cancer related molecules and pathways upon expression of β6 integrin 

and uPAR. Therefore, it is important to further understand/investigate the expression levels 

of these molecules in biological samples. This prompted the investigation of TGFβ and 

uPAR expression levels in a clinical setting using human blood plasma samples from Dukes’ 

stage A-D CRC patients (n=60) and unaffected normal control plasmas (n=15). These 

samples were analysed using the Proseek Multiplex Oncology I kit that evaluated the 

expression of 92 putative cancer-related proteins including Latency-associated peptide 

TGFβ1 (LAP TGFβ1) and uPAR from just 1μL of human plasma. The observations from 

this study indicated no significant difference in expression of LAP-TGFβ1 and uPAR in 

plasma between various stages. However, this study identified CEA, IL-8 and prolactin as 

potential CRC biomarkers that significantly differentiate the unaffected controls from non-

malignant (Dukes’ A + B) and malignant (Dukes’ C + D) stages. These findings are an 

important step towards identifying and developing a CRC biomarker panel that can in the 

future be used for diagnostic and therapeutic purposes. 

 

The study was conducted under Macquarie University Human Ethics Committee approval 
(Approval No. 5201200702). 

5.1 - A novel multiplexed immunoassay identifies CEA, IL-8 and prolactin as 
prospective markers for Dukes' stages A-D colorectal cancers. Clin Proteomics. Apr 8; 
12(1):10. doi: 10.1186/s12014-015-9081-x. eCollection 2015. [Publication VI] 
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GENERAL DISCUSSION, 
FUTURE DIRECTIONS AND 
CONCLUSION 
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6.1 General discussion 
Colorectal cancer (CRC) is the third most prevalent cancer globally with mortality rates over 

50% with cancer spread (metastasis) being responsible for the bulk of these deaths [6, 129]. 

Like most cancers, CRC advances through various stages altering and/or utilising molecules 

associated with various biochemical pathways to gradually progress from being a benign 

polyp through an adenocarcinoma and finally to becoming metastatic cancer.  

Several proteins families including growth factors (e.g., TGFβ, VEGF, EGFR), integrins 

(e.g., αvβ6, αvβ1, αvβ3, and α6β4), proteolytic enzymes and their regulators (e.g., plasmin, 

uPAR, PAI-1, cathepsins, MMPs to name but a few), MAPK pathway members (e.g., 

ERK1/2, Ras, JNK, p38), Wnt and Notch signaling have been implicated as dysfunctional 

in CRC.  

The primary aim of this thesis was to contribute to new knowledge regarding the role TGFβ 

has in model systems of cancer where we have artificially reduced the expression levels of 

two known activator system of TGFβ, namely integrin 6 and the uPA protease receptor 

uPAR. This was achieved by employing state-of-the-art proteomics, cell signalling assays 

(i.e., AlphaScreen® SureFire® Assay) and multiplexing technologies (i.e., Proseek 

Multiplex Oncology I kit), in conjunction with sophisticated bioinformatics using a panel of 

cultured human CRC cell lines and clinically staged CRC plasma samples. 

As outlined in earlier chapters, our group and several others have published that β6 and 

uPAR play a significant role in CRC [69, 71, 154, 158, 185, 190-193, 376, 377] as interaction 

partners. Additionally, β6 (a direct activator of TGFβ) and uPAR (an indirect activator of 

latent TGFβ through the uPA-driven activation of cell-surface plasmin) can influence TGFβ 

activation and subsequent cancer-related biologies. The body of work began in our group 

after Saldanha et al., using ovarian cancer (OVCA429) cells observed β6 integrin subunit as 

the dominant protein in a co-immunoprecipitation (co-IP) experiment with anti-uPAR 

antibodies. In a subsequent reverse IP using anti-β6 antibodies co-purification of uPAR was 

demonstrated, and since then our group has relentlessly shown other evidence confirming 

the uPAR•β6 interaction [180].  

The uPAR•αvβ6 interaction was recently further investigated by Ahn et al., (our group; 

Publication VII of this thesis in Appendix II) using proximity ligation assay (PLA) and 

peptide array studies. This interaction in the ovarian cancer cells (OVCA429) and CRC cell 

lines (SW480 and HT29 subclones) was first confirmed using PLA and was observed to 
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occur at cell surface. PLA was performed using the anti-uPAR R4 and anti-αvβ6 6.4B4 

monoclonal antibodies. Subsequent, peptide array studies identified six potential αvβ6 

binding sites spanning across all three domains of uPAR [185]. Further in silico analysis of 

the peptide array data determined that domain II and III of uPAR are accessible for binding 

with αvβ6. Interestingly, Chaurasia et al., had observed that the 9-mer peptide derived from 

domain III (residues G262-Q270 from Uniprot KB: Q03405) of uPAR bound to α5β1 [378]. 

To confirm these observations from PLA and peptide array studies, Sowmya et al., (our 

group) undertook structural modelling to generate a three-dimensional structure of integrin 

αvβ6. This is quite remarkable as the crystal structure for αvβ6 has not been reported and 

therefore this homology model reported by Sowmya et al., offers a glimpse of the αvβ6 

structure [186]. Subsequent docking studies, using this homology model, confirmed the site 

of αvβ6 interaction to be in domain III of uPAR [186]. Furthermore, six (S229, E230, T248, 

G249, T250, E255) out of the 27 residues identified by peptide array study were consistent 

with the docking results that further strengthens the uPAR•αvβ6 interaction. 

Furthermore functional blocking of β6 using Clone 6.3G9 antibody inhibited uPA-

stimulated ERK1/2 phosphorylation and cell proliferation in OVCA429 cells [180]. 

However, both β6 and uPAR cannot participate directly in downstream signalling as they 

both lack intracellular kinase domains and require accessory/adaptor proteins to exert 

signalling effects. Saldanha et al., proposed that the αvβ6 and uPAR interaction might 

influence TGFβ activation which can then regulate cell proliferation and tumourigenesis 

[180], as they obtained some (currently unpublished data) suggesting TGFbR2 co-

immunoprecipitated as well. This lead to the novel hypothesis of the uPAR•αvβ6•TGFβ1 

interactome which is under investigation in this thesis. Another proteomic study (by our 

research group) using the SW480 CRC cell lines determined TGFβ1 expression to be 

significantly increased upon the overexpression of β6 (SW480β6OE cells) [149] adding 

considerable credence to our proposal. Considering these novel observations collectively, it 

was crucial to study these proteins in combination in order to fully comprehend their role/s 

in CRC. 

Therefore, this thesis aimed to investigate the role of TGFβ1 in the proposed hypothetical 

uPAR•αvβ6•TGFβ1 interactome using CRC cell lines that have β6 and uPAR expression 

artificially altered. This was primarily achieved by performing a combination of cell 

signalling assays, cancer cell behaviour assays and LC-MS/MS-based proteomics. 
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The first study of this thesis (Chapter 3, Study I) demonstrated that CRC cells that express 

β6 at varying levels (SW480β6OE, HT29Mock, HT29β6AS) [146, 379] have the ability to 

incorporate recombinant L-TGFβ1 and PLG zymogens as part the hypothetical 

uPAR•αvβ6•TGFβ1 interactome in cellulo and induce phenotypic changes required for 

cancer progression. Previous studies have shown that expression of β6 increases 

proliferation and invasion through its unique cytoplasmic tail that can mediate ERK1/2 

signalling activity [146, 379]. In agreement, treatment of β6 expressing cells with L-TGFβ1 

and/or PLG significantly enhanced proliferation, wound healing, migration and invasion 

phenotypes. Interestingly, ERK1/2 signalling activity was amplified upon treatment with L-

TGFβ1 and/or PLG, indicating the additive effects of these molecules through the 

uPAR•αvβ6•TGFβ1 interactome. These observations align with previous reports by Agrez 

et al., and Ahmed et al., [146, 379]. Additionally, TGFβ has been implicated in crosstalk 

with the ERK1/2 pathway [380-382] and the observed amplification of ERK activity could 

be due to β6 expression and TGFβ1 crosstalk. TGFβ1 has also been shown to induce ERK-

mediated phosphorylation of Smad2 and Smad3 [382]. Interestingly, an increased Smad2 

and Akt1/2/3 signalling activity was observed when β6 was expressed which was not 

significantly altered upon treatment with L-TGFβ1 and/or PLG. These results suggest a 

significant role for β6 and TGFβ1 in the uPAR/αvβ6/TGFβ1 interactome and highlight the 

importance of investigating the direct and indirect (as a result of crosstalk) signalling activity 

associated with various proteins implicated in cancer biology. The current study also 

demonstrated the diversity and complexity of signalling utilised by cancer cells to survive 

and eventually metastasise. This study, however, did not reveal the full extent of alterations 

to proteins required to maintain cancer phenotypes as that necessitated a more detailed 

proteomic investigation of these cell lines. 

The proteomic alterations associated with phenotypic changes observed in the previous 

study, were subsequently investigated in a high-throughput quantitative proteomic 

experiment (Chapter 3, Study II). In that study, however, the SW480 and HT29 CRC 

subclone cells were treated solely with active TGFβ1 as this allowed for an investigation of 

phenotypic and proteomic changes solely exerted by active TGFβ1 and not associated with 

activation of normally L-TGFβ1 that could introduce additional variables. Cell-based assays 

determined that cells expressing β6 when treated with TGFβ1 exhibited significantly 

enhanced proliferation, wound healing, migration and invasion and supported some of the 

observations shown in Chapter 3 as well as those observed by Agrez et al., and Ahmed et 

al., [146, 379]. The subsequent proteomic study was performed on plasma membrane-
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enriched cell samples to elucidate the TGFβ-mediated alterations in proteins, cellular 

pathways, processes, and behaviours when β6 is expressed. The high-throughput 

quantitative proteomics approach using iTRAQ following TGFβ treatment identified at least 

2,050 proteins for each cell line comparison. Several of the significantly altered proteins 

were associated with cytoskeletal remodelling, cell migration, invasion, adhesion, and 

cellular stress were observed to be differentially up- or down-regulated in a TGFβ-integrin 

6-dependent manner. The biological significance of these results was displayed through 

Ingenuity Pathway Analysis (IPA) and showed that the eukaryotic translation initiation 

factor 2 (eIF2) signalling pathway (previously associated with cancer [383-385]) was 

significantly altered when β6 subunit is expressed. These findings further demonstrate that 

β6 in the presence of active TGFβ1 potentiates pathways that are required to sustain the 

proliferative and invasive phenotypes required to attain malignancy at a later stage.  

The SW480 and HT29 subclone cells endogenously express uPAR and therefore were ideal 

to investigate the uPAR•αvβ6•TGFβ1 interactome. Although, it was not possible from the 

two previous studies of this thesis (Chapter 3, Study I & II) to determine if the observed 

phenotypic and proteomic changes were influenced by any associations between TGFβ1 and 

uPAR or β6 and uPAR. The possible associations between TGFβ1 and uPAR were evaluated 

using HCT116 CRC cells (Chapter 4) that endogenously express uPAR (HCT116WT) but not 

β6 integrin. Additionally, the HCT116WT has a subclone where the uPAR expression has 

been stably and artificially suppressed by approximately 50% (HCT116uPARAS) [376]. 

Interestingly, HCT116WT cells upon treatment with TGFβ did not show significant 

alterations to proliferation or invasion, although HCT116uPARAS cells exhibited a decreased 

proliferation (~24%↓) following TGFβ treatment and invasion (~20%↓) following 

SB431542 (a TGFβ receptor I kinase inhibitor) or dual SB431542 and TGFβ treatment. 

Interestingly, Brattain et al., reported the parent HCT116 cells to be tumorigenic to athymic 

nude mice when trypsinised or scrapped cells in tissue culture medium without any serum 

were given as subcutaneous injections [386]. Likewise, Wang et al., also reported pulmonary 

metastases to occur in 63-78% of athymic nude mice injected with the HCT116WT cells and 

injection with the antisense transfected clones, 3′-AS7 and 5′-AS, showed pulmonary 

metastases in only 19% and 9% of the mice respectively [387]. The observations from the 

current study clearly align with these mice studies, wherein proliferation and invasion was 

more pronounced in HCT116WT cells with higher uPAR expression, suggesting a possible 

tumorigenic activity, which was reduced when uPAR expression was artificially decreased 

by ~50% [376].  
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These interesting observations were then validated by proteomics using a similar approach 

employed in Chapter 3, Study II where the membrane enriched samples following TGFβ 

treatment were analysed using iTRAQ. This high-throughput quantitative proteomics 

approach identified approximately 1,700 proteins. IPA of the significantly altered proteins 

demonstrated several related to cytoskeletal signalling, cell adhesion, migration, cell death 

and survival, protein trafficking and (once again) the eIF2 signalling pathway components 

as being affected in either in a TGFβ-dependent or TGFβ-independent manner. This study 

in particular identified that cells expressing uPAR (HCT116WT) do not respond significantly 

to TGFβ treatments whereas those with lower uPAR levels (HCT116uPAR-AS) respond more 

readily. These observations suggest a possible malignant phenotype of the HCT116WT cells 

in a TGFβ-independent manner and a possible TGFβ-dependant growth suppression in the 

HCT116uPAR-AS cells. 

Interestingly, the eIF2 signalling was observed to be significantly altered, in both proteomic 

studies performed in this thesis, in a TGFβ-β6 or uPAR or TGFβ-uPAR dependent manner. 

The treatment of β6-expressing (SW480β6OE and HT29 subclones) cells with active TGFβ1 

identified several eIF2 and eIF4 signalling pathway members including eIF2A, eukaryotic 

translation initiation factor 2 subunit alpha (eIF2S1), eukaryotic translation initiation factor 

2 subunit beta (eIF2S2), eukaryotic translation initiation factor 2 subunit gamma (eIF2S3), 

and KRAS to be significantly up-regulated. Likewise, several ribosomal proteins related to 

eIF2 signalling were altered when the HCT116uPAR-AS cells were treated with TGFβ. The 

eIF2 signalling complex, is made up of the eIF2S1, eIF2S2, and eIF2S3 subunits and controls 

stress-related signals to regulate global and specific mRNA translation, and thus protein 

synthesis [388]. The up-regulation of these eIF2 subunits indicates a potential need to sustain 

increased protein expression levels required for the abnormal functioning of cancer cells. 

However, the increased protein levels cannot be achieved without eIF4 which is necessary 

to deliver the mRNA to eIF3 for translation into polypeptide [385]). Although eIF4 related 

molecules were not observed in the current SW480 and HT29 proteomic study, eukaryotic 

translation initiation factor 4 gamma 1 (eIF4G1) was observed to be up-regulated in our 

previous proteomic study using the SW480 subclones [389] and other studies in breast [390] 

and lung [391] epithelial cancers. Interestingly, TGFβ treatment of the HCT116WT resulted 

in down-regulation eIF4G1 (0.60↓). eIF4G1 is the most abundant member of the eIF4G 

scaffold protein family, whose elevated expression in yeast has been shown to promote direct 

mRNA-ribosome interaction and translation of mRNAs with longer polyA tails, thereby 

promoting mRNA translation efficiency [392-394]. It is also a component of the eIF4F 
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complex essential for mRNA translation. Additionally, previous studies have shown that the 

down-regulation of eIF4G1 in mammalian and yeast cells resulted in decreased mRNA 

translation of multiple mRNAs but was not completely inhibited [392, 395]. The 

observations from the HCT116 proteomic study suggests that TGFβ may be exerting growth 

inhibitory effects and the presence of uPAR seems to abrogate those effects to promote 

growth in an uPAR-dependent manner. 

Taken together, the results from the signalling and proteomic studies demonstrate that 

molecules from the hypothesised uPAR•αvβ6•TGFβ1 interactome contribute to alterations 

required for malignant phenotype lending more credence to the existence of this hypothetical 

interactome. TGFβ1 in a β6-dependant manner further enhanced the alterations of proteins 

and signalling activity required to maintain the malignant phenotype essential for 

progression towards a metastatic stage in the SW480 and HT29 cells, whilst uPAR by itself 

was able to promote these changes in the HCT116 cells.  

Therefore, understanding the expression levels of these molecules through the use of non-

invasive tests could be useful as they may serve as potential markers for CRC. This prompted 

the investigation of TGFβ and uPAR expression levels in a clinical setting using human 

blood plasma samples from Dukes’ stage A-D CRC patients (n=60) and unaffected normal 

control plasmas (n=15) (Chapter 5). These samples were analysed using the Proseek 

Multiplex Oncology I kit that evaluated the expression of 92 putative cancer-related proteins 

including Latency-associated peptide TGFβ1 (LAP TGFβ1) and uPAR from just 1μL of 

human plasma. The observations from this study indicated no significant difference in 

expression of LAP-TGFβ1 and uPAR in plasma between various stages in this set of 

samples. However, the study identified 8 oncoproteins (CEA, IL-8, prolactin, amphiregulin, 

PDGF-BB, IL-6, CXCL11 and CXCL5) to be significantly different amongst various CRC 

stages. In particular, CEA, IL-8 and prolactin were found to differentiate unaffected controls 

from non-malignant (Dukes’ A + B) and malignant (Dukes’ C + D) stages and reported as 

potential CRC biomarkers in the published manuscript in Chapter 5. These identified 

biomarkers could potentially be implemented in the development of a multi-protein 

biomarker panel that could be used for early diagnosis of CRC. 

Taken together, the cell signalling assays and high-throughput proteomic studies (Chapter 3 

& 4) provided insight into the biomolecular deregulations that can be exerted by TGFβ 

during CRC. The observations reported in these studies opened up avenues for initiating a 

knowledge-driven search for protein markers. This lead to the identification of three 
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potential CRC biomarkers (Chapter 5) that could serve as direct targets for developing new 

diagnostic and therapeutic assays for CRC. Overall, the observations reported in this thesis 

have enhanced our understanding of how TGFβ drives/alters the fundamental cellular 

processes required for the progression of CRC to a metastatic stage and will pave way to 

further research to fully elucidate its role in cancer itself.  

6.2 Proteins as Biomarkers for CRC  
Cancer biomarkers are used to screen for primary cancers, distinguish benign from malignant 

or different types of malignancies from one another, determine prognosis for patients who 

have been diagnosed with cancer, and monitor status the disease, either to detect recurrence 

or determine response or progression to therapy [34]. Various molecules, such as proteins, 

peptides, microRNAs and DNA amongst others, can be used as biomarkers. A multitude of 

potential biomarkers for CRC have been identified and reported in the literature (Chapter 1, 

Table 2). For example, carcinoembryonic antigen (CEA) is employed as a routine marker to 

monitor CRC recurrence. Most commonly it is used to monitor CRC patients, following 

adjuvant therapy, with the goal of detecting liver metastases [35, 396].  

The modern high-throughput LC-MS/MS-based proteomics, utilized to study the global 

membrane proteome profiles of TGFβ-treated colorectal adenocarcinoma cells with 

artificially modified β6 and uPAR expression, identified several altered proteins and 

perturbed pathways that provided broad insights into the role of TGFβ in CRC biology. The 

proteomic studies identified several cytoskeletal keratins, actin associated proteins, cell 

proliferation, migration, adhesion and cellular stress and cell death associated proteins to be 

significantly altered, amongst which were several proteins that have suggested to be 

biomarkers by the American Society of Clinical Oncology (ASCO). For instance, annexin 

A2 was reported to be used a diagnostic and prognostic marker for CRC [397, 398]. The 

expression of annexin A2 observed in proteomic studies conferred with previous 

observations reported in [341, 399, 400]. Several keratins (KRT1, KRT2, KRT5, KRT6A, 

KRT8, KRT9, KRT10, KRT17, KRT18, KRT19, KRT20) were also identified in the 

proteomic studies and have been previously reported to be markers for diagnosis, disease 

progression, prognosis, and efficacy of CRC. Karantza et al., has published a detailed review 

on the role of keratins in cancer and illustrates the use of keratins as diagnostic and 

prognostic markers for various cancers including CRC [401]. Within the SW480 and HT29 

proteomic study three S100 proteins (A6, A8 and A9) were identified and were also listed 

as potential markers for diagnosis and efficacy by ASCO. Yang et al., have shown that S100-

A6 is up-regulated in gastric cancer [402]. Another study by Zhang et al., reported that high 
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levels of S100-A6 in serum could be used as prognostic marker in gastric cancer [403]. It is 

therefore agreeable that some of the potential biomarkers identified in these proteomic 

studies could potentially be used as markers for processes that are altered in an 

uPAR/αvβ6/TGFβ dependent manner during CRC progression. However, a validation of 

these proteins as potential biomarkers is required to determine the actual the significance 

and utility in diagnosis and prognosis of CRC.  

Utilising emerging Proximity Extension Assay (PEA) technology that is employed in the 

Proseek Multiplex Oncology I kit, the examination of CRC patient plasmas for 92 putative 

cancer-related analytes as potential biomarkers of CRC identified 8 oncoproteins (CEA, IL-

8, prolactin, amphiregulin, PDGF-BB, IL-6, CXCL11 and CXCL5) to be significantly 

different amongst various CRC stages. Amongst these, only CEA, IL-8 and prolactin were 

able to significantly differentiate unaffected controls from non-malignant (Dukes’ A + B) 

and malignant (Dukes’ C + D) stages. CEA is currently employed as a routine marker for 

CRC prognosis, disease-free survival and therapeutic response and monitor CRC recurrence 

and/or metastases during postoperative follow-up [396, 404]. The observed high plasma 

CEA levels significantly correlate with the presence of metastatic CRC and is not an 

effective biomarker for early stage disease (Dukes’ A). IL-8 expression was found to 

significantly correlate with tumour size, depth of infiltration, liver metastases and tumour 

stage [57, 405, 406] as seen in this study. Interestingly, Sun et al., reported that IL-8 in a 

dose dependent manner increased cell migration of the HT29 and WiDr colon cancer cell 

lines through the [ERK1/2]-[Ets-1]-[αvβ6] signalling axis [407]. The increased ERK1/2 

phosphorylation observed by Sun et al., correlate with the cell signalling study performed in 

this thesis (Chapter 3, Study I) and also validate the findings reported here. Additional, 

immunohistochemical analysis of 139 primary CRC samples by Sun et al., demonstrated 

that IL-8 expression directly proportional to αvβ6 expression [407]. Elevated levels of 

prolactin levels has been observed in serum, several tumour specimens and suggested to 

correlate with CRC malignancy [408, 409], and the observation in the current study confers 

with previous reports. These observations from the Olink Proseek study further strengthen 

the previously suggested role of these molecules as biomarkers for CRC. 

In summary, the significantly regulated cancer-associated proteins observed in the proteomic 

studies are clearly strong biomarker candidates for CRC. However, further work is required 

to understand their genuine marker potential using a larger cohort of CRC patient samples 

(e.g., blood, plasma, tissue, stools).  
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6.3 Future directions  
The identification of molecules involved in deregulation of CRC-related biomolecular 

process presented in this thesis represents exciting findings that are mostly congruent with 

observations reported in the existing literature. However, many of these findings warrant 

further exploration and validation by targeted proteomic experiments that will enable a better 

understanding of the role/s of TGFβ, uPAR and β6 and their underlying regulatory 

mechanisms in cancer. Examples of rational follow-up experiments that can be performed 

following on from the efforts disseminated in this work are briefly described below: 

 Co-immunoprecipitation (Co-IP) experiments can be performed to examine the 

interactions between TGFβ signalling components and uPAR/β6. Co-IP approach 

that was employed (on OVCA429 cells) by Saldanha et al., [180] should be used to 

examine the uPAR•β6 interaction in CRC. This can be further extended to examine 

the interacting partners of TGFβ and its receptor as well. Following, the pull down 

of the interacting partners using appropriate antibodies as bait proteins they should 

be identified using SWATH enabled ABSCIEX Triple TOF® 6600 mass 

spectrometer following a 1D SDS-PAGE slice-and-dice protein extraction or SCX 

separation. These data should allow for determination of the uPAR, β6, TGFβ and 

TGFβ receptor/s interacting partners in CRC. 

 Cross-linking mass spectrometry (X-MS), can be used to stabilise the protein 

interactions in cellulo using various cross linkers such as disuccinimidyl suberate 

(DSS), bis(sulfosuccinimidyl) suberate (BS3) or sulfo-N-hydroxylsuccinimide-SS-

Biotin. The cell lysate obtained after cross-linking should directly or after co-IP 

experiments be analysed on using a high mass accuracy instrument such as the 

ABSCIEX Triple TOF® 6600. The mass spectra should then be searched using 

xQuest [410], a search engine for identification of peptides from cross-linked 

samples. 

 Peptide array interaction analysis of TGFβ receptors could also be undertaken to 

determine their interacting proteins. Peptide arrays containing 15- or 18-mer peptides 

with at least 8- to 10-mer amino acid overlap should be prepared on PVDF or 

Nitrocellulose membrane blotting papers with a 0.2 μm pore size. These arrays 

should then be treated with ‘potential’ interacting partners identified from co-IP or 

X-MS experiments to determine the binding specificity, affinity and the site on the 

receptors.  
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 Structural modelling or crystal structure analysis should then be performed to 

analyse the interactions between the TGFβ receptors and partners identified in the 

previous suggested experiments. The analysis of those using a three-dimensional 

model will strengthen validity of the observed interactions.  

 Mouse models should then be used to validate these interactions in an in vitro 

system. The proposed interactions can be functionally blocked using antibodies, 

peptide inhibitors, siRNAs or chemical inhibitors to examine the associated 

downstream effects. 

 All CRC cell lines used in this thesis were colorectal adenocarcinomas that were of 

Dukes’ stage B (non-metastatic) and the expression of β6 and uPAR was artificially 

altered in these cell lines. Although, the observations from these cell lines are helpful 

to understand their role in CRC, it would be interesting to alter/inhibit the expression 

of αvβ6, uPAR, TGFβ and TGFβ receptor/s expression in various metastatic CRC 

cell lines. These observations should then be confirmed using immunocompromised 

mouse CRC xenograft models. 

 Post-translational modifications such as glycosylation is a very common process by 

which the proteins are stabilised in the cell. It would be very interesting to study the 

N- and O-glycosylation changes that are associated with treatment of TGFβ to the 

cell lines used in this thesis. Although, glycoproteomics technologies are fairly new 

and not yet fully matured (compared to proteomics), they could be applied in their 

current state to identify and quantitate TGFβ-mediated glycosylation changes. 

Similar approaches that were used by Sethi et al., [411] can be employed.  

 The cancer-associated proteins identified by the global proteomics approach could 

be accurately quantified using targeted proteomics experiments such as SRM and 

MRM to complement the iTRAQ quantitative approach used in this thesis. These 

specific and significantly more sensitive protein quantitation methods could allow 

for validation of the potential candidate CRC biomarkers suggested in this thesis. 

 Determining the (consistent) molecular patterns from a higher number of biological 

replicates would add confidence to this set of biomarker candidates and establish a 

more accurate and reliable understanding of these molecular alterations associated 

with the early stages of CRC where the diagnosis is particularly required.  

 The studies performed this thesis used a limited number of cell lines and plasma 

samples. It would be valuable to perform these experiments using a large cohort of 

different samples (e.g., tissue, blood, plasma, urine, stools, cell lines) obtained from 
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normal healthy individuals and CRC patients. Potential variables such as age, gender, 

ethnic background, disease history, etc should also be taken into consideration. This 

large scale study will prove to be a significant task yet is crucial to understanding the 

biology of CRC  

 

6.4 Conclusion 
In conclusion, this thesis has demonstrated the capacity of targeted cell signalling assays in 

combination with high-throughput modern proteomics technologies to better understand the 

TGFβ-associated protein alterations in CRC. Furthermore, the use of the Olink Proseek 

Oncology kit to identify biomarkers from just 1μL of plasma is remarkable.  

The knowledge gleaned from this PhD thesis has opened up a range of unanswered research 

avenues that need to be explored. This indeed is typically the result of system-wide 

"discovery type” studies trying to map entire populations of biomolecules from complex set 

of samples such as partially enriched cell lysate and un-fractionated plasma samples used in 

this thesis. Modern multiplexing technologies are slowly making their way into the more 

targeted and hypothesis-driven research areas. However, proteomics will still remain is a 

powerful tool that enables discovery based understanding of a disease as complex as cancer.  

Overall, this thesis has demonstrated the immense power of high-throughput modern 

proteomic and multiplexing technologies to gain insights into the TGFβ associated CRC 

pathogenesis at detailed molecular level and to identify avenues for disease biomarker 

exploration. Future initiatives building on the observations reported in this thesis will take 

us a step closer to understanding the prevalent and fatal disease we have named ‘cancer’. 
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Appendix I – Expression of TGFβ receptors 1 and 2 in the cell lines used in this thesis  
 

 

Appendix I Figure 1 – Expression TGFβ receptor 1 (TGFβR1) in all the six cell lines 
used in this thesis examined by Werstern blotting using anti-TGFβ RI antibody (V-22; Cat 
#: sc-398) from Santa Cruz Biotechnology. 50 μg or whole cell lysate was loaded into each 
well. All the cell lines were identified to express the TGFβR1 and the dimeric form of the 
receptors identified in the Western blot. PSM: prestained Western marker; Lane 1: 
HCT116WT; Lane 2: HT29uPARAS; Lane 3: SW480Mock; Lane 4: SW480β6OE; Lane 5: 
HT29Mock; and Lane 6: HT29β6AS 
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Appendix I Figure 2 – Expression TGFβ receptor 2 (TGFβR2) in all the six cell lines 
used in this thesis examined by Werstern blotting using anti-TGFβ RII antibody (c-16; Cat 
#: sc-220) from Santa Cruz Biotechnology. 50 μg or whole cell lysate was loaded into each 
well. All the cell lines were identified to express the TGFβR2 around the 75 kDa as reported 
by the antibody manufacturer (Source: http://datasheets.scbt.com/sc-220.pdf). Breast cancer 
cell line MCF-7 was used as positive control cell lysate as it is known to express the 
TGFβR2. Recombinant TGFβR2 was also used. Lane 1: HCT116WT; Lane 2: HT29uPARAS; 
Lane 3: SW480Mock; Lane 4: SW480β6OE; Lane 5: HT29Mock; Lane 6: HT29β6AS; Lane 7: 
MCF-7 cell lysate; Lane 8: 180 ng recombinant TGFβR2; and Lane 9: 200 ng recombinant 
TGFβR2 
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Appendix II – Characterization of the interaction between heterodimeric alphavbeta6 
integrin and urokinase plasminogen activator receptor (uPAR) using functional proteomics.  
Publication VII of this thesis. 

 

 



 

358 
 



 

359 
 



 

360 
 



 

361 
 



 

362 
 



 

363 
 



 

364 
 



 

365 
 

 

 

 



 

366 
 

  



 

367 
 

Appendix III – An improved method for the detection and enrichment of low-abundant 
membrane and lipid raft-residing proteins Publication VIII of this thesis 
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