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Abstract 
Circulating tumour cells (CTCs) provide a prognostic value in solid tumours including 

colorectal and breast. Enumeration of tumour cells from blood is becoming a common practice in 
informing prognosis and may guide therapy decisions. Enumeration alone does not capture 
heterogeneity of tumours and varying functional abilities of the CTCs to interact with the 
secondary microenvironment. Characterizing the isolated CTCs and assessing their functional 
abilities can track molecular changes in the disease progress. As a step toward identifying 
functional features of CTCs that could aid in clinical decisions, this study was aimed at analyzing 
chemokine release profile in drug resistance and developing a CTC isolation technique based on 
extracellular matrix interactions.  

 

 Cancer cells release different chemokines and express chemokine receptors which together 
work to direct cell infiltrates in the tumour microenvironment. This work examined changes in the 
profile of chemokine release using a model of drug resistance based on the colorectal cancer cell 
line HT29 and its counterpart HT29-R that is resistant to the late-stage chemotherapy drug 
irinotecan (SN-38). Following an initial screening of mRNA expression through PCR and qPCR, 
five of the chemokines (CCL2, CCL15, CXCL8, CXCL12, and CCL20) were analyzed further for 
their release patterns amongst cell lines and peripheral blood of healthy volunteers and stage IV 
colorectal and breast cancer patients. The release pattern of chemokines in patient samples differed 
from the results of the in vitro drug-resistance model. Specific tumour location, previous therapies, 
and genetic variability are all examples of the factors that may provide unique patterns and 
complicate modelling for chemokine release in late-stage cancer. A detailed analysis revealed an 
upward trend for midkine (NEGF2) when baseline and 12 months plasma samples were compared. 
Migration studies may further reveal the consequences of this expression profile. Migration assays 
were carried out with Transwell® chambers and HepG2 cells to partially mimic the hepatic 
microenvironment. Such studies can guide future functional studies for isolated CTCs.  
 

We next sought to investigate extracellular matrix protein interactions, which might depend 
on a changing chemokine milieu. We utilized cancer cells’ ability to adhere to extracellular matrix 
and created a platform to isolate CTCs from the peripheral blood samples. A total of 14 colorectal 
and 7 breast cancer patients donated blood samples. Adhesion assays were performed with a range 
of different ECM proteins. We identified an optimal ECM substratum composed of collagen and 
fibronectin at a mass coating ratio of 2:1. The isolated CTCs were identified through 
immunofluorescence with epithelial marker antibodies (EpCAM and pan-cytokeratin). 
Identification of CTCs was further confirmed by exclusion with a hematopoietic origin marker 
CD45. The captured number of cells ranged from 0 to 296, whereas the mean number was 26 and 
the median was 22 per patient sample (~8mL). This technique not only allows enumeration, but 
also isolates cells based on a functional approach. The isolated cells are successful in adhering to 
extracellular matrix proteins and can be further characterized through functional markers.  

 

Overall, this study addresses two unique functional features of CTCs – their expression of 
certain chemokines and their ability to interact with both fibronectin and collagen - that form the 
basis to provide future clinical utility. Such an approach will help to inform clinicians about the 
aggressive nature of an individual tumour and guide treatment decisions toward best prognostic 
outcomes. 
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1. Introduction 
 
1.1 Colorectal Cancer 
 

Globally, it is expected that colorectal cancer (CRC) will inflict 2.2 million new cases and 

1.1 million deaths by 20301.  The incidence and mortality vary in different countries, however, of 

the three groups divided based on temporal pattern, Canada falls in the group with increasing 

incidence and decreasing mortality1. On average 73 Canadians were diagnosed with CRC every 

day in 20172. Colorectal cancer is the second leading cause of death from cancer in men and the 

third leading cause of death from cancer in women in Canada. About 20% of diagnosed CRC cases 

are at stage IV and this poses a significant challenge in terms of treatment2. Ontario offers a free 

CRC screening program for adults between the age of 50 and 74 years3. Such screening programs 

help detect cases at an earlier stage and help reduce mortality rates. Factors such as family history, 

inflammatory bowel disease, and height are amongst the non-modifiable risk factors that affect 

many individuals4. However, consumption of red meat, alcohol and lack of fibre in the diet are 

examples of modifiable risk factors that increase the risk of CRC4,5. From the pathological 

perspective, the disease presentation and location may vary between individuals. In the majority 

of patients, it occurs in the colon which is the longest part of the large intestine, however, 30% of 

the time, it occurs in the rectum2. It is interesting to note that cancers originating in the colon have 

a higher chance of liver metastasis, whereas those originating in rectum have a higher incidence 

of lung metastasis6,7. 

1.2 Journey to Metastasis 
 

It is estimated that 90% of human cancer deaths are caused by tumour invasion and 

metastasis8,9. Acquisition of drug resistance and changes in the microenvironment can potentially 

help create a favourable niche for cells to develop an invasive phenotype10,11. It is believed that 
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within the primary growth of a tumour, there might be localized invasive areas where certain 

tumour cells can undergo de-differentiation12. During this process, the epithelial cells in the solid 

tumour lose their apical-basal polarity, detach from neighbouring cells, change morphologically 

to resemble fibroblasts and invade through the surrounding stroma (Figure 1). This is called 

epithelial to mesenchymal transition (EMT). As a result of the cells breaking through the different 

layers of the colon wall layers (Figure 2), they move closer to the blood vessels. The process of 

cells gaining entry into the blood circulation is defined as intravasation. The entry into the 

bloodstream poses a challenge of survival for tumour cells against attack by the immune system 

and shear forces in the general blood circulation. Those that succeed in surviving can initially be 

trapped physically in capillaries or blood vessels of distant secondary tissues such as the liver13. 

Here, they have numerous interactions with local vascular endothelium in an attempt to gain access 

into the tissue and this can lead to micrometastasis14. Exit into the secondary tissue space is known 

as extravasation. Tumour cell fate is also dependent on its specific interactions with endothelial 

cells and the surrounding microenvironment15,16. Many groups have shown that during metastatic 

dissemination, cancer cells can extravasate into the surrounding tissues as single cells or 

collectively as a group17-20. 
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Figure 1 general overview of the metastatic process in solid cancers. A schematic diagram of 

cells undergoing epithelial to mesenchymal transition (EMT), circulation into the bloodstream 

and the reverse process of mesenchymal to epithelial transition (MET) required for distant site 

metastases (adapted from Friedlander et.al.)21 Created with Biorender©. 

 

Transformation of a normal epithelial cell into a cancerous cell is an extensive process 

through multiple genetic mutations over several years. Key driver genes that are associated with 

the development of this cancerous phenotype in CRC are APC22, KRAS23, BRAF24, PIK3CA25, 

SMAD426, and p5327,28. Figure 3 below demonstrate how colon cells from normal epithelium can 

be affected through different genetic changes leading to cancer.  
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Figure 2 Illustration of stepwise progress in colorectal cancer and invasion through the 

successive layers of colon wall29   

Hanahan and Weinberg first defined the six hallmarks of cancer in 200030 followed by an 

addition of two new hallmarks31 to complete our understanding of what defines cancer. It is these 

unique characteristics that separate a cancerous cell from a normal cell – being able to resist cell 

death, induce proliferative signalling, gain immortal replication potential, reprogram energy 

metabolism, induce angiogenesis, evade the immune system and growth suppressors, and activate 

invasion and metastases31. A cell lineage that has gone through successive genotypic and 

phenotypic transformations can yield an immortal cancerous cell with the characteristics listed 

above32. As a result of the continuous replicative potential and other hallmark characteristics, 

colonies of a cancerous cell are able to grow in the local environment. Where a colony of cancerous 

cells is confined in a limited local area, it is referred to as carcinoma-in-situ33. The confined 

boundary acts as a rate-limiting step in the transformation towards a malignant form of the disease. 
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It is possible that the capabilities to activate invasion and metastasize are gained in the later stage 

following various local environmental changes20. Once these abilities are gained, cells can 

innervate different layers of the colon starting from the apical side.  

The stepwise invasion through different layers of the colon is demonstrated in Figure 2 and 

the time period between each progressive step is illustrated by Figure 3. Cancerous cells from the 

abnormal growth or polyp that arises from the epithelium pass through the mucosa, submucosa, 

muscle layers, and serosa in order to spread to other organs or gain access to the lymphatic network 

or general circulation29. 

 

 

Figure 3 Stepwise changes in the normal colon epithelium as a result of genetic changes. 

(modified from 28); APC: adenomatous polyposis coli; LOH: loss of heterozygosity. Created  

with Biorender© 
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1.3 Treatment choices and drug resistance 
 

Chemotherapy, surgery, radiation, and targeted therapies are mainstays of CRC 

treatment34. They are many times used in combination and the treatment approach varies 

depending on the ‘TNM’ staging of cancer. TNM stands for tumour, node, and metastasis, and is 

a system developed by the American Joint Committee on Cancer that is based on the depth of 

invasion in the bowel wall, the involvement of the surrounding lymph nodes, and presence of 

disease at distant sites35.  

Chemotherapy holds an important place in the treatment of CRC, and the three frontline 

chemotherapeutic drugs utilized in the treatment of CRC are 5-fluorouracil, oxaliplatin, and 

irinotecan36,37. 5-fluorouracil was a drug discovered in the 1950s which was used as a monotherapy 

for a few decades until the advent of oxaliplatin and irinotecan36. There have been significant 

improvements in the overall survival rates following the addition of these agents available for 

combination treatment38. The availability of monoclonal antibody therapeutics bevacizumab (an 

antibody against vascular endothelial growth factor, VEGF) and Cetuximab (an antibody against 

the epidermal growth factor receptor, EGFR) marked a new era of targeted therapies and further 

improved survival rates in metastatic settings39.  

Cells have acquired various resistance mechanisms to cytotoxic therapies in CRC40,41. The 

general mechanisms of resistance include decreased drug uptake, active efflux out of the cell, and 

changes in the enzymes involved in drug metabolism41,42. For instance, a major mechanism for 5-

fluorouracil resistance is believed to be increased expression of thymidylate synthase. Thymidylate 

synthase is an enzyme that mediates the conversion of deoxyuridine monophosphate to 

deoxythymidine monophosphate and plays an essential role in DNA biosynthesis43,44. Whereas for 

irinotecan, overexpression of ATP-binding cassette (ABC) transmembrane transporters P-
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glycoprotein (P-gp) and multi-drug resistance associated protein (MRP) are considered to be 

responsible for its resistance mechanism45. These proteins are able to facilitate the efflux of 

irinotecan from the cells. There have been in vivo studies showing that the deletion of P-gp in mice 

decreased the biliary clearance of irinotecan by half46. In addition, the breast cancer resistance 

protein (BCRP) is another common factor in the resistance mechanism for irinotecan. BCRP 

inhibitor GF120918 reversed the resistance effectively at 100nM in an in vitro breast cancer 

model45. Similar to P-gp, BCRP is also a protein involved in the efflux of irinotecan out of the 

cells47. Gradual changes in the genetic and epigenetic profile of originating cancer can also bring 

about drug resistance48. A study by Lee et.al. demonstrated how the treatment of ovarian cancer 

cell lines with cisplatin, doxorubicin, and paclitaxel transiently increased CXCR4high/CD24low stem 

cell population and led to acquired drug resistance with sequential treatments49. In clinical settings, 

drug resistance to chemotherapy as well as monoclonal antibody is commonly encountered and 

limits treatment options in the late stage therapy42,50,51.    

1.4 Importance of Extracellular Matrix 
 

In order to progress along this pathway of metastasis, tumour cells first have to pass through 

a mesh-like proteinaceous network called the extracellular matrix (ECM)52. Some important 

molecules in the ECM are collagen, fibronectin, laminin, and hyaluronic acid53. These structural 

and functional components of the ECM are recognized by receptors on the cell membrane such as 

integrins and CD4454. Through modification of these interactions, and the phenomenon that 

tumour cells can restructure or degrade the ECM55, invasive cells can proceed towards the site of 

intravasation. It is known that the breakdown and reorganization of ECM is an important factor 

for tumour cells to invade through the general tissue matrix and to cross basement membranes56. 

Additionally, interactions of tumour cells with the endothelium are crucial at both steps during 
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intravasation57 and extravasation58. Consequently, changes in these processes may alter the overall 

rate of metastasis.  

Increased ECM production and reduced ECM turnover rate are common in organ fibrosis 

during cancer progression59. As well, a study by Barbazán et.al. demonstrated how interaction of 

colon cancer cells at the liver endothelium was facilitated by adhesion to vascular fibronectin60. 

The ECM is thus a critical part of the process by which cancer progresses.   

1.5 Microenvironment at Secondary Sites 
 

Interactions at the secondary tissue microenvironment play a critical role in the 

establishment of metastases of solid tumours61. Principal sites of metastasis for a majority of solid 

tumours are lungs, liver, bones and brain62. Recent research has emphasized the importance of the 

interactions between the disseminated tumour cells and the cells of the microenvironment at these 

secondary sites61. There is heterogeneity in the microenvironment composition of these various 

tissues which may preferentially favour certain cells over others. Varying composition of 

extracellular matrices, the arrangement of endothelial cells and pericytes, a variety of immune 

system cells, and fenestrations within the endothelium provide different challenges and 

opportunities for tumour cells arriving at these locations. Tissue-specific cells such as astrocytes 

in the brain, alveolar cells in the lungs, and Kupffer cells in the liver also add to the complexity of 

microenvironment at these sites. It is believed that cells from late-stage disease adapt to the 

secondary microenvironment differently than those from the primary stage63. They may be able to 

adhere, invade, survive and even proliferate better depending on the interactions that take place. It 

is these functional and behavioural differences that can be utilized in selectively trapping the 

invasive circulating tumour cells (CTCs) from peripheral blood. 
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 The organ-specific interactions are complex and it is important to understand the 

microenvironmental processes that cancer cells encounter. It is evident from the literature that 

drug-resistance can affect the way cancer cells interact with their external environment – for 

example, the extracellular matrix. How these interactions differ between primary tumour cells and 

transformed or drug-resistant cells can provide an insight into crucial pathways and molecular 

targets. A model that studies drug-resistance and its implications in a disease process would help 

identify potential targets for drug therapy. Additionally, isolation of patient cells from late-stage 

cancers would allow analysis of these interactions ex vivo to guide decisions in clinical settings. 

1.6 Rationale of this research 
 

Cancer is often seen to become more aggressive as it develops drug resistance. The disease 

model of interest here is late-stage CRC. The Blay laboratory has previously developed drug-

resistant CRC cell lines HT29-R and HCT116-R. These cell lines are resistant to SN-38 which is 

an active metabolite of the chemotherapy agent irinotecan – a topoisomerase I inhibitor used in 

late-stage CRC. It has been observed in the lab that both HT29-R and HCT116-R have a different 

morphologic phenotype compared to their corresponding parental cell lines.  

The primary interest was in understanding the changes in chemokines that might correlate 

with the development of resistance in our paired cell lines. The differences in chemokine 

expression could reveal markers involved in migration during the late stage disease. Hence, I began 

first by screening for changes at the gene level amongst different chemokines and their receptors. 

Since the focus is on late-stage disease, we were also interested in understanding the journey of 

cells leaving the primary site, their ability to travel in the blood circulation, and interactions at the 

secondary site – liver being the primary location of interest. We first decided to exploit the 

extracellular matrix proteins in capturing CTCs from the peripheral blood samples of stage IV 
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colorectal and breast cancer patients. Utilizing the blood samples, there was also an opportunity to 

analyze the plasma chemokines between the two cancer types and healthy volunteers. In the end, 

we attempted to explore functional assays including the Transwell® and chick embryo model to 

understand implications of drug-resistance and invasive phenotype.  

1.7 Purpose, goal and hypothesis of this research 

The overarching purpose of this work was to examine the ways in which chemokine 

production and release may vary depending on the cellular populations and drug resistance, and 

how this may contribute to the tendency of cancer cells to migrate and metastasize, particularly 

due to altered interaction with the local extracellular matrix (ECM). 

The long-term goal is to identify potential biomarkers related to chemokine activity and 

ECM interaction, that can be measured on circulating tumour cells (CTCs) and will provide 

information regarding the prognosis for individual cancer patients. 

The research utilized established cell lines, and samples of blood (providing plasma and 

CTCs) from colorectal and breast cancer patients. Two related hypotheses were tested: 

 

Hypothesis 1 

The progression of disease in cancer patients, and the acquisition of drug resistance in the cancer 

cells, will alter the gene expression and release of chemokines in cancer.  

 
 

 Hypothesis 2 

Circulating tumour cells can be isolated from the peripheral blood of cancer patients using an 

affinity substratum composed of the extracellular matrix upon which the cells migrate. 
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1.8 Specific experimental objectives 

1. To assess changes in the production of chemokines between parental and drug-resistant 

cell lines.  

2. To compare the plasma chemokine profiles of a range of colorectal and breast cancer 

patients and healthy volunteers. 

3. To identify a reliable and consistent technique for recovery of CTCs from peripheral blood 

samples of colorectal and breast cancer patients, using a model ECM substratum. 
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2. Chemokines and their potential roles in colorectal cancer cell lines 
 

2.1 Background 
 
2.1.1 Chemokines 
 

Chemokines are a subclass of the cytokine family and are low-molecular weight proteins 

with the ability to recruit leukocytes64. There have been over 50 chemokines and 20 chemokine 

receptors identified in humans65-68. Chemokines are important due to their specificity in recruiting 

specific subsets of leukocytes depending on the microenvironmental need. However, as explained 

by Mantovani, “chemokines are redundant in their action on target cells and promiscuous in 

receptor usage”65. This concept is depicted in Figure 4- one receptor can have multiple ligands and 

one ligand can activate more than one specific receptor. CCR6, CCR9, CX3CR1, CXCR4, 

CXCR5, and CXCR6 are the only receptors that each bind to one unique ligand. The nomenclature 

for chemokines is derived from the position of the cysteine residue where the CXC family has an 

amino acid positioned between two cysteines resides and CC family has two adjacent cysteines64. 

Chemokine receptors have seven transmembrane domains and they are categorized in the G-

protein-coupled receptor (GPCR) class.  
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Figure 4 The complex network of chemokine and chemokine receptors.  

Adapted from 69  (Created with Biorender©) 
 

Modulating inflammation, host defense, immune surveillance, and directing the 

extravasation of leukocytes into tissue space are amongst the commonly known regular functions 

of chemokines70,71. There is growing evidence to show that tumour cells are also able to release 

different chemokines and respond to chemokines via receptors on the surface of tumour cells69. 

Müeller et.al. initially presented the mechanism in which breast cancer cells with chemokine 

receptors CXCR4 and CCR7 were attracted to distant organs secreting their corresponding ligands 

CXCL12 and CCL2172. This supports the homing theory that distant organs are able to produce 
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chemotactic factors to attract receptor bearing cancer cells to migrate and settle at a new site73, and 

implicates cancer cells in homing mechanisms. Studies have looked at the possibility of release of 

chemokines as a result of chemotherapy treatment68. For instance, cancer cells exposed to 

anthracyclines release CXCL10 which is a potent chemotactic factor for T-cells74. Sunitinib, a 

tyrosine kinase inhibitor has been shown to upregulate CXCL10 and CXCL11 in tumour vessels 

in murine melanomas75.  

Following the preliminary results, we became interested in 6 particular chemokines during 

the course of this research: CCL2, CCL5, CXCL12, CXCL8, CCL20 and CCL15.  

2.1.1.1 CCL2 
 

This member of the CC chemokine family is also known as monocyte chemotactic protein 

1 (MCP1) and binds to CCR2 and CCR4 receptors. Monocytes and macrophages account for the 

majority of CCL2 production, however other cell types including endothelial cells, fibroblasts, 

epithelial cells, smooth muscle, and microglial cells are also capable of producing CCL267. The 

corresponding receptor CCR2 is expressed on T-cells, monocytes, epithelial and endothelial cells, 

whereas CCR4 is usually expressed primarily on T helper cells76. 

A role for CCL2 has been established in various types of cancer. For instance, CCL2 can 

induce macrophage accumulation and COX-2 expression in colorectal adenoma epithelium,  

promoting inflammation and leading to tumour progression in both an autocrine and a paracrine 

manner77. Wolf et.al. investigated an additional unique feature of the CCL2/CCR2 interaction in 

the endothelium of capillaries that is initiated by CCL2 producing tumour cells78. They showed a 

correlation between expression of CCL2 chemokine and enhanced metastasis, poor prognosis and 

recruitment of CCR2+Ly6Chi monocytes78. The role of CCL2 chemokine has been reported in 

transendothelial migration79. CCL2 originating from tumour cells activates CCR2 receptors on 
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endothelium, and in turn, contributes to increased vascular permeability in vivo (Figure 5). This is 

supported by their results where CCR2 deficiency in mice was shown to prevent colon carcinoma 

extravasation and metastases in lungs78.  The interplay between cancer and the immune system is 

also important. The proposed mechanism of CCL2 highlights the ability of cancer cells to adapt 

what leukocytes do when they adhere to endothelium at an inflamed site. There is also growing 

evidence showing the contribution of CCL2 in fostering myeloid-derived suppressor cells 

(MDSCs)80. The MDSCs can contribute to cancer immune evasion by suppressing T-cell anti-

tumour functions80. A recent study by Natsagdorj et. al. highlighted the involvement of CCL2 in 

drug resistance of prostate cancer cells against Cabazitaxel, a semisynthetic taxane81. A breast 

cancer study by Han et. al. demonstrated that estrogenic conditions were able to promote 

angiogenesis in vitro and in vivo through increased secretion of CCL2. In the same study, a 

knockdown of Twist in MCF-7 cells significantly reduced CCL2 production while under 

estrogenic conditions82.  
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Figure 5 Pathway for how CCL2 exerts its action in transendothelial migration 

Adapted from 79 Created with Biorender©.  

 
2.1.1.2 CCL5 
 

Another chemokine of our interest is also from the C-C chemokine family and it is known 

as ‘Regulated upon Activation, Normal T-cell Expressed, and Secreted’ (RANTES) or CCL5. 

Normally, the expression and secretion of CCL5 are actively regulated in T-cells, and the 

corresponding receptor CCR5 is situated on T-cells, macrophages, and other leukocytes83.  

Elevated tissue or plasma levels of CCL5 are markers of an unfavourable outcome in many types 

of cancer including gastric, breast, colorectal, and pancreatic cancer84-87. Activation of the 

CCL5/CCR5 pathway has been shown to induce angiogenesis, alter the extracellular matrix, and 

attract additional stromal and inflammatory cells to enhance the immune evasion mechanisms88-

90. Different mechanisms and signalling pathways involving the CCL5/CCR5 axis are employed 

in the development of many solid cancers. It is known that CCL5 can work in an autocrine or 
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paracrine fashion and be released by cancer cells themselves or there can be indirect induction of 

the release of CCL5 from fibroblasts which will, in turn, recruit immune cells such as monocytes 

and regulatory T-cells to the tumour site88. A study by Wang et.al. shows how CCL5 contributes 

to the activation of integrin αVβ3, enhancing NF-κB activity to result in an increase in  MMP9  

and enhancement of the invasive phenotype in osteosarcoma cell lines91. In a study by Cambien 

et.al.it was apparent through analysis of multiple CRC patient tissues that CCL5 and corresponding 

receptor CCR5 levels were upregulated85.  Additionally, systemic treatment with anti-CCL5 

antibody in the BALB/c mouse model reduced the extent of liver metastasis85. CCL5 signalling 

has shown to be involved in tamoxifen resistance in MCF-7 breast cancer cells, and cisplatin 

resistance in SKOV3 ovarian cancer cells through STAT-3 pathway92,93. The study by Tsukishiro 

et.al. recruited patients with benign ovarian cysts and invasive carcinoma to measure plasma CCL5 

levels using ELISA94. It was found that patients with invasive ovarian cancer had elevated CCL5 

levels compared to patients with benign ovarian cysts94. However, the cells that secrete CCL5 in 

different tumour microenvironments varies based on the cancer type, and include fibroblasts, 

stromal cells or macrophages86,88,95.    

2.1.1.3 CXCL12 
 

This is a chemokine from the CXC family and is also known as Stromal Derived Factor 1 

(SDF-1)96. This chemokine possesses two isoforms SDF-1 α and SDF-1 β, which differ in their 

last four amino acids97. CXCL12 is expressed in various organs including heart, liver, brain, 

kidney, lymphoid organs, and skeletal muscle97. The corresponding receptor is CXCR4. Extensive 

work has been carried out in the Blay laboratory to understand the CXCL12/CXCR4 axis in CRC. 

CXCR4 is upregulated by the energy metabolite adenosine98 and downregulated by the eicosanoid 

15dPGJ299. It is also downregulated by thiazolidinedione drugs through their action on PPARg100. 
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The study by Cutler et.al. examined the effect of chemotherapeutic agents on CXCL12-directed 

migration in CRC through changes in CXCR4 and CD26 expression101. Eradication of CXCR4-

positive colon carcinoma cells following exposure to chemotherapeutic agents showcases the 

importance of this ligand-receptor couple in chemotherapeutic drug action101. CXCL12 has been 

known as the most potent angiogenic chemokine and it was shown that mice deficient in CXCL12 

or its receptor CXCR4 have vascular malformations68.  

2.1.1.4 CXCL8 
 

CXCL8, also known as interleukin-8, is a chemokine that traditionally has a role in 

inflammatory conditions caused by bacterial and chemical exposure102. It is produced by different 

cell types including monocytes, fibroblasts, endothelial cells, as well as tumour cells103,104. It was 

the first chemokine that was shown to recruit neutrophils and a subset of T-cells103,105. Under 

normal physiological circumstances, the receptor CXCR2 and all of its corresponding ligands 

CXCL1, CXCL2, CXCL3, CXCL5, CXCL7, and CXCL8 are responsible for mobilizing tumour-

associated neutrophils (TANs)106. CXCL8 is overexpressed in CRC and shown to promote disease 

progression through different mechanisms107,108. In breast cancer populations, CXCL8 is found to 

be overexpressed in the estrogen-negative and HER2-positive subtypes109. When plasma levels of 

CXCL8 were compared amongst healthy volunteers, early-stage, and late-stage solid cancer 

patients using ELISA, a stepwise increase in the levels was observed110. A study of patients with 

ulcerative colitis, colorectal adenomas, CRC, and colorectal liver metastasis compared the 

expression of CXCL8111. It was found that patients in the CRC and liver metastasis group had 

significantly higher CXCL8 protein levels compared to the ulcerative colitis and colorectal 

adenoma subjects111. There are also other CRC studies supporting the involvement of CXCL8 in 

the liver metastasis112,113. CXCL8 released from other cell types can have implications for cancer 
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progression as well. For instance, a study by Khazali et.al. demonstrated that CXCL8 secreted by 

activated stellate cells and primary human non-parenchymal cells from the liver was able to 

activate dormancy in breast cancer cells114. Another study assessed the role of lactate formation in 

tumour environment and how that results in an activation of NF-κB/IL-8 pathway leading to cell 

migration and angiogenesis in vivo115. 

2.1.1.5 CCL20 
 

In terms of intestinal physiology, it is known that CCL20 is produced by the follicle-

associated epithelium that is over Peyer’s patches, and mucosa-associated lymphatic tissue 

(MALT)73,116,117. It is also secreted by the epithelial cells in the lungs and skin117. The 

corresponding receptor is CCR6, for which CCL20 is the sole ligand69. CCR6 receptor is expressed 

on both naïve and memory b-cells117. The CCL20/CCR6 axis has an important role in a variety of 

cancer types including CRC. Specifically, the CCL20/CCR6 combination is involved in organ-

selective liver metastasis of CRC73,118. Within the liver, the expression of CCL20 is restricted to 

the periportal area, which is the entry point for blood draining from most of the lower 

gastrointestinal tract73. A clinical study carried out by Frick et.al. compared CCL20 and CCR6 

mRNA levels and protein concentrations in tissues of patients with ulcerative colitis, colorectal 

carcinomas (different stages), and primary colorectal tumours with liver metastases72. 

Significantly higher mRNA and protein levels of CCL20 were found in the colorectal adenomas 

and colorectal carcinomas72. In thyroid cancer, CCL20/CCR6 axis promotes migration and 

invasion through the NF-κB pathway leading to MMP3 production119. The importance of CCL20 

is not only due to its release from the tumour cells, but also a consequence of release from other 

cell types in the tumour microenvironment. For instance, a study by Liu et.al. demonstrated how 
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tumour-associated macrophages secreted CCL20 and promoted migration, epithelial to 

mesenchymal transition, and invasion of pancreatic cells120.  

2.1.1.6 CCL15 
  
CCL15 is another member of CC family of chemokines and it has a known role for the recruitment 

of leukocytes and endothelial cells121,122. In fact, one of the alternative names for CCL15 is 

leukotactin-1121. It is able to bind with both CCR1 and CCR3 receptor. However, it is mostly 

involved in the inflammatory conditions through its interaction with CCR1123.  CCR1 is normally 

expressed on monocytes, macrophages, dendritic cells, T cells, and B cells123.  This CCL15/CCR1 

axis is implicated in many types of solid cancers where colorectal and hepatocellular carcinoma is 

most common124,125. A study by Itatani et.al. demonstrated that knockdown of SMAD4 increased 

CCL15 expression on CRC cells which facilitated recruitment of CCR1 positive myeloid cells and 

promoted liver metastasis126. There is a direct link showing that SMAD4 is able to bind the 

promoter region of CCL15 and negatively regulate its expression126. SMAD proteins are important 

due to their involvement in the TGF-β signalling pathway127. As shown in Figure 3, SMAD4 

inactivation contributes towards a transition into a cancerous phenotype. In a study by Inamoto 

et.al., CRC patients at stage II and III who were positive for serum CCL15 had a reduced relapse-

free survival128. In hepatocellular carcinoma, the serum CCL15 levels are found to be elevated and 

it was correlated with migration and invasion129. It has also been a potential marker for breast 

cancer as per the cDNA microarray analysis from the METABRIC data, which comes from a 

Canada-UK project looking to sub-categorize breast cancer further based on its molecular 

signatures130. A co-culture model studied by Yu et.al. showcased an interaction between mast cells 

and CRC cells where HT29 and Caco2 cells released CCL15 that was able to recruit mast cells, 

which in turn supported tumour cell growth131.  
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Table 1 List of potential chemokines and chemokine receptors involved in CRC metastasis and 
disease progression. 

Chemokine or 
receptor 

Secreted by / expressed 
on Relevance in colorectal cancer Citations 

CCL2 cancer cells 
CCL2 secreted by CRC cells contributes to 

extravasation; receptor CCR2 found on 
endothelial cells 

 33 28 78 

CXCL12 (SDF-1) / 
CXCR4 

distant organ stroma / 
cancer cells 

CXCR4 expressed on CRC cells; Distant 
stromal environment release CXCL12 to 

prepare metastatic niche 
 6,34 

CCL25 / CCR9 
cancer cells / MMP 
expressing stromal 

cells 

highly expressed in primary stage; lost in late 
stages of CRC 

132 

CCL5 (RANTES) / 
CCR5 

cancer cells / 
leukocytes 

overexpressed within primary as well as liver 
& pulmonary metastases of CRC patients 

 36 

CCL9 / CCR1 cancer cells / myeloid 
cells 

Inactivation of CCR1 suppress liver metastasis 
by blocking immature myeloid cells 

accumulation in mouse model 
 32 

CXCR3 cancer cells poor prognosis in CXCR3+ tumour patients 
and lymph node macrometastasis observed 

133 

CXCL8 cancer cells expression correlated with tumour associated 
macrophages 

 33,38 
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2.1.2 Functional considerations in migration 
 

One of the direct functional implications of chemokines is their effects on cell migration. 

Migration is an important aspect of the metastatic process as it allows the cancer cells to reach 

secondary sites where they can initiate colonization. Liver is one of the most common sites of 

metastasis for CRC. The process of cancer cells arriving at the secondary microenvironment and 

specific interactions they have decides their fate. The ECM at different organs vary tremendously 

and that too can contribute to the fate of tumour cells. For instance, The ECM represents only 3% 

of the relative area within a normal liver section, however, it is situated in a strategic location as a 

barrier between the blood flow and parenchyma134. Therefore, it has many implications when its 

structure changes during the process of liver including carcinogenesis.  Liver is readily accessible 

from the lower GI tract and cancers of the intestinal origin have a direct circulatory connection to 

the liver via the hepatic portal vein. Disseminated cells from other tissues will, in contrast, arrive 

into the liver via the hepatic artery.  
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Figure 6 Illustration of the entry points and arrangement of liver microenvironment.The figure 

demonstrates various types of native liver cells that act as barriers to extravasation for arriving 

cancer cells. (Adapted from 135) Created with Biorender© 

Tumour cells arriving at the liver via both ports of entry first encounter the sinusoidal space 

(Figure 6). In this location, they are surrounded by a diverse population of native cells such as 

hepatic sinusoidal endothelial cells (HSECs), Kupffer cells, pit cells, stellate cells, and 

hepatocytes15. There are four stepwise phases of hepatic metastatic process: (i) a microvascular 

phase that involves initial infiltration of cancer cells, survival and adhesion to the 

microvasculature, extravasation into parenchyma, inflammatory responses and potential death of 

infiltrating cells; (ii) an intralobular micrometastatic phase which involves stromal cell 

recruitment, stellate cell activation, avascular growth and involvement of tumour-activated 

hepatocytes; (iii) an angiogenic micrometastatic phase which is when hypoxia and other tumour-

derived factors lead to proangiogenic effects leading to replacement type or pushing type 
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metastasis; (iv) the established hepatic metastatic phase which is when the spread begins to affect 

the pathophysiology of deeper hepatic areas, effects of tumour-infiltrating stromal cells develop, 

and gene expression may also potentially alter as a result of the new hepatic microenvironment136. 

Some studies show that the ability to adapt and grow into a secondary tissue microenvironment is 

already encoded within certain cells of the primary tumour136, however, others conclude that 

depending on the organ microenvironment, gene-expression patterns of cancer cells can change 

significantly leading to the functional change and acquired growth ability137. ECM components 

are quantitatively increased by almost 3 to 5 times in fibrotic liver conditions134. Cells that play a 

major role in this transformation are hepatic stellate cells (HSCs). Once activated, HSCs can 

transform into myofibroblast phenotype and deposit large amounts of type I collagen15. Stellate 

cells have also been implicated in releasing growth factors and chemokines that may be beneficial 

to liver metastasis. A study by Matsusue et.al. showed that significant amounts of the chemokine 

SDF-1 is released by activated HSCs and can promote CXCR4-expressing CRC cells to invade 

and establish liver metastatic tumours in mice138.  

Similar to liver, another common site of metastasis is lungs. Tumours originating in rectum 

have a higher chance of lung metastasis compared to those from the colon. Lung is also a common 

site of metastasis in breast cancer patients. Due to direct anatomical access through the venous 

return, lungs are the most common and potential site of entrapment for cells dislodged from 

primary solid tumours around the body. For example, primary breast cancer cells that escape into 

the blood circulation will pass through the heart to the capillaries of the lungs137. Lung tissue 

possesses non-fenestrated capillaries with loose junctions and the perfusion is comparable to the 

heart but relatively high compared to other organs139. The upper limit of lung capillary pore size 

is around 5 nm140. Five known mechanisms leading to pulmonary metastases are (i) spread through 
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the pulmonary or bronchial artery; (ii) spread via lymphatics; (iii) spread through the pleural space; 

(iv) spread via the airways; and (v) spread by direct neoplastic invasion141. However, the spread 

through general blood circulation is most common141. The interplay between local 

microenvironment and arriving tumour cells can support tumour initiation and growth or prevent 

it and result in tumour clearance142. The first point of contact within lung capillary is the layer of 

endothelial cells. Due to the gas exchange taking place here, type I alveolar cells are in very close 

vicinity. Between the endothelial and alveolar cells lies a fused basement membrane. The typical 

arrangement illustrates the barriers that a tumour cell has to cross through in order to reach into 

the lung parenchyma. Tumour cells also interact with the lung extracellular matrix, which is 

composed of keratin, fibronectin, and collagen142. Keratin is the predominant part of ECM in 

squamous cell carcinoma, whereas fibronectin predominates in desmoplastic lung 

adenocarcinomas142. The composition in the case of secondary lung metastasis might also vary. 

Two studies have shown that cells from small-cell lung cancer were able to withstand the 

chemotherapy-induced DNA damage as a result of the interaction between β1 integrin and ECM 

proteins143,144. Such tumour-specific differences in ECM composition and stromal environment 

can be exploited in understanding and designing a relevant platform to capture CTCs. Other cells 

in the alveolar surroundings include alveolar macrophages, septal cells, and monocytes which may 

also partake in promoting or hindering tumour cell invasion into lung parenchyma145,146.  

For in vitro studies, it becomes difficult to assess the holistic microenvironment and 

complex interactions. However, specific interactions can be studied by employing simpler models 

that answer specific questions.  

With the interest in chemokines and their role in migration, we sought to design Transwell® 

experiments. This technique has benefits and drawbacks and careful assessment of results obtained 
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can help in answering specific questions related to cell migration. The assay using Transwell® is 

commonly referred to as the Boyden chamber assay147. This assay uses a unique membrane (e.g. 

polycarbonate) with pores of varying sizes at the bottom surface. This surface can usually be coated 

with one of the ECM components like collagen type IV. Cancer cells are placed in the top chamber 

and the bottom chamber contains either a stimulus (e.g. chemokine) or another type of cell layer 

(Figure 8). As illustrated in the diagram, this assay holds the potential to study two different cell 

populations and their interactions. One of the drawbacks of this method is that it requires a large 

number of cells and single cell assays are difficult to carry out with Transwell® membranes. 

However, the utility of this assay has been studied using cells from different solid tumours148. 

Here, we explored CRC cells HT29, HCT116, and their SN-38 resistant counterparts HT29-R and 

HCT116-R for their abilities to migrate toward HepG2 cells in the bottom chambers. HepG2 is an 

immortalized cell line from hepatocellular carcinoma and mimics many behaviours of normal 

differentiated hepatocytes149. The purpose of using them in the Transwell® studies is to create an 

in vitro model of liver microenvironment with hepatocyte-like cells in the bottom chamber, and a 

layer of ECM proteins above. The cancer cells migrating through the ECM layer in response to 

the stimuli from HepG2 cells would reveal the functional characteristics of different cell lines.  

2.2 Materials and Methods 
 
2.2.1 Cell Culture 
 

The cell lines HT29, HCT116, and HepG2 were obtained from American Type Culture 

Collection (ATCC). HT29-R and HCT116-R cell lines were produced in the laboratory (Figure 7). 

All of the cells were genotyped to confirm their identity and they were also tested periodically and 

found to be free of mycoplasma. These adherent cells were grown routinely in Nunc T-25 cell 

culture flasks (ThermoFisher). Hyclone Dulbecco’s Modified Eagle Medium (DMEM) with 4mM 
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L-glutamine and 4500mg/L glucose, 1mM sodium pyruvate, and 5% v/v fetal bovine serum (FBS) 

was used for routine growth of cells. For the resistant counterparts HT29-R and HCT116-R, SN-

38 (irinotecan metabolite from Sigma® CAS# 86639-52-3) at the final concentration of 30nM was 

added to the culture medium. When the cell culture reached near to confluence, cells were 

passaged. 1mL of 0.25% trypsin-EDTA (Gibco™) was added and spread through the monolayer 

of cells. If the cells were difficult to detach, the flask was kept in the incubator at 37°C for 1-2 

min. Trypsin-EDTA was carefully removed and the flask was tapped onto the surface to fully 

detach the cells from the monolayer. Fresh 5mL of serum-containing media was used to wash the 

flask surface and prepare a cell suspension. 10% of the suspension volume was transferred to a 

new T25 flask (1:10 split ratio) and an additional 4.5 mL of media was added. SN-38 was added 

at a resulting concentration of 30nM for the resistant cell lines. The flasks were then stored in the 

incubator with 37°C and 5% CO2       

2.2.2 Generation of Drug Resistant Cell Lines 
 

The SN-38 resistant cell lines were generated through a successively increasing drug 

exposure over a period of 12 weeks (Figure 7). Both of the resistant counterparts (HT29-R and 

HCT116-R) were generated by a previous post-doctoral fellow, Dr. Murray Cutler.  

 

 
Figure 7 Stepwise process depicting the generation of drug-resistant cell line showing the 

concentrations and times of successive increasing exposure to the drug SN-38.  
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2.2.3 Polymerase Chain Reaction 
 
2.2.3.1 RNA Extraction 
 

The adherent colorectal cell lines were grown in T-25 flasks up to 80% confluence. The 

GenElute™ Total RNA miniprep Kit (Sigma Aldrich #RTN70) was utilized for the RNA 

extraction process. 2-mercaptoethanol (2-ME) was added to the provided lysis solution to a final 

concentration of 1% v/v. The culture medium was aspirated from the T-25 flasks and 1mL of the 

prepared lysis solution was added to cover the surface. Following 1 min incubation at room 

temperature, the cell lysate was collected from the flask, and centrifuged in the filtration column 

at 14000 x g for 2 min at room temperature in the minicentrifuge. This helped remove the cellular 

debris and shear the genomic DNA. A volume of 70% v/v ethanol equal to that of the lysate volume 

was then added to the supernatant and the solution was thoroughly mixed. This mixture was then 

added to the GenElute™ binding column for centrifugation at 14000 x g for 15 s. The desired RNA 

material was retained in the binding column and the supernatant was then discarded. 500µL of the 

wash solution 1 was then added to the binding column and put through centrifugation at 14000 x 

g for 15 s. The binding column was then transferred to the new collection tube and washed with 

the wash solution 2 (originally diluted with 100% ethanol). This tube was centrifuged at 14000 x 

g for 15 s and the filtrate was discarded. Another wash with 500µL of wash solution 2 was carried 

out at 14000 x g for 2 minutes. RNA was retained in the binding column which was then transferred 

to the new collection tube. The RNA was detached from the column using 50 µL of the provided 

elution buffer following centrifugation at 14000 x g for 1 min. Immediately after eluting the RNA 

into the solution, the collection tube was kept on ice to prevent degradation. The concentration and 

purity of the extracted RNA were measured using the NanoDrop® 2000c (Thermo Scientific). The 

RNA was stored at -80°C for future use.  
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2.2.3.2 Reverse Transcription 
 

In order to perform the reverse transcription PCR (RT-PCR), the collected RNA was 

transformed into a complementary DNA (cDNA) through an amplification process. PCR hood 

(Airclean 600 PCR workstation) was utilized to set up the reverse transcription reaction. 2.5 µg of 

RNA was used as starting material for each reaction along with two master mixes. The first master 

mix contained 0.5µg/µL oligodT (Invitrogen) and 10nM deoxynucleotide triphosphates (dNTP, 

Invitrogen) in equal amounts. The second mastermix contained 10 µL of the 5x first strand buffer 

(Invitrogen), 5 µL of 0.1M DTT (Invitrogen), 2.5 µL Moloney murine leukemia virus (M-MLV, 

Life Technologies) reverse transcriptase enzyme. Each reaction also included a No-RT control 

where the reverse transcriptase enzyme was excluded to ensure that there was no contaminating 

genomic DNA in any reaction. A separate master mix was prepared for the No-RT control wells 

and diethylpyrocarbonate (DPEC) treated water was used instead of the reverse transcriptase 

enzyme. The samples were prepared by first mixing the RNA and master mix 1. Reaction tubes 

were set in the thermocycler Techne Genius® (LabX) and a program was set for reverse 

transcription. During the first part, tubes were incubated at 65°C for 5 min. Tubes were then kept 

on ice for 15 s. prior to addition of 20µL of master mix 2. The reaction tubes were then run at 37°C 

for 50 min followed by 70°C for 15 min in the thermocycler. Based on the ideal reaction condition, 

it was expected that the final product contained cDNA at 50ng/µL RNA-equivalent. Three tubes 

for each condition were pooled together and stored at -80°C.  

2.2.3.3 Primer Design 
 

The primer pairs that were used in polymerase chain reactions (PCR) and quantitative 

reverse-transcription PCR (qRT-PCR) experiments were designed through use of publicly 

available platforms including primerBLAST from National Center for Biotechnology Information 
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(NCBI), and OligoAnalyzer from Integrated DNA Technologies (IDT). All primers were ordered 

from Life Technologies.  

2.2.3.4 Endpoint PCR 
 

The cDNA was thawed on ice and all the reagents (Table 2) were set-up in the PCR hood 

(AirClean 600 PCR Workstation). The GoTaq green master mix (Promega) contained Taq DNA 

polymerase, dNTPs, MgCl2, reaction buffers, and loading dye.  

 

Table 2 Reaction set-up for the endpoint PCR where the forward and reverse primers are at 

resulting concentration of 200nM each.  

12.5 µL GoTaq green 
0.5 µL Primer FWD 
0.5 µL Primer REV 
9.5 µL nuclease-free H2O 
23 µL total 
+  
2 µL cDNA (100ng) 

25 µL total reaction 
 

 

 

 

 

 

 

 

The reaction tubes for all the experimental groups were prepared in triplicate and run 

through the program as shown below in Table 3 and the primers used are listed in Table 4.  

Table 3 Thermocycler program set up for PCR. 

 94°C 75 s initial denature 
 94°C 45 s denature 

36 cycles 60°C 45 s anneal 
 72°C 60 s extension 
 72°C 10 min final extension 
 4°C hold hold 
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Table 4 The primers for chemokines and their corresponding receptor pairs that were screened 
with RT-PCR.  

Gene Primer sequence 
CCL2 fwd GCTGTGATCTTCAAGACCATTG 
CCL2 rev AAACAGGGTGTCTGGGGAAAG 
CCR2 fwd CTGTCCACATCTCGTTCTCGGTTTA 
CCR2 rev CCCAAAGACCCACTCATTTGCAGC 
CCR4 fwd ATCCTGAAGGACTTCAAGCTCCA 
CCR4 rev AGGTCTGTGCAAGATCGTTTCATGG 

 
Gene Primer sequence 
CCL25 fwd TCTGCCTGCTGCGATATTCT 
CCL25 rev TTGGAAGGTCTGCGTGTTGT 
CCR9 fwd GTTCTCCTTGTTCTGTTCTGGG 
CCR9 rev ACTTTGGATGCCTTGTGGGT 

 
Gene Primer sequence 
CCL5 fwd CTCATTGCTACTGCCCTCTGC 
CCL5 rev GCTCATCTCCAAAGAGTTGAT 
CCR5 fwd TTGGGTTGGAAGTGAGGGTC 
CCR5 rev TGGGTGAGACTGTGTTCAAGC 

 
Gene Primer sequence 
CCL15 fwd CCAAGCCAGGTGTCATATTCC 
CCL15 rev TCAGACCAAGAAACTCACAGGA 
CCR1 fwd AGAGTTCCGACTGCCATCTTG 
CCR1 rev TAGACACTTTCCTCCCAACCC 

 
Gene Primer sequence 
CXCL10 fwd AAAGCAGTTAGCAAGGAAAGGTCTA	
CXCL10 rev TGTAGGGAAGTGATGGGAGAGG	
CXCR3 fwd GCCTACTGCTATGCCCACAT	
CXCR3 rev CGTCTACCCTGCTTTCTCGG	

 
 
Gene Primer sequence 
CXCL8 fwd TTGAATGGGTTTGCTAGAATGTGAT	
CXCL8 rev GGCACAGTGGAACAAGGACTT	
CXCR1 fwd GTGGCTCTGTGTGCTCTGA	
CXCR1 rev CTAAGGGCTGCTTGTCTCGT	

 
Gene Primer sequence 
CCL19 fwd CTGGGTACATCGTGAGGAACTT	
CCL19 rev GGTGAACACTACAGCAGGCAC	
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CCL21 fwd GCAAGAGGACTGAGCGGT	
CCL21 rev AAAGCAGGAGAAAGAGTGTGGC	
CCR7 fwd TCCCACAGACTCAAATGCTCA 
CCR7 rev GCAGGAAACACCACACTCTC 

 
Gene Primer sequence 
CXCL12 fwd ACAGTCAGGTGGTGGCTTA	
CXCL12 rev AGGTTGAAAGAGGAGGTGAAGG	
CXCR4 fwd CTGTGACCGCTTCTACCC	
CXCR4 rev AATACCAGGCAGGATAAGGC	

 
Gene Primer sequence 
CXCL13 fwd GCTTGAGGTGTAGATGTGTCC	
CXCL13 rev ACTTGTTCTTCTTCCAGACTATGA	
CXCR5 fwd TCAGATGGAACCGCAGGAAG	
CXCR5 rev GCTTGGCTTGAGTGGGACAA	

 
Gene Primer sequence 
CCL20 fwd TTTGCTCCTGGCTGCTTTGAT	
CCL20 rev AGTTGCTTGCTGCTTCTGATTCG	
CCR5 fwd TTGGGTTGGAAGTGAGGGTC	
CCR5 rev TGGGTGAGACTGTGTTCAAGC	

 

Following the program, 5 µL of each reaction product was loaded on a prepared 1% agarose 

gel that contained 0.2 µg/µL ethidium bromide (EtBr). The gels were run at 94 volts for 30 min. 

Images were captured using the AlphaImager HP gel imaging system (Biotechne) for visualization 

of the bands under the UV light. The initial experiments also provided information on which 

primers worked well, and which primers did not. The negative controls were blank for all the genes 

tested and this confirmed that there was no contamination from the genomic DNA.  

2.2.3.5 qRT-PCR 
 

In order to confirm the preliminary results from the RT-PCR, five potential target genes 

were chosen to be fully quantified using the ΔΔCT method in a SYBR green based qRT-PCR. For 

all the reactions in quantitative PCR (qPCR), the primers were first tested with the end-point PCR 

to ensure that a single amplicon of the correct length was produced. Similar to the end-point PCR 
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experiments, qPCR reactions were also prepared in the dedicated PCR hood (Air Clean 600 PCR 

Workstation). qPCR was only carried out for the markers displaying a visually significant change 

between the parental and drug-resistant lines at the RT-PCR step. Rox reference dye (0.25µL) was 

used for the Agilent Master Mix in the qPCR reactions. The reactions were prepared in a 96-well 

plate (Thermo Scientific). 5µL of cDNA was diluted 10-fold using nuclease-free water prior to the 

addition in the reaction plate. Reaction plate was sealed using a clear adhesive film (Thermo 

Scientific).  

The reaction plate was taken to the StepOnePlus Real-Time PCR system (Applied 

Biosystems) and run under these cycling conditions: hot-start with 95°C for 30 s. then 60°C for 60 

s. and fluorescent readings were taken after each cycle up to 40 cycles. Following the 40 cycles, a 

melt-curve was generated in the machine which produced a curve in the associated software. A 

single unique curve provided confirmation of a single amplicon that was generated as a result of 

the reaction through 40 cycles. Numbers for the fluorescence value were recorded in the software 

after each cycle and these values were exported in excel. These values were fed into the 

LinRegPCR software to generate a window of linearity150. The efficiency of the reaction was also 

calculated based on the fluorescence values as it is expected that every cycle will double the 

product under optimal conditions. Based on these data points and a minimum threshold value, this 

software was able to provide a relative initial mRNA concentration (N0) value in arbitrary 

fluorescence units. As explained in Ruijter et.al.151, the formula for N0 is:  

!" =
!$%
&''$% 

RPL27 was utilized as the control gene and the expression was consistent in both cell lines. 

It has been validated to act as a housekeeping gene in the past152. There are also other novel 

housekeeping genes that might have more evidence to be stable across different cancer types153. 
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2.2.4 Chemokine Arrays 
                 

First, a new set of T-25 flasks were seeded with 40% initial density in the DMEM 5% 

FBS media. 30nM SN-38 was added for the resistant lines. After 36-48 hours, the existing media 

was aspirated followed by a wash with cold serum-free DMEM. Fresh media containing 1mg/mL 

BSA in DMEM was prepared and added to the flasks. The flasks were incubated overnight at 

37ºC in 5% CO2. On the day of the assay, 5mL syringe and 0.45 µm filter were used to collect 

the media sample. Proteome Profiler Human Chemokine Array kit (R&D Systems) was used to 

process the collected samples. Please refer to the coordinates and the nomenclature guide in the 

Appendix I. 

It was a pre-coated nitrocellulose membrane based assay yielding relative levels of 

selected human chemokines. Two mL of the collected sample media was mixed with 1mL of the 

array buffer 4. The provided detection antibody cocktail was diluted with filtered 100µL 

MilliQ® H2O. Each array membrane was blocked using 2mL of the array buffer 6 in the 

provided 4-well chamber for 1 h on the rocker at room temperature. While the membranes were 

blocking, 20µL of the diluted antibody cocktail was added in each prepared sample and they 

were incubated at room temperature for 1 h. The blocking buffer was then aspirated and the 

prepared samples were added to each chamber. The 4-well chamber was incubated overnight at 

4°C on a rocker.  

Next day, each array membrane was carefully removed and washed three times with a 1x 

wash buffer at room temperature. Each wash was carried out on a rocker for 10 min. In the 

meanwhile, the provided streptavidin-HRP was diluted in the Array Buffer 6 at a 1 in 2000 dilution. 

Following the three washes, each array membrane was incubated with 2mL of the diluted 

streptavidin-HRP at room temperature for 30 min on a rocker. Another three washes as described 
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previously were carried out following the incubation. The membranes were then incubated with 

the 1:1 mixture of Chemi reagent 1 and Chemi reagent 2 provided for 1 min in a plastic protector 

sheet. The membranes were imaged using the Kodak© Image Station 4000mm Pro machine for 

40, and 30 min.  

The images were analyzed using the ImageJ® software and the dot blot analysis method 2 

explained by National Institutes of Health (NIH)154 was utilized for quantification. Briefly, the 

integrated density of each spot was measured by first turning the image in an 8-bit black and white 

image. The background was subtracted using the Subtract Background command. The image was 

then inverted to generate a black background with white array spots. Under the Analyze menu, and 

Set Measurements tab, integrated density was chosen and all the other parameters were left 

unchecked. A constant size circular section was created around each of the array spot, and the 

integrated density value was measured in this fashion with a Measure command by manually 

moving through each array spot. It was ensured that the size of the circular section remained the 

same when measuring different array images and this allows for a consistent approach allowing to 

make comparisons.  

 

2.2.5 Immunostaining Chemokines 
 

Expression of chemokines within the parental and drug-resistant cells was observed using 

immunofluorescence technique. Colorectal cancer cells were first seeded at 10% confluence in the 

four-chambered Nunc Lab Tek II chamber slides (Thermo Scientific) with DMEM 5% FBS media. 

Cells were allowed to grow in the incubator with 5% CO2 at 37°C for 2 days. The slide was then 

placed on ice. The growth medium was carefully aspirated without disturbing the monolayer and 

it was replaced with 0.5mL DMEM 1mg/mL bovine serum albumin (BSA). The slide was kept in 
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the 5% CO2 incubator for 30 min at 37°C. The slide was gently removed from the incubator and 

1mL of freshly prepared 2% paraformaldehyde was added to the existing media. The slide was 

incubated at room temperature for 10 min and the solution was aspirated. The wells were washed 

with PBS Ca2+/Mg2+. 1mL of freshly prepared 5% FBS in PBS Ca+2/Mg+2 was added and incubated 

at room temperature for 30 min. In the meantime, primary antibody dilutions were prepared for 

CCL2 and CXCL12 in 1mg/mL BSA in PBS Ca+2/Mg+2. Mouse anti-human CCL2 was used at 

1µg/mL and rabbit anti-human CXCL12 was used at 0.5 µg/mL concentration. The slide was 

covered with parafilm and incubated in the humidified chamber for 60 min. Following the 

incubation, the primary antibody solution was aspirated carefully and chambers were washed twice 

with cold PBS Ca+2/Mg+2 1mg/mL BSA. The secondary antibody was prepared as 1 in 2000 

(1µg/mL ending concentration). 750µL of the prepared secondary antibody was added into each 

chamber. The plate was covered with parafilm and aluminum foil to protect from drying and light. 

The slide was incubated in a humidified chamber for 60 min at room temperature. Two washes 

were carried out as earlier with cold 1mg/mL BSA in PBS Ca+2/Mg+2. The chamber on the slide 

was removed using the provided plastic slider. Two drops of Fluoroshield® aqueous gel mounting 

medium containing DAPI (Abcam) were added on top of each well surface. A rectangle 50mm 

coverslip (Fisher) was carefully placed onto the slide and allowed to dry for 60 min in dark. The 

fluorescence was observed using the Leica DM2000 microscope and the images were captured 

with Micropublisher 5.0 RTV camera and QCapture Pro 5 software.  

 

2.2.6 Migration assays: Transwell® 
 

The migration assays were carried out using 8 µM Transwell™ polycarbonate membrane 

inserts (Corning™). Each membrane was coated with 10 µg/mL collagen type I and 5µg/mL 
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human fibronectin for 2 hours at 37°C. HepG2 cells were grown in the bottom chambers with 

DMEM 5% FBS up to 75% confluence (Figure 8). On the day of the assay, existing media from 

the HepG2 cells was removed and chambers were filled with 700µL of 1mg/mL BSA in DMEM. 

Colorectal cancer cells were detached from T25 flasks and counted using a hemocytometer. 100µL 

of cell suspension containing 200,000 cells in DMEM 1mg/mL BSA were placed in the top 

chamber of the coated transwell membrane. For negative control, a coated membrane with cells 

was placed in a chamber without HepG2 cells at the bottom. The chambers with Transwell™ 

membranes were incubated overnight in 37°C with 5% CO2. Next day, the membranes were 

washed with cold PBS Ca+2/Mg+2 once and fixed with ice-cold methanol. Membranes were then 

stained with Mayer’s hematoxylin (Sigma) for 20 min. Cotton swabs were used to remove cells 

from the upper chamber of the membrane and the they were placed on a glass slide using an 

Fluroshield® aqueous mountant (Abcam). Cells that migrated on the other side of the membrane 

were imaged and counted using the inverted microscope (Motic AE21).  

Analyzing the chemokines released by the cancer cells and identifying changes that come 

along with drug resistance is one aspect of understanding cancer progression. However, it is 

equally important to assess and see which secondary tissues are able to release chemokines that 

attract and harbour cancer cells. We decided to use the HepG2 cells (hepatocellular carcinoma) as 

a model to assess the interaction with CRC cells. Colorectal cancer cells HCT116, HCT116-R, 

HT29, and HT29-R were placed in the coated inserts following the 18 h incubation, cells migrated 

onto the other side of the membranes were fixed, stained, imaged, and counted.  



38 
 

 
Figure 8 Set up for migration experiments.HepG2 cells (red) in the bottom chamber and CRC 

cells (brown) in the top chamber coated with human fibronectin and collagen type I (dark blue 

matrix). Chemokines released (light blue circles) from HepG2 cells travel upward to attract CRC 

cell  migration through the 8µm membrane pores. 

 
In addition to the Transwell® experiments, we wished to determine the relative expression 

of chemokines released from the HepG2 cells in this model. Identifying these chemokines would 

lead to potential candidates that drive the chemotactic gradient in order to attract CRC cells 

towards the bottom chamber. Same method described in section 2.3.4 was employed and HepG2 

cell lines were used to collect the conditioned media. 

 
2.2.6 Statistical Analysis 
 

All experiments were carried out with three replicates or more. Prism® version 8 

(GraphPad® – San Diego) software was used for the analysis of results from the migration assay 

and chemokine arrays. 
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2.3 Results 
 
2.3.1 A panel of chemokines show definitive gene level changes in the drug-resistant cells 

 
To examine the effect of established drug-resistance on the expression of chemokines and 

chemokine receptors in two human CRC lines (HT-29 and HCT116), endpoint PCR was carried 

out for mRNA expression in 22 targets. Eleven were chemokines and the remainder were their 

corresponding receptor pairs. Three independent sets of cDNA samples were prepared from 

different cell passages. More than one primer pair was tested for some targets with the design from 

NCBI Primer Blast. Primers that generated a single product on the gel electrophoresis were chosen 

to go further for replicate experiments. GAPDH was used as a positive control and it was equally 

expressed between all cell lines.  

From the results, it was observed that CCL2 gene was upregulated in both the resistant cell 

lines HT29-R and HCT116-R when compared to the respective parental lines (Figure 9A). 

CXCL12 was upregulated in HT29-R (Figure 9G), however, there was no expression in either of 

the HCT116 cell-lines. The corresponding receptor CXCR4 had a very low expression and it was 

difficult to conclude an upward or downward trend from Figure 9D. CCL5, CCL15, CXCL8, and 

CCL20 genes (Figure 9B, C, F, and E respectively) were consistently downregulated in HT29-R 

counterpart when compared to HT29. CCR6 was the only receptor that had a strong expression 

and it was equal in all four cell lines as observed in Figure 9H. The trends observed between HT29 

and HT29-R did not match what was observed between HCT116 and HCT116-R. For instance, 

the expression of CXCL8 stayed unchanged between HCT116 and HCT116-R. From Figure 9B, 

it is observed that the trend is similar for both parental and drug-resistant lines. However, the 

relative gene expression of CCL5 in HCT116 is visually less when compared to HT29.  
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Figure 9 Comparison of changes in chemokine and chemokine receptor gene expression within 

two parental and resistant CRC lines. 

(A-H) The expression of target genes from the chemokine panel in two CRC lines and their 

resistant counterparts over three independent experiments.      L: 1µL 100 bp DNA ladder; – : 

Control (H2O); S: SN38 drug-sensitive cell line; R: SN-38 drug-resistant cell line; b.p.: base 

pairs  

Note: A full set of raw images are in the Appendix II: Raw images of the RT-PCR results. 

 
 

Below (Table 5) is a summary of the overall changes that were observed from the three 

independent experiments carried out for each gene target.  
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Table 5 Summary of gene expression changes for chemokines and receptors between HT29 and 

HT29-R cells.  

Consistent changes Variable changes No change / No expression 

CCL2 () CCR1 CCR4 

CCL5 (¯) CXCL10 CCR2 

CCL15 (¯) CXCR3 CCR9 

CXCL8 (¯) CXCR1 CCR7 

CXCL12 () CCR5 CCL19 

CCL20 (¯)  CCL21 

CCL25 ()  CXCL13 

  CXCR5 

  CCR6 

  CXCR4 

Note: The arrows indicate the changes in HT29-R relative to HT29 cells. The candidates listed 
under ‘Variable changes’ were tested with more than one primer pair, however, resulted in 
inconsistent expression. These trends were confirmed following three independent replicates.  
  

CCL2 and CXCL12 were upregulated in HT29-R cells, whereas CCL5, CCL15, CXCL8, 

CCL20, and CXCR4 were downregulated in HT29-R cells. Only CCR6 remained constant across 

all four cell-lines. The HCT116 pair showed similar changes for CCL2, CCL5, and CCL20 that 

matched the trends in the HT29 pair. Many of the gene targets in the HCT116 and HCT116-R had 

no expression and many were unchanged between the parental and resistant cells. CCL15, and 

CXCL12 had no expression in the HCT116 group whereas CXCL8 remained unchanged. Based 
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on these observations and their functional implications CCL2, CCL15, CXCL8, CXCL12, CCL20 

were chosen to move for further analysis on qRT-PCR. Table 6 demonstrates the overall trends 

from the PCR results with the relative strengths of the changes observed.  

 

Table 6 Trends observed for chemokine gene expression between HT29 and HT29-R cells.  
 

Potential	candidates	 Relative	
change	

in	HT29-R	Name	 Conventional	
name	

Chemerin	 TIG-2/RARRES2	 ↓	
IL-8	 CXCL8	 ↓↓↓	

MCP-1	 CCL2	 ↑↑	
MDC	 CCL22	 ↑	

Midkine	 -	 ↓	
MIP-1δ	 CCL15	 ↓↓	
RANTES	 CCL5	 ↓↓	
SDF-1	 CXCL12	 ↑↑	

Note: The direction of the arrows correlates with change in HT29-R cells relative to the HT29.  
Visual intensity of the bands was broken down into three categories: High (3 arrows), Medium (2 
arrows), and Low (one arrow). The trends demonstrated here are not quantitative.  
 
2.3.2 Potential chemokine markers confirmed through qRT-PCR method 
 

To confirm the preliminary results from the RT-PCR, five potential target genes were 

chosen to be fully quantified using qRT-PCR. Targets quantified were CCL2 (MCP-1); CCL15; 

CXCL8 (IL-8); CXCL12 (SDF-1); and CCL20 (Figure 10). Primer pairs displayed in Table 4 were 

used for the qRT-PCR experiments. The results displayed in Figure 10 demonstrate the same 

pattern in changes as that observed in RT-PCR results (Figure 9). 

 CCL2 and CXCL12 were upregulated in HT29-R cells. The change in CCL2 was not 

statistically significant from Prism GraphPad© analysis, however, there is a strong trend indicating 

an upregulation in HT29-R. For the remaining three targets CCL15, CXCL8, and CCL20 there 

was a downregulation in the resistant cells and these changes were statistically significant.  
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Figure 10 Changes in chemokine gene expression between HT29 and HT29-R cells.The results 

displayed are from three independent replicates using three independently collected cDNA 

samples. Statistical significance was calculated using two-way ANOVA and the post-test was 

done using the Bonferroni method. *: p < 0.05; **: p < 0.01; n.d.: none detected; ns: not 

significant 
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Based on the results observed, it was important to further analyze these targets at the protein 

level. One possibility was to conduct Western blot using the conditioned media from the cell lines. 

However, there are challenges with performing western blot on culture medium components. 

Depending on when the medium is collected, the cells are at different stages in their cell growth 

and it is difficult to predict when the most amount of chemokines are present. The half-life of 

secreted chemokines and what percentage of chemokines remain stored in the Golgi-apparatus are 

also factors that need to be considered. The smaller molecular weight (8-10 kDa) of the 

chemokines can be a challenge for the detection of protein band on gel electrophoresis. 

Quantifying the protein using ELISA (Enzyme-Linked Immunosorbent Assay) would help in 

absolute quantification of chemokines. ELISA is not an optimum technique for the screening 

approach as the kits available are generally for individual chemokines. However, we first wished 

to assess the cellular expression of chemokines through immunofluorescence technique followed 

by a semi-quantitative approach using chemokine arrays. 
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2.3.3 Expression of CXCL12 identified on HT29 and HCT116 cells via immunofluorescence 
 

In order to examine the cellular localization of chemokines in the parental and drug-

resistant CRC cell lines, the immunofluorescence technique was utilized. There have been reports 

of chemokine staining in the tissue samples of colorectal cancer patients, and also chemokines 

detected through intracellular staining in flow cytometry155-157. However, staining in immortal cell 

lines can be challenging and most often research groups utilize ELISA for absolute 

quantification158. We wished to explore whether chemokines can be detected on a fixed monolayer 

of colorectal cancer cell lines. First, we started with epithelial markers EpCAM and pan-

cytokeratin. Epithelial markers were chosen as a positive control and tested prior to the chemokine 

experiments. Figure 11 shows a typical EpCAM stain for HT29 cells and the same antibody was 

also tested with HCT116 cells (Figure 12). The cellular morphology is different between the two 

cell lines. Bright field and DAPI stain images help further to understand the staining patterns for 

different cancer cells. Using the same technique with CXCL12 antibody, HT29 cells were stained 

and found to express this chemokine (Figure 13). Similarly, HCT116 cells expressed CXCL12 in 

a diffuse pattern (Figure 14) which was different from HT29 cells. The resistant cells were not 

tested for the chemokine expression. The CCL2 antibody was tested using the same technique, 

however no expression was found for the HT29 and HCT116 cells.  
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Figure 11 Expression of epithelial marker EpCAM on HT29 cells. Images were taken with 100X 

objective. Bright-field image showing a cluster of HT29 cells (B) EpCAM expression in red - as 

observed, the membranes show a brighter distinct pattern that is typical of an epithelial protein. 

(C) Negative control confirming a lack of expression due to the omission of primary antibody in 

the experiment. The figures are representative of three independent experiments. 

 

A B C

20 µM
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Figure 12 Representative images showing the expression of epithelial marker EpCAM on 

HCT116 cells. Images were taken with 40X objective. (A) Red immunofluorescence for rabbit 

anti-EpCAM antibody used at 1µg/mL. (B) DAPI staining showing nuclei stain (C) bright field 

demonstrating the HCT116 cellular morphology (D) Negative control with lack of primary 

EpCAM antibody.  

 

 

 

 

A B

C D

50 µM



48 
 

The same EpCAM antibody was utilized for both HT29 and HCT116 cells to ensure that 

epithelial marker expression is captured in different CRC cell lines (Figure 11 and Figure 12). The 

results confirmed the utility of the immunofluorescence technique and paved the way for assessing 

chemokine expression through immunofluorescence.  

Previously, a study in the Blay laboratory has examined the effects of chemotherapeutic 

agents on CXCL12 directed migration in CRC101. Generally, it is believed that distant organs 

release CXCL12 which attracts the CRC cells expressing CXCR4 on the surface. We wished to 

examine whether the CRC cell lines HT29 and HCT116 had any protein-level expression for this 

chemokine CXCL12.  
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Figure 13 Immunofluorescence staining of HT29 cells for CXCL12 chemokine.  

Images were taken with 20X objective. (A) Green immunofluorescence for mouse anti-CXCL12 

(B) DAPI nuclei stain shown in blue (C) bright field demonstrating the cellular morphology (D) 

Negative control with lack of primary CXCL12 antibody. The pattern for chemokine expression 

is distinct in individual cells, with some cells showing increased expression of the protein (as 

marked by the irregular brighter spots in (A)).  
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 A               B 

 
Figure 14 Immunofluorescence staining of HCT116 cells for CXCL12 chemokine Images were 

taken with 40X objective. (A) Blue DAPI stain showing nuclei (B) Green immunofluorescence 

for mouse anti-CXCL12 antibody. The staining pattern for chemokine is blurred through the 

monolayer and the distinct pattern in individual cells is difficult to observe.  

 

 Results from Figure 11 to Figure 14 demonstrate that epithelial marker and chemokine 

detection is possible through the immunofluorescence technique. This technique can help detect a 

loss of epithelial markers from aggressive cancer cells that are going through EMT (explained in 

Figure 1 and section 3.1). Successful staining of chemokines within the cells can become helpful 

in understanding the disease patterns in different types of cancer. There are research studies that 

assess how chemokines are stored and released into the environment159,160. Released chemokines 

can be detected from the culture medium in cell lines. We employed a semi-quantitative approach 

to screen for chemokines present within the culture medium of the parental and resistant cell lines. 

Chemokine arrays built on nitrocellulose membranes provide a feasible platform to screen for 

multiple chemokines in one sample.  

 

50 µM
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2.3.4 Secreted chemokines depict unique changes in drug-resistant HT29 cells.  
 

Chemokine arrays are an efficient way of detecting multiple chemokines simultaneously 

in a quick and reliable method. Chemokine arrays can detect what is released into the extracellular 

environment, whereas the immunofluorescence technique lacks this feature. We obtained 

conditioned media from HT29 and HT29-R cells as experimental samples.  

Human chemokine array kits utilized for these experiments detected 31 different 

chemokines in a semi-quantitative manner. Figure 15 shows that the overall trends are the same as 

those observed in RT-PCR and qRT-PCR (section 2.3.1 and section 2.3.2). The only exception 

was CCL20 as it was not detected in both HT29 and HT29-R cell line. CCL2 and CXCL12 had a 

relatively high expression in the resistant cell line HT29-R. In contrast, CCL15 and CXCL8 had 

relatively lower expression in the resistant cell line HT29-R. Figure 16 and Figure 17 demonstrates 

expression of chemokines from CC-group and CXC-group of chemokines respectively. The 

standard error is large for many markers. The negative control remained undetected in all samples 

and Fibrinogen was one of the sample control that was expressed in all samples. Method explained 

in section 2.2.4 was utilized for converting the obtained array images into the pixel density graphs.  
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Figure 15 Representative image for chemokine array of conditioned media from HT29 and 

HT29-R cells. Relative changes in protein expression can be assessed by comparing the spot 

intensity. Each chemokine has duplicate spot on the array and the average pixel density is used in 

performing the comparison of changes between the parental and resistant cell lines.  
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Figure 16 CC group of chemokines released in the conditioned media of CRC cell line HT29 and its drug-resistant counterpart HT29-R. The graph is 
prepared from three independent replicates with the standard error displayed on each bar.  
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Figure 17 CXC group of chemokines released in the conditioned media of CRC cancer cell line HT29 and its drug-resistant counterpart HT29-R. 
The graph is prepared three from independent replicates with the standard error displayed on each bar. 
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2.3.5 Preliminary migration studies that assess microenvironmental effects of chemokines  
 

It is evident from Figure 18 that a significantly high number of HCT116 cells are able to 

migrate through the extracellular matrix and be attracted towards the bottom chamber containing 

HepG2 cells. When the HepG2 cells are absent from the bottom chamber, HCT116 cells in the top 

chamber are not able to migrate through the ECM layer and pores and hardly any migration is 

observed. In the migration experiments, HCT116 cells migrated significantly more in comparison 

to HCT116-R, HT29, and HT29-R cells. Transwell results are different between the two groups – 

HT29 group and HCT116 group (Figure 18). Contrasting pattern was observed between the two 

groups as the HCT116 group had relatively higher migration for the parental line, and HT29 group 

had relatively higher migration in the resistant line. If we exclude the drug-resistant lines, it can 

be seen how HCT116 cells are more migratory compared to HT29. It is possible that HCT116 cells 

are more mesenchymal in nature, and HT29 cells are more adherent to the ECM proteins. Through 

in vivo studies, it is known that HCT116 cells are capable of forming tumours in mice and they are 

relatively more aggressive compared to HT29 cells161. However, it was contrary to our 

expectations that the HCT116-R cells migrated in very low numbers compared to the parental 

HCT116 cells. There could be different factors yielding this outcome. It is important to note that 

the parental cells were made resistant in vitro over a course of 12 weeks. It is possible that 

HCT116-R cells have switched into autophagy hindering any migration and functional activities 

in order to survive the stress from the chemotherapeutic agent SN38. It is also possible that 

HCT116-R cells lack the receptors for the chemokine that is driving the migration. Blocking the 

chemokines upregulated in HepG2 cells conditioned media could stop the migration of HCT116 

cells and this can provide the link to mechanism for migration pathway towards hepatocytes. This 

can be an objective for a future study that extends this work.   
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Figure 18 Representative figures from 3 independent experiments showing the ability of CRC 

cells to migrate Images were taken with 40X objective. (A) HCT116 and (B) HCT116-R cells to 

migrate through the fibronectin and collagen type I matrix towards HepG2 cells in the bottom 

chamber. (C) control well with HCT116 cells in the top chamber and no HepG2 cells in the 

bottom chamber. (D & E) Quantified comparison of migratory potential of two parental CRC 

cell lines and their SN-38 resistant counterparts. Results are indicative of three independent 

replicates.  
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Opposite patterns are observed in the two groups (Figure 18). The HT29 group had a very 

low number of cells migrate through the membrane pores. Out of the four cell lines, the HCT116 

cells were found to be the most migratory. The HepG2 cells confluency was also kept consistent 

across the experiments and the number of CRC cells plated in the transwell chambers also stayed 

consistent. These experiments did not have a group where the membranes were not coated with 

the extracellular matrix proteins.  

Based on the observations here, it can be postulated that HepG2 cells release a 

chemoattractant in the media that are propagating CRC cells to migrate through the ECM. Hence, 

we wished to look at the profile of chemokines released in the conditioned media from the HepG2 

cells (Figure 19). It is understood that once the CRC cells cross the endothelial barrier, they begin 

interactions with the hepatocytes58. In the Blay laboratory, we had HepG2 cells available which 

possess similarities with the liver parenchymal cells. Chemokine array from the media of HepG2 

cells was utilized in understanding potential chemokines attracting the CRC cells. It was observed 

that CCL20 and midkine were highly expressed in HeG2 cells when compared with the rest of the 

panel (Figure 19).  
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A 

  
 
B 

  
 
Figure 19 A & B Chemokine array of HepG2 cells' conditioned media from three independent 

experiments. The three reference spots in three experiments were equally positive and the sample 

control was fibrinogen.  
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The two chemokines with the highest intensities were Midkine and CCL20. Midkine and 

CCL20 could be the two chemokines that can be followed up further in functional experiments 

assessing interaction of HepG2 cells and colorectal cancer cells. Table 7 below provides a list of 

potential chemokines that can be studied further for their capabilities in attracting HCT116 cells.  

 
Table 7 HepG2 conditioned media array: Trends observed based on the visual spot intensity. 

Light density spots (+) Medium density spots (++) High density spots (+++) 
CCL21 CXCL7 Midkine 
CCL22 CXCL16 CCL20 
CCL17 Chemerin  

Lymphotactin IL-8  
 CXCL10  
 CXCL12  
 CCL15  
 CX3CL1  
 CCL19  

 
 
2.4 Discussion  
 

Understanding how the inflammatory microenvironment promotes tumour progression can 

lead to discovery of potential targets and pathways to intervene. There is evidence to show that 

many immune system cells are found to infiltrate the microenvironment at secondary sites31. For 

instance, there are studies demonstrating the role of tumour associated macrophages (TAMs) and 

how they can either possess an M1 phenotype that is tumour suppressing, or an M2 phenotype that 

is tumour promoting162,163. Other myeloid derived cells can also infiltreate tumour 

microenvironment164,165. Chemokines are driving factors that could decide the combination of cells 

that arrive in the tumour microenvironment and favour metastatic growth at secondary sites. In 

order to drive specific cells to the right location, chemokines act as messengers. Based on this 

rationale, I assessed the changes in chemokines that are derived as a result of the acquired drug-
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resistance. The model we used was of CRC cell lines HT29 and HCT116 and their drug-resistant 

counterparts HT29-R and HCT116-R.  

Chemokine receptors were included along with the chemokines in the original screening 

to explore any autocrine and paracrine signalling that might be evident for any of the targets. From 

the original screen, it was mostly the chemokines that depicted changes between parental and drug-

resistant cell lines. Many receptors did not show changes at mRNA level, and many were not even 

detectable. There is a possibility that treatment with ligand(s) is required for receptor expression166. 

For instance, NF-kappaB is a transcription factor that has been shown to induce CXCR4 expression 

in breast cancer cells167. The other possibility is that not all chemokine receptors are present on 

CRC cell lines.  

Out of the original screen, the targets that showed consistent and promising changes in 

endpoint PCR include CCL2, CCL5, CCL15, CCL20, CXCL8, and CXCL12. Same trends were 

observed when these targets were quantified for gene expression using qRT-PCR. Through 

literature, it is known that trends observed in gene expression and functional protein activity do 

not always correlate168. It is important to assess whether the chemokines highly expressed at the 

gene level are in fact produced and released into the surrounding environment. Assessing this 

would provide further confirmation about the functional changes between parental and resistant 

CRC cells. Cell culture supernatant or conditioned media was analyzed for the presence of 

chemokines in HT29 and HT29-R cells using the chemokine array kits. The semi-quantitative and 

relative comparison of multiple targets revealed the same pattern for potential chemokines noted 

in Table 6. Some of these trends also aligned with changes that one might expect to see with disease 

progression in CRC. For instance, CCL2 is upregulated in the resistant cells and it is known 

through literature that it has a functional role in promoting the transendothelial migration in 
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liver169. Migration studies with liver endothelial cells and CRC cells can be used to assess whether 

blocking CCL2 with neutralizing antibody impairs the migration of CRC cells. CCL2 and other 

chemokines of interest can be quantified using ELISA to obtain total protein concentration from 

the conditioned media. Time interval studies can show whether chemokine levels change as the 

cell culture ages and it can also be done at different passages. The in vitro data can then be followed 

up with animal studies and detecting chemokine levels in microenvironment or tissues.  

We were also interested in trapping the chemokines within the Golgi apparatus and identify 

them with immunofluorescence. Hence, we performed an immunofluorescence experiment using 

Brefeldin-A, a reagent to induce a golgi-block for different incubation periods (data not shown). 

We were able to detect the expression of CXCL12, but not for CCL2. The CCL2 antibody was 

tested at different dilution including 1:250, 1:500, and 1:1000 and resulted in no signal. The CCL2 

antibody utilized was a function-blocking antibody that was not validated for the 

immunofluorescence effect. In theory, it should still be able to bind to the target. It was observed 

that the cell morphology had changed at longer incubation periods (> 24 h) with Brefeldin-A as it 

is damaging to the cells. Lower concentrations and shorter duration studies can be carried out to 

explore this further. The results were, however, very preliminary to include here.  

Another aspect to explore can be co-culture studies of chemokines with specific leukocyte 

population in Transwell® experiments. This can provide an insight into microenvironment 

infiltrates and signalling that supports metastatic growth. Chemokines are better understood from 

the inflammation perspective, and their role in malignancy has also been established. The process 

of diapedesis for white blood cells during an injury is a well-known example of how cancer cells 

are hypothesized to cross the endothelial barrier170. The circulating chemokines in blood are 

instrumental in movement of specific cells to the location of interest. Studying the types and 
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concentrations of chemokines present in the blood can help deduce the state or severity of 

inflammatory processes such as cancer. Many groups have started exploring the relationship 

between plasma chemokines and prognosis in different types of solid cancers171-173.The next 

chapter details our work on plasma chemokines from breast and colorectal cancer patient samples.   
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3. Chemokines and their analysis in plasma of colorectal and breast 

cancer patients 
 
3.1 Background 
 

There are various studies showing a correlation between the plasma chemokine levels and 

their implications in different types of cancer171-173. It is interesting to note that the same chemokine 

can be favourable or unfavourable depending on the type of cancer174. Upregulation of some and 

downregulation of other chemokines are associated with different types of solid tumours175,176. 

CCL2, CCL5, and CCL20 have been identified as biomarkers in atherosclerosis, diabetes, and 

inflammatory diseases of the skin and gut177. As explained by Dell’Angola, and Biragyn, 

chemokines are master controllers of migration and recruitment for various subsets of immune 

cells and malignant cells178. Comparison of plasma chemokines with tissue expression has been 

widely investigated to understand specific patterns and pathways in cancer progression. It is 

important to identify which chemokines are responsible for driving a specific set of immune cells 

to the tumour tissue. Tumour cell migration can be driven through secondary tissue expression and 

released chemokines in the plasma that generates a directional gradient. This area is challenging 

as there are multiple chemokines and their plasma levels fluctuate in different individuals 

depending on their comorbidities. Pointing at one particular chemokine being responsible for 

promoting tumour progression requires a thorough study of patterns in a large set of individuals, 

comparison with tissue expression, and specific studies looking at functional consequences. One 

group (Thomas et.al.) has recently shown a trend between some of the CC group of chemokines 

and breast cancer progression173. In the same study, there is a correlation between high mRNA 

levels of CCL 7,8,17,20, and 25 and decreased overall survival173. Another study by Lubowicka 

et.al. demonstrated that ELISA measured plasma CCL2 levels were significantly higher in the 
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breast cancer group compared to the control group with benign breast tumours and healthy 

samples179. A different study in breast cancer group found high levels of CCL2 and CCL5 in the 

estrogen-positive breast cancer patients176 and this shows how certain chemokines can also be 

related to the sub-types within solid tumours. Some groups have attempted to compare the tissue 

and plasma expression of chemokines in different types of cancer180,181. Niwa et.al. carried out a 

study that analyzed CCL5 levels in both tissue and plasma of breast and cervical patient samples 

along with healthy subjects180. Looking at the elevation of plasma CCL5 in some healthy subjects 

– it was speculated that the unexplained increase in plasma chemokine could be from the platelets. 

Some studies have stressed the need to perform the analysis of platelet-poor plasma182-184. This is 

a technical issue when measuring chemokines from plasma. Certain chemokines measured from 

serum instead of plasma can also provide a significantly different result185,186. The addition of 

anticoagulant like EDTA can result in a collection of plasma containing platelets following the 

centrifugation.  

The presence of plasma chemokines is also being looked at in the context of 

microenvironmental consequences. For instance, a study by De La Fuente Lòpez et.al. correlated 

the plasma levels of CCL4 with the increase in pro-tumour macrophage CD163181. The studies 

discussed here demonstrate a need to carefully assess individual chemokines and also look at the 

pattern between the changing levels within a specific type of cancer and stratifying the results 

based on patient-specific factors.  

 Considering the challenges and limitation of these studies, we aimed to examine the 

relative plasma levels of different chemokines using the chemokine arrays. We were able to 

examine stage IV colorectal and breast cancer patients between each other as well as a comparison 

using the plasma from healthy volunteer samples. Some patients were able to provide further 
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samples at a 6-months and a 12-months interval. This comparison is also important as the 

individual plasma chemokines can change with the disease progression. Chemokine levels at 

different time-intervals, patients’ response to therapies and whether or not they relapse can provide 

valuable information.  

3.2 Materials and Methods 
 
3.2.1 Coordination of blood sample procurement 
 

The patient blood samples contained lithium heparin as the anticoagulant and they were picked 

up from the Grand River Regional Cancer Center within 30 min of collection and processed within 

4 hours from the time of collection. The samples were kept between 2-8°C prior to processing. 

Special biohazard bags were used during transportation of the tubes and the information was de-

identified for labelling the tubes. Procedures were followed as per the research ethics protocol 

approved through the University of Waterloo (ORE #21303) and Tri-Hospital Research Ethics 

Board (THREB #2016-0586). Approval copies are included in Appendix VI. In total, we have had 

14 stage IV patient samples from the CRC group, and 7 stage IV patient samples from the breast 

cancer group. Healthy volunteer blood was collected as per the University of Waterloo Office of 

Research Ethics (ORE #31549) protocol. No compensation was provided for the patient or 

volunteer samples and the personal information of donors was kept deidentified. Details related to 

the disease progress of each patient were kept in an encrypted file and any printed material was 

kept in a locked cabinet within room PHR3021 at the School of Pharmacy, University of Waterloo. 
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3.2.2 Array Analysis 
 
The method described in section 2.2.4 was followed for processing these samples. The array spots 

were measured from duplicate spots and the intensities were averaged. Each result was normalized 

using the reference spots. 

3.2.3 Statistical analysis and patient characteristics 
 
 Statistical analysis of the results was carried out using the Prism GraphPad© software. Since 

only a single patient sample was received at each time point, there was no possibility for replicates 

within these results. A few months following the initial blood donations, two patients withdrew 

from this study as they were discouraged with their disease progression and their withdrawal was 

not in any-part due to the burden from any of the study procedures. Table 8 shows patient samples 

stratified by their metastatic location.   

        A                B 

Liver Lung Lung + Liver
2 8 5
6 12 7

17 21
19
21

Site of metastasis
Colorectal Cancer

         

Lungs Bones Lymph nodes
16 3 10

9 13
14
15

Breast Cancer
Site of metastasis

 
 
Table 8 Distribution of patients based on tumour type and metastatic location.  

Note: we did not have details for patient 1, 4, 11, 18, and 20.  

 
3.3 Results 
 

The semi-quantitative levels of plasma chemokines were investigated in both colorectal 

and breast cancer groups in comparison with the healthy volunteers. Appendix V: Raw analysis 

plots of individual patients at 0 and 12 months shows the semi-quantitative and relative expression 

of 31 different chemokines across 4 patients at different time points. Figure 20 shows six out of 
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the thirty-one chemokines plotted for all of the volunteer and patient samples received. Five of the 

six chemokines shown in Figure 20 were of our primary interest due to the results observed in 

section 2.3.2 and 2.3.4 that looked at the expression in CRC cell lines. A wide distribution of 

plasma CCL15 levels was observed in the CRC group (Figure 20A). The trend in breast cancer 

group is difficult to compare due to the lack of enough samples. Overall, the differences remained 

insignificant with the number of samples analyzed. The plasma CXCL8 levels remained low 

(below 10% array spot intensity) in most of the samples across all three groups and no significant 

differences were observed between the means (Figure 20B). The plasma levels for CXCL12 were 

relatively high (mean array spot intensity above 85%) in all three groups, however the means were 

very close and no significant differences were observed (Figure 20C).  Similar pattern was 

observed for CCL5 in all three groups, and no significant difference between the means were 

observed (Figure 20D). Next, we analyzed CCL2 plasma levels and the array spots mostly had no 

expression. As evident from Figure 20E, the levels for most of the samples remained undetected. 

The values are negative for some of the samples as the array intensity spot was lighter than the 

overall background value. Lastly, looking over the overall data and comparison it was observed 

that the midkine had higher expression in CRC and breast cancer group when compared with the 

healthy volunteers. Midkine was not originally a chemokine of interest, but the results observed in 

Figure 20F depicted an upward trend. Further samples in healthy volunteers and breast cancer 

group can confirm this finding.  

 The relative expression of CCL15 mostly ranged between 55-95% in all three groups. The 

percentage means (with standard deviation) of healthy volunteers, colorectal cancer, and breast 

cancer group were 77.5 (±7.8), 79.1 (±11.1), and 82.5 (±16.6) respectively. The relative expression 

of CXCL8 ranged between 0-30% in all three groups. The percentage means (with standard 
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deviation) were very close to each other and they were marked at 7.0 (±1.5), 6.4 (±8.3), and 8.3 

(±8.9) for healthy volunteers, colorectal cancer, and breast cancer group respectively. The relative 

expression of CXCL12 ranged between 70-100% with two exceptions in the breast cancer group. 

The percentage means (with standard deviation) were within a close range: healthy volunteers at 

85.9 (±6.4), colorectal cancer group at 88.3 (±11.7), and breast cancer group at 89.9 (±16.4). The 

relative expression of CCL5 had a wide range from 60-100%. The mean levels of CCL5 remained 

similar between the healthy volunteers and the colorectal cancer group – 84.6 ± 12.9 versus 85.3 

± 11.1 respectively. There was an upward trend in the breast cancer group with a mean of 91.3 ± 

13.5. The relative expression of CCL2 remained mostly undetected across all three groups. There 

are some negative values due to the software calculation assessing the background intensity as 

being higher than the spot intensity. Midkine showed a wide distribution for the expression level 

amongst colorectal and breast cancer patients. The levels in the healthy volunteer group remained 

mostly below 21%. However, the colorectal cancer and breast cancer group had a sample reaching 

over 100%* and 93% respectively. The three individual percentage means of the healthy volunteer 

group, colorectal cancer group, and breast cancer group were found to be 11.2 (±8.5), 26.8 (±29.8), 

and 51.7 (±32.4) respectively. It is important to note that these are relative values and these 

numbers are in comparison to the average spot intensities of the reference spots.  
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Figure 20 Relative comparison of plasma chemokines amongst healthy volunteers, CRC and 

breast cancer patients. The number of samples were not equal in the three groups and varied at 

n=6 for healthy volunteers, n=14 for colorectal cancer group, and n=6 for breast cancer group.  
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Figure 21 Changes in plasma midkine level among six patients with disease progression at 12 

months. A clear upward trend is observed in the 12 months samples for all six patients.  

The midkine data observed in Figure 20 prompted further investigation. We sought to 

compare the plasma levels in healthy volunteers with that of the baseline samples received and 12 

months samples received from the same patients. Baseline samples were the first samples that we 

received from each patient. The term ‘baseline’ did not have any correlation with where in patient’s 

disease progress their first sample was collected. Figure 21 shows that the plasma levels in healthy 

volunteers and baseline samples were very similar and stayed below 20% in most cases. The 12-

months samples from the same patients had more than double the array spot intensities when 

compared respectively.  
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3.4 Discussion 
 

A comparison of various plasma chemokines across different patients and healthy volunteers 

helped in understanding patterns relating to the disease progression. It was observed that certain 

plasma chemokines were already present in a high amount in healthy volunteer samples. The 

reproducibility of plasma chemokines in the healthy volunteers is usually consistent. A study by 

Agalliu et.al. demonstrated a three-year within-subject reproducibility for multiple plasma 

chemokines in healthy human volunteers187. Drawing parallels between the in vitro and ex vivo 

data can further our understanding of the disease models that we employ in the laboratory. For 

instance, CXCL12 was one of the chemokines of our interest from the qPCR data of HT29 and 

HT29-R cell lines. The conditioned media from HT29-R consistently revealed a high level of 

CXCL12 compared to the parental line and we attributed this increase to the development of in 

vitro drug-resistance. In plasma samples, the spot intensity for CXCL12 (SDF-1) was mostly 

between 80-100% across both cancer groups and the same was noted for healthy volunteer pool as 

well. Since the values from healthy volunteer pool were incipiently high, it was difficult to attribute 

the increase in plasma CXCL12 was due to the disease progression. For future analysis, a stability 

study of chemokines following the blood collection can reveal if any expression changes are 

attributable to the degradation of chemokines ex vivo after collection.  

Looking at other chemokines of interest, such variability was noticed between the data from 

cell-lines and plasma samples. Patient characteristics such as tumour type and stage, 

chemotherapy, relapse, and location of the CRC can all be used to stratify the patients and identify 

patterns that correlate with disease progression. Looking at the scatter plots for the chemokines of 

interest, we can depict patterns, however, it is difficult to draw any firm conclusions. Since we 

have only looked at 6 samples from the healthy volunteer pool, it is required that further volunteer 
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samples are analyzed. The healthy volunteers pool mostly consisted of the younger individuals 

around the age of 30. On the contrary, the patient samples being compared are from the older age 

groups (above 50 years) and such factors might bring in variation in plasma chemokines. Other 

comorbidities including any acute or chronic inflammatory conditions can also skew the results 

and hinder a clear comparison. Age and sex-matched volunteer samples would be valuable for 

comparison of plasma chemokines in this project.  

The level of plasma CCL2 remained undetected in both healthy volunteers and CRC patient 

samples. This is consistent with a study of 66 Japanese CRC patients that had undetected levels of 

CCL2 in plasma samples171.  From Figure 20B, it can be observed that CXCL8 plasma levels 

mostly remained the same as that found in the healthy volunteers. There were some patient samples 

where a slight elevation was marked. However, more samples and further stratification can provide 

insight into why certain patients have an elevated level. Through literature, CXCL8 is found to be 

elevated in serum and tissue of various late-stage cancers188,189. A study by Kantola et.al. assessed 

TNM stage-dependent changes in CXCL8 and CCL2 plasma levels in colorectal cancer190. It was 

found that CXCL8 plasma level gradually elevated from stage I to stage IV and the finding was 

significant. CCL2 had an increasing trend from stage I to IV, however, the finding was not 

significant. 

Midkine was not one of the chemokines that were originally of interest. However, it was noted 

through the analyzed data that between baseline and 12 months patient samples, it was consistently 

increased in the plasma. Midkine plasma levels in the healthy volunteer samples were also 

relatively lower when compared to the 12-months samples. The importance of midkine has been 

reported in the literature across different malignant disease states191,192. A study conducted by 

Krzystek-Korpacka et.al. demonstrated that gene expression of midkine was significantly 
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upregulated in stage III CRC and it was associated with lymph node metastasis193. In the same 

study, the serum concentration of midkine in the early postoperative period was   measured and 

compared with the pre-operative levels.  A significant drop was noticed within 24h of surgery, 

however, the levels rose again at 48 and 72h193. A study conducted by Ibusuki et.al. compared the 

plasma midkine levels of patients with breast cancer at different stages and healthy volunteers194. 

The proportion of individuals with elevated plasma midkine levels increased gradually starting 

from the healthy volunteers to the groups with ductal carcinoma in-situ, primary invasive breast 

cancer without distant metastasis, and distant metastatic breast cancer194. The tissue expression of 

midkine mRNA in breast and colorectal cancer also follows a similar pattern195,196. Jones DR has 

assessed the utility of midkine as a biomarker and compiled a list of studies that assessed midkine 

expression in different types of solid cancers197. 

It is important to distinguish that chemokines circulating in plasma may be a result of different 

biological processes co-existing during cancer progression. One cannot simply assume the source 

of increased plasma chemokine to be the tumour tissue. There are examples of secondary distant 

organs releasing the chemokines in order to attract cells with specific receptor types101. Whether 

or not the chemokines released from cancer cells dictate their survival and metastatic journey 

remains a research question. Therefore, it is essential to understand the chemokines expressed by 

and released by tumour cells while they are in their metastatic journey. Isolating circulating tumour 

cells and characterizing them enables this investigation further. The next chapter of this thesis 

elaborates on the technical development of isolating CTCs and showcases possibilities for 

characterization of isolated cells.  
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4. Capturing circulating tumour cells from colorectal and breast 

cancer patients 
 
4.1 Background 
 

The term ‘precision medicine’ is often discussed these days and the central idea here is to 

identify and provide patient-centered therapies. One of the tools under precision medicine is liquid 

biopsy, and the National Cancer Institute, United States defines liquid biopsy as “a test done on a 

sample of blood to look for cancer cells from a tumour that are circulating in the blood or for pieces 

of DNA from tumour cells that are in the blood” 198,199. In 1869, Ashworth had first reported cells 

found from a person’s blood that resembled cells from that individual’s tumours200. Beginning in 

1955, successive in vivo studies have shown that circulating tumour cells (CTCs) can be detected 

in the general circulation during the natural progression of solid tumour growth – even prior to 

detecting established metastases200,201. Tumour cells are capable of travelling as clusters and this 

may also serve to protect them from the stresses faced in circulation19. In seeking possible clinical 

implications for defining prognosis and overall survival, detecting CTCs in the general circulation 

of cancer patients has become an area of interest. Many studies have used the number of CTCs 

found as a predictive biomarker for guiding treatment selection, therapeutic efficacy, and survival 

expectancy19. It has also been recognized that there is a greater need to characterize the CTCs 

periodically to understand the tumour behaviour and deal with unexplained results of disease 

progression that are based on CTC enumeration alone202. Flow cytometry has been suggested as a 

platform that can efficiently isolate different sub-types of cells based on marker expression. 

Fluorescence-activated cell sorting is a step beyond normal flow cytometry as the cell-sorting 

would allow downstream analysis of isolated cells.  
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There are numerous technological advances aimed at isolation of circulating tumour cells. 

Ferreira et.al. have thoroughly reviewed CTC enrichment strategies based on immunoaffinity, 

biophysical properties, and functional assays203. Many of the studies undertaken based on 

immunoaffinity utilize epithelial markers such as cytokeratin (CK) 8,18,19, and epithelial cell 

adhesion molecule (EpCAM)19. The techniques that rely on immunoaffinity can be divided into 

two broad categories – positive selection and negative selection. EPIC, FASTCell™, and 

CytoTrack™ are examples of positive selection methods as they rely on CK, CD45, and DAPI for 

identification of CTCs. EasySep™ is an example of the negative selection technology as it 

removes all of the hematopoietic cells from the whole blood sample without requiring lysis or 

density-separation of red blood cells. However, the remaining product is a large volume of plasma 

with possible CTCs that requires further isolation. Some groups have utilized a multi-pronged 

approach and combined positive selection techniques with a microfluidic device204.  Meunier et.al. 

showcased a combination of filtration and functional antibodies to capture CTCs from spiked 

blood samples with a high capture efficiency205. Studies that are only conducted on spiked blood 

cells require an extension to real patient samples and a comparison with an existing commercial 

technique.  

There are other types of techniques that solely rely on biophysical properties of tumour 

cells. These include size, deformability, and density amongst others. Such key features can be 

utilized in a separation of intended cell population from a blood sample. The challenge with size 

based methods is a wide variability of tumour cell size. Studies have demonstrated that size 

difference between tumour cells from cell-lines and tumour cells from patient samples can vary 

significantly. A study by Allard et.al. noted that cells isolated from same patient varied between 4 

and 30 µM. This type of variation hinders a pure isolation of CTC population. Some studies have 
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utilized an electrical charge difference between native cells and tumour cells in order to isolate the 

enriched CTC population under an electric field. DEPArray™ system (Menarini© Silicon 

Biosystems) partially utilizes the microelectrics combined with microfluidics to enrich CTC 

population206.  

It has been pointed out that relying on a CTC specific marker could be problematic due to 

the heterogeneity of isolated cells and genetic instability of tumours207,208. However, there have 

been studies that rely on enumeration alone to predict prognostic outcomes in solid cancers. For 

instance, Hayes et.al. categorized breast cancer samples based on the number of CTCs and 

assessed the probability of survival209. It was found that the group that had more than 5 CTCs at 

all time points had the lowest probability of survival compared to the group that had less than 5 

CTCs at all time points during the study209. The cut-off for colorectal cancer is different and there 

have also been studies that looked at the progression free and overall survival in colorectal cancer 

patients. A study by Tol et.al. divided advanced stage CRC patients by the CTC count of more 

than or less than 3 in 7.5mL of whole blood. It was found that CTC count prior to and during 

treatment independently predicted progression-free-survival and overall survival in late-stage 

CRC patients210. Some groups have investigated further to assess whether the CTC counts can 

inform treatment plans. As an example, the study by Krebs et.al. speculated and gathered data that 

hints towards use of four-drug regimen in advanced colorectal cancer based on the CTC cut-off 

groups of above and below 3 per sample211.  

Techniques that solely employ epithelial markers such as CK and EpCAM would not detect 

CTCs that have gone through epithelial-mesenchymal transition (EMT) program and therefore 

predominantly express mesenchymal markers or other markers of stemness212. As defined by 

Kalluri and Weinberg, EMT is a biologic process that allows a polarized epithelial cell, which 



79 
 

normally interacts with basement membrane via its basal surface, to undergo multiple biochemical 

changes that enable it to assume a mesenchymal cell phenotype, which includes enhanced 

migratory capacity, invasiveness, elevated resistance to apoptosis, and greatly increased 

production of ECM components213. While going through this transition, tumour cells with invasive 

potential lose expression of epithelial markers E-cadherin, epithelial cell adhesion molecule 

(EpCAM), and cyrokeratin19. At the same instance, there is an acquisition of mesenchymal 

characteristics and expression of cytoskeletal and adhesion proteins such as vimentin, N-cadherin 

and fibronectin. It is the detection of these proteins that confirms the transition of epithelial to 

mesenchymal form and the phenotypic change in the CTC that makes detection by conventional 

methods difficult. 

Hence, further methodology is required to identify specific tumour traits including but not 

limited to stemness, dormancy, tendency towards cluster formation, and abilities to escape normal 

immune surveillance. In order to understand and make best use of these characteristics, the 

emphasis should be on understanding how the disseminated cells will behave when they reach 

individual organs. Diversity in microenvironment at major secondary sites and tumour cell 

interactions could reveal the basis of specific phenotypic features that enable cells to successfully 

extravasate and establish detectable metastasis.  

Cancers undergo progressive phenotypic changes as the primary tumour grows. The 

tumour cells activate endogenous gene programs such as EMT that reflect changes in normal tissue 

development and homeostasis214. The process of distant metastasis begins with the detached 

tumour cells finding their way into the circulating blood system, in many ways comparable to 

normal homing mechanisms of immune cells. In the situation of cancer, breaking free from the 

extracellular matrix and basement membrane is essential for intravasation into the blood 
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circulation. It is the resulting circulating tumour cells in the blood that are of primary interest in 

understanding the contribution of cells within the heterogeneous disseminating cancer cell 

population in tumour invasion and metastases. Due to their success in having traversed the 

extracellular matrix, they have usually already gone through the process of epithelial to 

mesenchymal transition. It is also believed that a small proportion of these CTCs exhibit markers 

that reflect their ‘stemness’ or stem cell-like features and both contribute to initiation of secondary 

growth at distant sites and treatment resistance19.  

In order to identify and detect the down or up-regulation of these markers, the CTCs have 

to be isolated or identified amongst the pool of erythrocytes, lymphocytes and platelets from a 

blood sample. There are different commercial CTC detecting platforms that target different 

markers – most of which though employ EpCAM and CD45 as mentioned earlier19. Stemcell 

Technologies, Menarini Silicon Biosystems, Vitatex, and Fluxion Biosystems currently have 

available techniques for CTC isolation from patient peripheral blood. Using any one of their 

platforms, it is now possible to define the number of circulating tumour cells by the operational 

definition within that platform. 

However, it is significantly challenging to isolate, characterize and quantify CTCs as they 

are relatively very low in number versus millions of nucleated resident blood cells214. In terms of 

numerical comparison with leukocytes, it is estimated that one will typically find 1 CTC per 

million leukocytes. The EpCAM-based platforms work by isolating nucleated non-hematopoietic 

cells expressing EpCAM and cytokeratin. Based on the subtype of cancer, the probability of 

detecting CTCs in the blood samples varies substantially. For example, the frequency of detecting 

CTCs in prostate cancer is more than 50% compared to pancreas cancer that has a possibility of 

less than 25%19.  
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There is a need for disseminated cancer cells to self-renew in order to form macroscopic 

metastases215. It is hypothesized that the process of EMT provides cells with this additional 

advantage of self-renewal capacity and expanded stem-cell like features. In order to spawn 

macrometastases at a secondary site that correspond to the primary cancer histotype, the 

mesenchymal, stem-like cells surviving passage through the blood circulation need to revert back 

to the epithelial phenotype. Hence, the reverse process of mesenchymal to epithelial transition 

(MET) takes place at the secondary site and the disseminated cells sequentially proliferate and 

differentiate to grow into a new tumour tissue that reflects to some degree the character of the 

primary tumour215. Work carried out by M. Yu et. al. demonstrated that a dynamic flux between 

EMT and MET in breast cancer CTCs is detectable and also corresponds with the response to 

therapy 216. Using quantification of the percentages of mesenchymal and epithelial CTCs, these 

investigators showed that the fraction of mesenchymal CTCs increased with resistance to the 

targeted therapy216.  

Although it may superficially appear that there is a smooth transfer from the primary to the 

secondary site, it is probably no more than one cell out of billions that possesses or acquires true 

metastatic potential, developed and sustained through natural selection after genetic changes 

during tumour formation, persisting in the hostile environment of blood and eventually enabling 

self-renewal at a favorable secondary location. Tumour cells may travel through the circulation in 

conjunction with platelets, and can become capable of escaping immune surveillance by forming 

tumour cell – platelet aggregates 19. In one animal study, it was found that mice that are deficient 

in the platelet-specific receptor glycoprotein IB-alpha (GPIB-α) exhibit a 15-fold decrease in the 

formation of lung-metastatic foci formation 217. Additionally, it is believed that α-granule contents 

released by platelets provide many growth-promoting factors for tumour development, including 
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endothelial growth factor (EGF), vascular endothelial growth factor (VEGF), and transforming 

growth factor (TGF)-β 214.  

Another factor that may contribute to successful tumour metastasis is “collective cell 

migration”. This reflects the ability of tumour cells to disseminate as multicellular aggregates or 

clusters. CTC clusters have been observed in some studies and there is interest as to whether or 

not they are relevant to stemness, EMT and tumour progression19. Further investigation is required 

because there is a possibility that these CTC clusters are simply due to the partial shedding of cell 

clusters from primary tumour emboli or random formation of multicellular aggregates with these 

clusters being captured at distant sites to proliferate and grow as a consequence purely of their 

physical size. The idea that aggregation influences cell phenotype challenges other observations 

for which metastasis is has been fully attributed to EMT or stem cells being responsible for the 

initiation of secondary tumour growth at new sites. In a study by Ye et. al., 2012 it was however 

noted that E-cadherin expression is elevated in tumour emboli found in lymphovascular regions, 

and cleavage of E-cadherin may directly initiate the formation of the clusters. The association of 

E-cadherin may hint towards the involvement of epithelial markers playing a role in the formation 

of clusters as well as changes due to EMT. 

Tumour cells moving through the circulation as clusters are certainly more stable and 

possess survival advantage compared to CTCs moving independently17. In clinical settings, it was 

also observed that CTC clusters are present more when tumour cells display a mesenchymal 

phenotype17. Such observation opens the gateway to exploring whether originally detached 

epithelial clusters undergo EMT, or the transformed mesenchymal cells initiate the formation of 

clusters, perhaps utilizing their association with platelets. 
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Following the successful isolation of CTCs, they can be analyzed to answer specific 

questions regarding CTC clusters, stem-like character, EMT process and so forth. However, it is 

first necessary to be sure that the entire CTC population has been captured for assessment. As 

indicated earlier, using capture methods that rely on cell markers that may be lost in EMT may not 

retrieve the full population. This Chapter of the Thesis focuses on the methods used for the CTC 

isolation technique, building particularly on cancer cell - ECM protein interactions that the cell 

uses in order to traverse its metastatic journey (Section 1.4).  

 
4.2 Materials and Methods 

  
4.2.1 Separating different components of the blood 
 
4.2.1.1 Procurement of blood samples 
 

Blood samples from normal humans were obtained from Research Blood Components, 

LLC in Waterdown, Massachusetts. Under the University of Waterloo ethics approval ORE 

#22816 (Appendix VI), we also obtained further samples of healthy human volunteers. The 

samples contained lithium heparin as an anticoagulant. The samples from Research Blood 

Components were shipped in temperature-controlled conditions (2-8°C) and arrived within 2 days 

of collection. The blood was processed immediately to ensure the optimum quality of experiments.  

4.2.1.2 Blood separation 
  

The blood sample tubes and necessary material were wiped with 70% ethanol and set-up 

in the biosafety cabinet. Using a sterile pipette, 5mL of blood was transferred into the centrifuge 

tube. An equal amount of filtered RPMI 1640 medium was added and mixed with the whole blood 

creating a 1:1 dilution. Using a 21-gauge needle and a syringe, 4mL of well-mixed Ficoll-Paque 

PLUS® density gradient was transferred into a separate round-bottom centrifuge tube. The 10mL 

of diluted blood was carefully layered onto the Ficoll layer while avoiding disturbance of the 
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interface. The tubes were capped and taken to the centrifuge. Tubes were centrifuged at 400 x g 

for 30 min at 18-20°C. Figure 22 below depicts the separation of different components of the 

blood.  

 

 
Figure 22 Separation of blood components using the polysaccharide medium Ficoll®.  

Following the centrifugation, components of the blood are separated into a red blood cell (RBC) 

layer at the bottom, peripheral blood mononuclear cells (PBMCs) in the middle where cancer cells 

are expected, and the yellowish layer on the top with plasma and platelets. Adapted from 218 

 
Following the centrifugation, the buffy layer or the interface (~1mL) with peripheral blood 

mononuclear cells (PMBCs) was taken up using a pipette tip and transferred into a new tube filled 

with 10mL of cold PBS with Ca2+/Mg2+(Figure 23). These tubes were then centrifuged at 400 x g 

at 4°C. This step helps remove the contamination from Ficoll® and plasma layer and leaves the 

cell pellet at the bottom of the tube. The upper layer was aspirated, and the cell pellet was 

resuspended in a DMEM 10% FBS containing media. This was the enriched cell population that 

was used for further isolation and characterization.  
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Figure 23 A representative set of pictures from a patient blood sample (GRCC014) processed 

through Ficoll®. Diagram on the left shows the diluted blood layered onto the Ficoll® and the red 

blood cells beginning to fall through the density gradient. The resulting product on the right is 

showing a white buffy PBMC layer in the center for collection and downstream processing. 

 
4.2.2 Adhesion Assays 
 

The adhesion assays were carried out to identify the ECM proteins that best capture an 

optimum number of CRC cells. Briefly, the cells growing in culture flasks were detached using 

Trypsin-EDTA and brought into suspension with DMEM 10% FBS. The cell suspensions were 

centrifuged at 4ºC for 3 min at 400 x g. Following centrifugation, the supernatant was discarded 

and the pellet was re-suspended in 10 mL of serum-free DMEM. CellTracker™ green CMFDA 

(5-chloromethylfluorescein diacetate) dye was added at a final concentration of 1µM to each tube 

and mixed well. The chloromethyl or bromomethyl groups from the dye reacts with thiol groups 

in the cell and this is facilitated through glutathione-S-transferase enzyme. The dye is designed to 

easily permeate through the cell membrane and convert into membrane-impermeable products. 
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This can help with the tracking of the cells under different experimental conditions. The cell 

suspension tubes with dye were then incubated at 37°C for 30 min. Following the incubation, tubes 

were centrifuged again for 3 min at 400 x g at room temperature. The supernatant was aspirated 

off and the cells were re-suspended into a new media with 1mg/mL BSA in DMEM. Cells were 

counted using the Beckman Multisizer™ 4 and new suspensions of desired concentrations were 

prepared. 1000 cells/well were plated in Nunc 6-well plates coated with different extracellular 

matrix proteins as shown below in Figure 24.  

 
Figure 24 Schematic of the adhesion assay set-up, various ECM proteins and concentrations.(A) 

ECM gel (Matrigel®) used at 1/10th of the commercial stock; human fibronectin used at 5µg/mL; 

collagen type I at 10 µg/mL; collagen type IV at 10 µg/mL; bovine fibronectin at 5 µg/mL; 

laminin at 1-2 µg/mL. 700µL of each protein’s working solution was layered onto the well and 

the plate was incubated for 2 h at 37°C. (B) Counting post-adhesion was carried out in a standard 

fashion with 9 pre-decided regions in the well.  

After the initial coating, ECM solution was aspirated off and one wash with cold PBS 

Ca2+/Mg2+ was carried out. The cells were added to each well and incubated at 37°C in the 5% 

CO2 incubator for 18 h. Next day, the media was taken up very gently using a 1mL pipette. One 
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gentle wash with PBS Ca2+/Mg2+ is carried out and the cells are then fixed with freshly prepared 

3.7% PFA at room temperature for 10 min. The adherent cells with green CMFDA are viewed 

under the Leica DM2000 microscope. For all of these results, CMFDA stained cells were manually 

counted twice under the fluorescent microscope, and the average count was recorded. 

4.2.3 Optimizing the ECM composition for circulating tumour cell capture 
 

Following the initial adhesion assays, it was observed that human fibronectin and collagen 

type I was able to capture a high number of resistant CRC cells. Composition with two of these 

proteins was deemed suitable for further experiments. Next, the adhesion assays were carried out 

with increasing the concentrations of each protein in a combination. The original concentration 

used in the initial adhesion assays was labelled as 1x and the further increases included two times 

(2x), five times (5x), and ten times (10x) concentration of both proteins. In order to test the effect 

of increasing concentrations, two groups with 5000 cells and 500 cells were included. The 

conditions for incubation, washing and fixing remained the same as the adhesion assays explained 

in section 2.2.5.  

4.2.4 Spiking Experiments 
 

The procedure explained in section 4.2.1.2 was followed for preparing the blood for 

separation. Following the 1:1 dilution of blood with RPMI 1640 media, the intended number of 

cancer cells (HT29 or HCT116) were spiked and mixed. In these experiments, the cells were pre-

labelled with CMFDA green dye. Two density separation media, Ficoll® and Optiprep® were 

compared for their separation efficiency. A series of cells (5000, 500 and 50) were spiked to gauge 

whether separation efficiency is affected by the number of cells present. The lower number was 

chosen due to the similarity in the number of CTCs that are reported with approved Cellsearch® 

(©Menarini Silicon Biosystems) technique. As a comparative control, the same number of cells 
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were plated directly onto the ECM coated plates without any exposure to blood or density barrier.  

This was done to identify where the loss of cells might be occurring in the separation process after 

spiking or following the fixation.  

4.2.5 Immunostaining of CTCs 
 

Following the separation of blood components as described in section 4.2.1.2 , the enriched 

cell population was obtained from the PBMC layer. This cell suspension contains white blood 

cells, circulating tumour cells, and possible contaminating red blood cells and platelets. The 

volume was split into four wells of the Nunc Lab Tek II chamber slides (Thermo Scientific) and 

incubated at 37°C in the 5% CO2 incubator for 18 h. Following the incubation period, the existing 

solution was carefully aspirated from each well without disturbing the bottom layer. A gentle wash 

with cold PBS Ca2+/Mg2+ was applied following a fixation step with freshly prepared 3.7% 

paraformaldehyde (PFA). If an intracellular target such as cytokeratin was to be tagged with the 

antibody, permeation step with 0.1% Triton X-100 in PBS Ca2+/Mg2+ was carried out. For the 

membrane-bound target such as EpCAM, no permeation was required. Details of the antibody 

used are provided in the following section 3.2.5.1. After the fixation and wash, blocking step was 

carried out with 5% FBS in PBS Ca2+/Mg2+ for 30 min at room temperature. In the meanwhile, the 

primary antibodies were prepared at the desired concentration in 1mg/mL BSA in PBS Ca2+/Mg2+. 

Three out of the four chamber slide wells were treated with the primary antibody, whereas the 

fourth well was used as a negative control where 1mg/mL BSA in PBS Ca2+/Mg2+ was applied 

instead of the primary antibody. The slide was kept on a gentle rocker in a humid chamber for 60 

min at room temperature. Two washes (5 min each) with 1mg/mL BSA in PBS Ca2+/Mg2+ were 

carried out and secondary antibodies were prepared in the meanwhile. Following the washes, the 

secondary antibody was applied to each well under a dark environment. Aluminum foil was used 
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to cover the slide and it was incubated for 60 min at room temperature on a gentle rocker. At the 

end of the secondary antibody incubation, two washes with 1mg/mL BSA in PBS Ca2+/Mg2+ were 

carried out. The wash solution was aspirated and the slide chamber was removed using the slider 

provided. Two drops of Fluoroshield® aqueous gel mounting medium containing DAPI was added 

on top of each well surface. A rectangular 50mm coverslip (Fisher) was carefully placed onto the 

slide and allowed to dry for 60 min in dark. The fluorescence was observed using the Leica 

DM2000 microscope and the images were captured with Micropublisher 5.0 RTV camera and 

QCapture Pro 5 software. Cells were manually counted going across the slide in a standardized 

pattern shown below (Figure 25). 

 

Figure 25 Schematic of the cell-counting pattern for spiking studies and patient CTCs.  

A duplicate count was conducted and the final number recorded was an average of two counts. 

Using the cells at an edge of a particular field of view as a reference point, the slide was moved 

over a field ensuring no overlap and no missed fields during counting.  

4.2.5.1 Antibodies used in immunofluorescence 
 
Primary antibodies 
 
Cytokeratin - Abcam ab9377 anti-wide spectrum cytokeratin 
Rabbit polyclonal IgG  
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EpCAM - Abcam ab71916 anti-EpCAM 
Rabbit polyclonal IgG 
 
CCL2 - GeneTex GTX10390 anti-human CCL2  
Mouse monoclonal (clone 24822.11) IgG1 
 
SDF-1 - Millipore ab1868p anti-human SDF-1a 
Rabbit polyclonal IgG 
 
Secondary antibodies (Cell Signalling Technology®) 
 
Antimouse secondaries 
Green - Molecular Probes goat mouse IgG Alexa 488 IgG 2 mg/mL 
Red - Molecular Probes goat mouse IgG Alexa 568 IgG 2 mg/mL 
 
Antirabbit secondaries 
Green - Molecular Probes goat rabbit IgG Alexa 488 IgG 2 mg/mL 
Red - Molecular Probes goat rabbit IgG Alexa 568 IgG 2 mg/mL 
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4.3 Results 
 
4.3.1 Technique development to capture circulating tumour cells 
 

Based on the past work in Blay laboratory (MSc Thesis, Spencer Berg), we were interested 

in capitalizing on the cancer cells’ ability to interact with ECM proteins in order to capture CTCs. 

The reliability of many commercial techniques on marker-based capturing platform lacks such a 

functional aspect in their approach. We began by exploiting different ECM proteins and their 

combinations at different concentrations for optimization of the technique. First, we performed 

adhesion assays for CRC cell lines HT29 and HT29-R on different ECM proteins. The rationale 

here was that cancer cells possess surface receptors like integrins and CD44 that can bind with 

ECM proteins, whereas the majority of the native cells from blood will lack this ability. This 

functional approach based on adhesion should provide a wider capture of CTCs in the situation of 

loss of expression of the epithelial markers they usually possess.  

 
4.3.1.1 Adhesion assays to identify matrix protein(s) suitable for CTC capture 
 

We compared 5 different types of matrix proteins available from human and murine 

sources (human and bovine fibronectin, collagen type I and IV, and laminin). Fibronectin, laminin, 

and collagen are amongst the most common extracellular matrix proteins found throughout the 

body59. Commercially, there is a product called Matrigel® which consists of different ECM 

proteins and is normally utilized as an extracellular matrix in various laboratory experiments. We 

used the Matrigel® at 1/10th of its original dilution and tested the adhesion between parental and 

drug-resistant HT29 cells. After the technique was established, six independent experiments were 

carried out as described in section 4.2.2. 

The difference in the adhesion capacity of parental and resistant HT29 cells on Matrigel® 

(ECM gel) was not significantly different (Figure 26). The difference between the cell-lines when 



92 
 

tested on both types of collagen (type I and type IV), was also not significantly different (Figure 

27). When the different types of fibronectin were compared however, it was found that HT29-R 

cells adhered significantly better to the human fibronectin when compared to HT29 cells (Figure 

28A).  In terms of the adhesion on bovine fibronectin, similar trend was observed as the human 

fibronectin, but the difference between HT29 and HT29-R was not statistically significant (Figure 

28B). Recent work in the Blay laboratory has shown that HT29-R cells express a higher amount 

of integrin alpha 5-beta 1 (receptor for fibronectin) compared to HT29 cells (MSc thesis, Spencer 

Berg), which likely underlies this distinction. 

Lastly, for laminin, it was found that HT29-R cells adhered better and the difference was 

statistically significant (Figure 29). When the absolute number of cells adhered were compared 

between different proteins, it was found that collagen type I had captured the highest number of 

cells.  
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Figure 26 Adhesion of HT29 and HT29-R cells on commercial ECM gel. 

Sigma at 1/10th of stock dilution. The figure is representing mean of 6 independent experiments.  

 
Due to a negligible difference in the adhesion between the two cell lines (HT29 and HT29-

R) on the ECM gel, these numbers were used to normalize the values obtained from other 

extracellular matrix proteins to account for the effect of variation between individual experiments. 
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Figure 27 Adhesion of HT29 and HT29-R cells on two types of collagen.  

(A) Collagen I (10 µg/mL) and (B) Collagen IV (10 µg/mL). The figure combines 6 independent 

experiments and each experiment had 2 replicates.  
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Figure 28 Adhesion of HT29 and HT29-R cells on two types of fibronectin. 

(A) human fibronectin (5 µg/mL) and (B) bovine fibronectin (5 µg/mL). The figure combines 6 

independent experiments and each experiment had 2 replicates. *: p < 0.05 
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Figure 29 Adhesion of HT29 and HT29-R cells on the murine laminin  

(1-2 µg/mL) matrix. The figure is representative of 6 independent experiments and each 

experiment had two replicates. *: p < 0.05 
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The results from this set of experiments (Figure 26 to Figure 29) provided valuable 

information to narrow down the choice for the extracellular matrix combination that was used for 

CTC isolation in patient samples. The difference between the two cell lines’ adhesion was not 

significant for either type of collagen. However, there is a slight trend of decreased HT29-R cell 

adhering in both collagen groups. In contrast, the resistant cells were more adherent to both types 

of fibronectin matrices. The difference between two cell lines was statistically significant for 

human fibronectin matrix. Human fibronectin, and laminin emerged as two candidates that yielded 

statistically significant result between the two cell lines. Collagen type I captured the highest 

number of cells overall.  

It is known that laminin forms a major part of the commercial Matrigel©. We sought for a 

novel combination that was not tested previously, and decided to exclude laminin for this project. 

It can be utilized in future studies based on its biological role and functional interactions. It is 

known that collagen type I is the most abundant protein in human body219. This is essential as cells 

around the human body have routine interactions with this protein. The thesis of Spencer Berg 

(Blay laboratory) provided important basis for the interactions of fibronectin. Through these 

considerations, human fibronectin and collagen type I were chosen as the two proteins going 

forward as a combination matrix in CTC studies.  

 
4.3.1.2 Optimization of CTC capture platform 
 

To assess the impact of increasing concentrations of extracellular matrix proteins, collagen 

type I and human fibronectin were combined at the concentrations used in the initial adhesion 

assays. This combination is referred to as the 1x ECM in the following experiments. The 

concentration of both proteins was increased by two times, five times, and ten times the initial 

concentration (referred as 2x, 5x, and 10x).  
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Figure 30 Increased ECM protein concentrations leads to an improved capture efficiency. 

(A) 500 cells were plated onto the ECM and (B) 5000 cells were plated onto the ECM. Results 

displayed are averaged from three independent experiments. The cells were counted twice under 

the microscope using a cell-counter. Increasing concentration of extracellular matrix proteins to 

5x and 10x demonstrated a significant difference in the number of cells captured on the 

extracellular matrix. 
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Based on the results observed (Figure 30), the 5x and 10x concentrations captured 

significantly higher number of cells when compared to the 1x and 2x group. However, the 

difference between the 5x and 10x group was not significant. Increasing the concentration beyond 

5x could not yield a greater number of the captured cells. Hence, 5x was sought to be an appropriate 

concentration to use for patient samples in the latter stage.  

 
4.3.1.3 Successful recovery of CTCs from spiked blood samples 
 

After the identification of an optimal extracellular matrix combination, we looked for the 

most efficient method for the initial separation of the blood components. We compared the 

recovery of cancer cells with two commercially available density media – Ficoll® and Optiprep®. 

Both of these density media have been used successfully in many research studies220-222. Ficoll® 

is a solution that comes ready to use at the appropriate density of 1.077 g/mL, whereas Optiprep® 

(iodixanol at 1.32g/mL density) is a solution that requires an appropriate dilution with buffer such 

as PBS or cell culture medium such as serum-free DMEM. We sought to identify which medium 

is more effective in rescuing the mononuclear cells from the blood sample. HCT116 cells were 

spiked into the diluted blood samples and these samples were layered onto either of the two media 

followed by centrifugation at 400 x g at 18°C for 30 min. The results below (Figure 31) 

demonstrated no significant difference between two media when cells were recovered and counted 

from the PBMC layer. 
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Figure 31 Recovery of spiked cancer cells from whole blood using density gradient medium 

Ficoll® and Optiprep®. No difference is observed statistically when the two are compared after 

spiking and recovering the cancer cells from the PBMC interphase. Cells were counted manually 

using the fluorescence microscope (Leica DM2000). n.s.: not significant 
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One of the major advantages of Ficoll® is that it is pre-mixed and ready to use. Based on 

simple pilot experiments (results not shown), its ease of usability, and similar recovery compared 

to Optiprep®, Ficoll® was chosen as the separation medium for successive experiments. Next, we 

wished to determine the variation in recovery numbers when as low as 50 cells are spiked into 

5mL of diluted blood (1:1 with RPMI1640 medium). The intent here was to assess whether the 

technique would be feasible for real-life patient samples that may possess low number of cancer 

cells. Experimental conditions in section 3.2.4 were followed and three successive increments of 

50, 500, and 5000 cells were chosen for spiking.  

Figure 31 shows that the recovery of cancer cells from the blood ranges between 55-75%. 

The cancer cells in the control group are directly placed onto the ECM matrix without any exposure 

to the blood. The difference in recovery between the spiked samples and control samples is 

insignificant. There is greater variation in the samples spiked with lower cell numbers, as evident 

by the errors bar in the group with 50 cells. This should be taken into account when dealing with 

patient samples, as the yield for patient CTCs could be even lower.  
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Figure 32 Recovery from spiked blood samples using Ficoll® medium. Control group had no 

exposure to blood and the cells were placed directly on the extracellular matrix. The figures 

represent three independent replicates and significance was calculated using multiple t-tests and 

Bonferroni-Dunn post-test where significance is established at p < 0.05 and non-significant 

results are denoted as n.s. 

 
 
 
 
 

Results from Figure 31 and Figure 32  did not only allow assessment of the recovery from 

the spiked blood samples, but also demonstrated that CRC cells are able to survive in this ex vivo 

blood environment. The experiments up to this point provided us with a density gradient of choice, 

an expected recovery of between 55-75%, a best combination of ECM proteins and their optimum 

concentration for CTC capture. Next, we used immunofluorescence technique for CTC 

identification.  
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4.3.1.4 Characterization of isolated CTCs  
 

EpCAM and pan-cytokeratins (8,18, and 19) are markers that are widely used for 

identification of CTCs in clinical studies19,223-225. We wished to identify the captured CTCs using 

these commonly used markers first. We also employed CD45 antibody which identifies any cell 

that is of the hematopoietic origin. The PBMC layer (Figure 22) that is plated on the ECM matrix 

contains a heterogeneous cell population. It is therefore important to accurately identify the CTCs 

without any ambiguity. The presence of an epithelial marker and absence of CD45 provides a 

confirmation of a captured CTC.  

To establish a working method, HCT116 and HT29 cells were utilized first to understand 

the staining patterns with two epithelial marker antibodies. Figure 33 shows HCT116 cells 

recovered and identified from a spiked blood sample using EpCAM antibody. The staining pattern 

of HCT116 cells varies with the cytokeratin stain as observed in Figure 34. For some of the work-

up experiments, HCT116 cells were pre-stained with green CMFDA dye (Figure 35) and identified 

later without having to perform the immunostaining. Figure 36 is an example of how multiple 

markers can be screened on a single isolated CTC. A wider exploration with tumour-specific 

markers can be carried out in future studies.  
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Figure 33 Spiked and recovered HCT116 cells from peripheral blood sample – stained with (A) 

EpCAM antibody (B) Negative control with no primary antibody (C) DAPI stain (D) merged 

EpCAM and DAPI. Images were taken with 100X objective.  
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Figure 34 (white arrows) demonstrates an artificial effect where an area with a green 

circular stain lacks nuclei and stretched cytokeratin pattern. Such artifacts were excluded from the 

counting. Both of the antibodies (EpCAM and cytokeratin) successfully detected the isolated CTCs 

from peripheral blood samples. Negative control well (lacking primary antibody) was found clear 

and this added to the confirmation in identification of the CTCs. The cytokeratin positive cells 

show a stretched appearance which is consistent with what is expected for keratin proteins. For 

some of the optimization experiments, we decided to use the green CMFDA stain and this helped 

during the spiking experiments where only the cell count was required. 

As observed in Figure 35, the green CMFDA dye retained inside the CRC cells helps 

differentiate between the native cells from the blood and spiked cancer cells. Three cancer cells 

are visible in Figure 35 and they also have nuclei stained with DAPI. This is a representative image 

for CMFDA tagged cells detected from blood samples. Next, we tested the identification of spiked 

HT29 cells that were tagged with CMFDA and in addition we also used EpCAM antibody as an 

added marker.  
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Figure 34 Spiked and recovered HCT116 cells from peripheral blood sample – stained with (A) 

wide-spectrum CK antibody (B) blue DAPI stain (C) merged EpCAM and DAPI (D) Negative 

control with no primary antibody. Images were taken with 100X objective.  

   

 
 

20 µM
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Figure 35 CMFDA stained HCT116 cells spiked in blood and recovered. The cells marked with 

yellow do not reflect the CMFDA stain, however they have the nuclei stain. This characteristic 

identifies with cells from the blood origin that remained on the surface along with CTCs. Images 

were taken with 100X objective.  

 

20 µM



108 
 

 

Figure 36 Example of a recovered HT29 cell showing possible screening of multiple markers on 

a single cell.Images were taken with 100X objective. The figure panels show (A) bright field 

image (B) green CMFDA dye (C) blue DAPI stain for nuclei (D) red EpCAM stain (E) Merged 

image for red, blue, and green markers.  

 

Similar to what is demonstrated here (Figure 36), isolated cancer cells can be further 

analyzed with markers of interest in different types of solid cancer – for example EGFR, HER2, 

and CEA just to name a few. Building upon these experiments, we sought to refine the technique 

further and assessed different incubation periods, fixation methods, and ECM concentrations. The 

next section highlights that stepwise improvement in the CTC isolation technique.  
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4.3.1.3 Stepwise optimization of the CTC isolation protocol 
 

Having optimised the model process of CTC isolation from human peripheral blood using 

human cancer cells obtained from cell culture, we applied our knowledge to the recovery of CTC 

from human patient samples. This was initiated concurrently with the later stages of the above 

optimisation process and modified successively as we obtained further informative data. 

We first began the isolation for patient samples using a combination of collagen type I and 

human fibronectin at regular 1x concentration along with 1% PFA for fixation. PFA was originally 

chosen as a fixative to preserve the cellular morphology, and the original concentration was kept 

at 1% in order to incur the least stress possible on sensitive population of CTCs. However, we 

were not getting any cell counts for the beginning samples and gradually, we increased the PFA 

concentration to 2% and by sample 13, we had increased it to 3.7%. When the experiment with 

increasing ECM concentration (Figure 30) was completed, we utilized the 5x ECM concentration 

starting with patient sample 14. However, the recovery was not significantly higher and remained 

below 20 cells from 8-10mL of whole blood. We also included CD45 antibody as a negative 

control and this helped rule out any artifacts. The addition of CD45 contributed to less ambiguous 

counting as we made sure to exclude any cells that were clearly positive for CD45. Although the 

original approach was to follow a gentle approach with 1% PFA, starting from sample 23, we 

experimented by using methanol fixation with pan-cytokeratin antibody. The recovery increased 

consistently for the continued samples following that approach. The background was much cleaner 

in methanol fixed wells and the staining pattern was more convincing. Some cytokeratin positive 

membranes lacked nuclei stain and they were counted separately as cytokeratin positive entities. 

Table 7 demonstrates the changes in our technical approach and resulting recovery from this 

optimization.  
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Table 9 Increased recovery of CTCs from patient blood using a progressively refined technique 
based upon capture by adherence to ECM. 

 
 

Sample 1 29-Aug-16 GRCC001 1x ECM + PFA 0
Sample 2 15-Sep-16 GRCC002 1x ECM + PFA 0
Sample 3 23-Sep-16 GRCC003 1x ECM + PFA 0
Sample 4 21-Oct-16 GRCC004 1x ECM + PFA 0
Sample 5 30-Nov-16 GRCC005 1x ECM + PFA 0
Sample 6 30-Nov-16 GRCC006 1x ECM + PFA 0
Sample 7 01-Dec-16 GRCC007 1x ECM + PFA 0
Sample 8 21-Dec-16 GRCC008 1x ECM + PFA 0
Sample 9 18-Jan-17 GRCC009 1x ECM + PFA 0

Sample 10 19-Jan-17 GRCC010 1x ECM + PFA 0
Sample 11 28-Mar-17 GRCC001 1x ECM + PFA 0
Sample 12 25-Apr-17 GRCC004 1x ECM + PFA 0
Sample 13 10-May-17 GRCC011 1x ECM + PFA 5
Sample 14 15-Jun-17 GRCC005 5X ECM + PFA 19
Sample 15 28-Jun-17 GRCC007 5X ECM + PFA 12
Sample 16 13-Jul-17 GRCC009 5X ECM + CD45 + PFA 13
Sample 17 04-Aug-17 GRCC012 5X ECM + CD45 + PFA 7
Sample 18 15-Aug-17 GRCC001 5X ECM + CD45 + PFA 6
Sample 19 06-Sep-17 GRCC013 5X ECM + CD45 + PFA 3
Sample 20 15-Sep-17 GRCC014 5X ECM + CD45 + PFA 11
Sample 21 19-Oct-17 GRCC015 5X ECM + CD45 + PFA 18
Sample 22 06-Nov-17 GRCC011 5X ECM + CD45 + PFA 0
Sample 23 24-Nov-17 GRCC004 5X ECM + CD45 + Methanol 296
Sample 24 11-Jan-18 GRCC016 5X ECM + CD45 + Methanol 97
Sample 25 23-Jan-18 GRCC007 5X ECM + CD45 + Methanol 30
Sample 26 21-Feb-18 GRCC009 5X ECM + CD45 + Methanol 32
Sample 27 18-Apr-18 GRCC017 5X ECM + CD45 + Methanol 28
Sample 28 01-Jun-18 GRCC018 5X ECM + CD45 + Methanol 54
Sample 29 05-Jul-18 GRCC019 5X ECM + CD45 + Methanol 36
Sample 30 09-Jul-18 GRCC020 5X ECM + CD45 + Methanol 40
Sample 31 09-Jul-18 GRCC021 5X ECM + CD45 + Methanol 22
Sample 32 10-Aug-18 GRCC016 5X ECM + CD45 + Methanol -
Sample 33 31-Oct-18 GRCC017 5X ECM + CD45 + Methanol 63
Sample 34 14-Nov-18 GRCC023 5X ECM + CD45 + Methanol 31
Sample 35 28-Nov-18 GRCC024 5X ECM + CD45 + Methanol 42

Sample #

Epithelial 
Marker 

Positive Cells 
(EpCAM/CK)

Expt ConditionPatientDate Received
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4.3.2 Identification of the recovered circulating tumour cells from patient samples 
 

 
  
Figure 37 Recovered CTC example from patient sample GRCC019. Images were taken with 

40X objective. (A) Green pan-cytokeratin; (B) Red CD45 (hematopoietic marker); (C) Blue 

DAPI (nuclei stain). The green cell that is cytokeratin positive does not express CD45 and 

possess a clear blue nuclei stain.  
 

Many of the CTCs possessed a strong ring-like membrane structure that fluoresced green 

for pan-cytokeratin, and had no hint of the red stain for CD45 (Figure 37). In some cases, it was 

observed that the CD45 stain was present in a very dull background like stain (Figure 38 and Figure 

39) for the cells that fluoresced green as CTCs. In rare cases, it was found that the structures that 

had a positive cytokeratin stain, and a clear negative stain for CD45 lacked the blue nuclei stain – 

these were not counted as CTCs.  
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Figure 38 Recovered CTC example from patient GRCC017 Images were taken with 100X 

objective. (A) Green pan-cytokeratin; (B) Red CD45 (hematopoietic marker); (C) Blue DAPI 

(nuclei stain).  

The green cytokeratin positive cell has a very dull hint of CD45 as marked in (B).  

In order to assess the localization and staining pattern better, some images were captured under 

the oil immersion with 100X objective. This is one of the examples of a dull CD45 stain, however 

the strong cytokeratin pattern and a presence of the nuceli led us to believe that the identified cell 

was indeed a CTC. Cells with this appearance in Figure 38 were counted positive as CTCs.  
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Figure 39 Recovered CTC from patient GRCC016. Images were taken with 40X objective (A) 

Green pan-cytokeratin stain (B) Red CD45 (hematopoietic marker) (C) Bright field image (D) 

Blue DAPI (nuclei stain). 
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It can be observed through the images (Figure 39) that a lot of white blood cells are 

adhering to the ECM. The technique does not get rid of all of the white blood cells and it is not 

specific to capture only the CTCs. Hence, a marker-based approach is required to identify the 

cancer cell after the initial separation, washes, and fixation.  

4.4 Discussion 
 

There are various groups exploring the optimum method to isolate circulating tumour cells 

from patients with solid cancer225-228. Some techniques are based on the physical characteristics 

(size, electric potential, density) of cancer cells, whereas some are based on the biological 

characteristics (protein expression, functional behavior) and few also use a combination of both 

(microfluidic chips with capture proteins, filters with antibody tags)229. Due to the previous work 

in the Blay laboratory – exploring interactions of extracellular matrix proteins (e.g. fibronectin) 

with cancer cell receptors such as integrins, we were interested in using the functional approach 

that utilizes such interactions in capturing tumour cells from peripheral blood54,230,231. 

We first began with adhesion assays of different CRC cell lines on various extracellular matrix 

proteins including collagen type I and IV, human and bovine fibronectin, laminin, and commercial 

Matrigel®. The intent here was to assess whether the drug-resistant cells are better able to adhere 

to particular matrix proteins in comparison with the parental cells. This is presumed to reflect how 

the more aggressive or metastasizing cells behave when they interact with ECM proteins in their 

external environment or at secondary sites of metastases. 

Resistant HT29 cells adhered to human fibronectin significantly better in comparison to the 

parental HT29 cells – possibly due to the interaction of integrin alpha5beta1 on the surface of 

cancer cells. A study by Pelillo et.al. demonstrated that alpha5 beta1 integrin can play a role in 

CRC metastases into liver tissue231. There is evidence to show that alpha2beta1 receptors on cancer 
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cells can form interactions with collagen type I232. In fact, collagen type I was found to have 

captured the highest number of both HT29 and HT29-R cells compared to any other protein matrix. 

Laminin did show a significant result for the difference between parental and resistant HT29 cells, 

but the absolute number of captured cells in laminin group was the lowest. A study by Cioce et.al. 

assessed 23 CRC patient tissues and found an elevated mRNA level of laminin receptor233. This 

could mean that laminin as well can form a crucial role in capturing CTCs and future experiments 

can include that as a part of the ECM combination. Another 72 paraffin sections of colon tissues 

from the same study showed a positive correlation of laminin receptor expression and the Dukes’ 

classification which is – an older staging system used for CRC233.  

In my work, collagen type I and human fibronectin were chosen as the combination to capture 

human CTCs. Using this combination of proteins, we carried out a further adhesion experiment to 

assess whether increasing the protein concentration provided a better capture of cancer cells. A 

study by Hsiao et.al. tested increasing concentration of fibronectin and its effect on adhesion of 

osteosarcoma cells (U2OS). They demonstrated over three-fold increase in the number of adherent 

cells with 10µg/mL of human and porcine fibronectin in comparison to no fibronectin on the 

surface234.  In our work, when the increasing ECM concentrations were tested, it was found that 

the combination of human fibronectin and collagen type I at five times the original concentration 

captured significantly increased number of cells (>75% recovery in comparison to 40% with 1x 

ECM). The absolute concentration at 5x for human fibronectin was 25 µg/mL and for collagen 

type I was 50 µg/mL.  

With the 5x ECM combination matrix, we performed spiking experiments using the normal 

human volunteer peripheral blood samples. Recovery from the spiking experiments varied 

between 55 and 75%. There have been studies that reported over 80% recovery following spiking 
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experiments using different methods combining mechanical and molecular techniques205. It is 

important to note a few points with regards to the lower than expected recovery. The cells from 

immortalized cell lines are not the same as primary cells from cancer patients. The lower recovery 

could be a result of cell death upon spiking in the hostile environment amongst blood cells. It is 

known that not all the cells leaving the primary site are able to survive the hostile environment of 

blood and secondary tissue microenvironment. The heterogeneity of the cells in primary tumour 

is also a contributing factor to the cell survival. There have been studies to demonstrate that tissue 

samples from patient biopsies that were classified as being negative for certain mutations had 

contrary results when their CTCs were characterized235,236. The study by Marchetti et.al. 

demonstrated that EGFR mutation in lung cancer can be different between the primary lesion and 

the metastatic sites235. Due to this heterogeneity, certain cells may have gained ability to survive 

through varying mechanisms including but not limited to travelling in clusters, being covered with 

platelets, or autophagy activation.  

Some of the later optimization experiments were conducted while patient samples were being 

received. Table 9 demonstrates the gradual refinements in the technique that improved the 

recovery in patient samples. The major changes included increase in the ECM concentration to 5x 

and the fixation method with methanol. The cytokeratin stain was better with methanol fixation in 

comparison with the PFA fixation. For the initial few samples, the background fluorescence was 

making it difficult to identify the CTCs from a cluster of many other cells. The change from PFA 

to methanol fixation alleviated the background issue.  

A group from Stony Brook, New York has previously looked at utilizing functional approach 

by using the extracellular matrix protein in order to capture the invasive circulating tumour cells 

(iCTCs)237,238. Instead of the initial separation through density medium like Ficoll®, they used the 
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red cell lysis buffer and placed the remaining cells on the substrata composed of collagen type I237. 

However, the approach with only one of the ECM proteins may not be ideal for capturing CTCs 

of different origins. A multi-pronged approach such as the one used by Schneck et.al. can create 

an organ specific platform that utilizes a combination of both ECM proteins and organ-specific 

markers to capture the cell population of interest239. The issue with density medium like Percoll, 

Ficoll-paque (GE healthcare), and OncoQuick® (Grenier Bio-One) is that large CTCs and CTC-

clusters could fall to the bottom layer of the tube given their density240. Performing red cell lysis 

can become chemically stressful for sensitive CTCs that have barely survived in the circulation. A 

study by Kallergi et.al. demonstrated a better recovery of breast cancer CTCs with red cell lysis in 

comparison with Ficoll® density gradient241. However, the EpCAM staining was more intense and 

clear with Ficoll® separated cells.  

Following the isolation of CTCs, they could be further characterized for different markers 

depending on the primary cancer site242,243. For instance, presence of absence of markers such as 

EGFR or KRAS can be interesting to see for solid tumour samples such from CRC patients. A 

study by Fusi et.al. isolated melanoma CTCs and analyzed them for expression of chemokine 

receptors on the surface244. There is a commercial test called AdnaTest BreastCancerSelect 

(Qiagen®) which helps detect CTCs from breast cancer patients’ blood samples and characterize 

them for specific markers including MUCIN-1-EpCAM, ALDH-1, HER2, Twist1, ER, Akt2, and 

PI3K245. The prognostic implications of enumerated and characterized CTCs have been looked at 

in several studies. A study by Connor et.al. demonstrated usability of specific subset of CTCs 

isolated from peripheral versus hepatic vein in liver metastasis of colorectal cancer246. Another 

study by Tol et.al. demonstrated that a CTC count before and after treatment in advanced colorectal 
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cancer could predict progression free survival and overall survival210. Besides CRC, the value of 

CTC is well-established in other types of solid cancers247.  

There are many different technologies for detecting CTCs from peripheral blood, however they 

all come with one challenge and that is the feasibility of the downstream application. Whether or 

not the identified cells are possible to be separated and put through a functional assay is a critical 

question. Many single-cell functional assays and models are described in the literature248-251. 

Single cell sequencing, and fluorescence-activated cell sorting (FACS) are examples of techniques 

that allow for analysis of single cells. In addition, there are also techniques such as single-cell 

western blot and CyTOF, a mass cytometry where antibodies are labelled with heavy metal ions252. 

Budnik et.al. demonstrated a technique called Single Cell ProtEomics by Mass Spectrometry and 

this enables multiple proteins to be analyzed from a single cell253.  

Any technique that fully or partially relies on a marker for CTC identification might have 

cells being affixed or punctured for the application of immunofluorescence. This generally makes 

it difficult for the cells to be utilized post-identification. However, if such analysis is successful it 

can provide valuable information. For instance, Babayan et.al. assessed isolated CTCs for estrogen 

receptor positivity and found that only some cells expressed the protein – which relates to why 

20% of the estrogen targeted therapies can fail252. There are some groups that have explored 

carrying out single-cell genomic analysis from the isolated CTCs254. Leukocytes possess many 

properties that are similar to cancer cells and this makes it challenging for a rich population of 

CTCs to be isolated in a discrete manner. Some studies have used a combination of CellSearch™ 

followed by DEPArray™ (©Menarini Silicone Biosystems) in order to isolate single cells255,256. 

DEPArray™ uses dielectrophoretic force to separate individual cells. A study by Dhar et.al. 

carried out a functional study on single CTCs by encapsulating them into microdroplets and 
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introducing matrix metalloproteinase (MMP) substrate251. These were CTCs isolated from prostate 

cancer and their MMP activity was higher than simultaneously separated leukocytes251.  

It is clear through these studies that enumeration of CTCs alone may not fully explain why 

certain mutations occur part-way through the disease and why certain patients relapse. Optimal 

isolation techniques and functional studies including single-cell studies can provide mechanistic 

insight into the complexity of disease progression. Expanding the isolated CTC population, 

injection in animal models and assessing metastatic capability of these cells hold value for future 

studies. 
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5. Overall discussion: challenges in studying chemokines and their 

relevance to the behaviour of circulating tumour cells 
 
5.1 The key findings of this research 
 
5.1.1 Drug resistance, chemokines, and migration studies 
 
 The results from RT-PCR and qPCR experiments confirm that the development of drug 

resistance influences the regulation of chemokines and chemokine receptors. The initial screening 

helped establish targets that demonstrated consistent and marked changes at the gene level between 

parental and resistant HT29 cells. These targets of interest (CCL2, CXCL8, CXCL12, CCL15, 

CCL20) were analyzed for protein expression using the conditioned media released from the cells. 

A semi-quantitative measurement of released chemokines coincided with changes observed at the 

gene level. To understand the functional effects of released chemokines in a microenvironment, 

HepG2 cells were employed and migration assays were carried out with HT29 and HCT116 cells.  

In comparison with HT29 cells, HCT116 cells were highly migratory in the presence of HepG2 

cells. Colon cancer cell migration remained nil in the absence of HepG2 cells, which further 

highlights the importance of studying microenvironmental interactions.  

 

5.1.2 Linking chemokines in patient plasma with disease progression 
 

Through the plasma chemokine analysis, differences were noted between healthy 

volunteers and cancer patients. Many chemokines remained unchanged with the exception of a 

few that demonstrated an upward trend. Midkine was a chemokine that was relatively high in 

breast patients’ plasma when compared to colon cancer patients and healthy volunteers. Another 

significant change was an increase in plasma midkine from 6 to 12 months samples within 

individual patients.  
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5.1.3 Capture platform for Circulating Tumour cells 
 

The adhesion assays carried out with different ECM proteins led to a combination 

substratum with fibronectin and collagen (2:1) to capture CTCs. Further optimization was carried 

out by assessing different density gradient solutions, fixation methods, and antibodies to 

effectively capture and identify CTCs from blood samples. CD45, a marker of hematopoietic 

cells that was used to further confirm the identity of CTCs from epithelial origin. A successful 

working method was developed that captures CTCs using a functional attachment to the ECM 

proteins. These CTCs were identified through immunofluorescence using epithelial markers like 

EpCAM and CK. This opens up a possibility to further characterize isolated CTCs for other 

markers such as EGFR, HER2, CD44, chemokines etc.  

 
5.2 Considerations in interpretation and future directions 

 

The initial experiments for chemokines’ gene and protein-level expression provided a strong 

foundation to understand changes that come along with drug-resistance. It is important to note that 

these changes are from one of the CRC cell lines and resistance against one of the 

chemotherapeutic agents. Consistent patterns in different CRC cells and different 

chemotherapeutic agents could provide stronger data to identify targets for animal studies. The 

migration studies with a model cell line of liver parenchyma added further insight into the 

importance of chemokines. HCT116 cells aggressively migrating towards HepG2 cells opened up 

opportunities for further studies looking at the specific mechanism behind this migration. The array 

data for chemokines released from the HepG2 cells can be useful in identifying which 

chemokine(s) are responsible for this functional behaviour. The overall results from the migration 

experiments demonstrated that chemokines released in the microenvironment can have 
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implications for processes such as transendothelial migration and growth at secondary sites. 

Function-blocking antibodies could be used to assess the effect of an attenuated chemokine release. 

Quantifying chemokines with ELISA kits can provide a direct comparison and subsequent 

expression changes upon drug treatment. To assess the localization and release patterns of 

chemokines, it would be helpful to identify a suitable method for golgi-block with Brefeldin-A. 

This can help retain the chemokines within the cells and detect them through immunofluorescence. 

Some success was achieved with immunofluorescence of CXCL12; however, we could not detect 

CCL2 expression. It is known that the effect of chemokines is on the recruitment of different 

immune system cells. Further studies including other cells from the hematopoietic lineage could 

help understand the microenvironmental communication between different cells. For instance, the 

type of macrophages and other myeloid or lymphoid cells recruited by cancer cells can generate 

further understanding of how specific chemokines exert their effects in the complex environment 

at secondary sites of metastasis.  

In terms of the technique for capturing circulating tumour cells, a reasonable working method 

was developed. The initial adhesion assays laid the foundation to understand interactions between 

CRC cells and different proteins forming the extracellular matrix. Similar to previous work on 

fibronectin and integrin alpha5 beta1 interaction, specific ligand-receptor interactions can be 

further looked at for each protein to understand their adhesion pathways. It is possible that cancer 

cells binding to specific extracellular matrix proteins induce further signalling in the metastatic 

process. The binding of integrin alpha5 and fibronectin was shown to initiate a pro-survival 

PI3K/Akt pathway (Spencer Berg’s thesis). Similar pathways relating to cancer cells binding with 

ECM proteins and increasing MMP production leads to cancer cells carving their way out of the 

ECM network257,258. These areas can be explored further in future studies. 
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In terms of the chemokine arrays with plasma, a higher number of patient samples and healthy 

volunteer samples might be required for a proper comparison. A total of 30 samples in each group 

might provide a proper comparison to comment on whether or not differences observed are 

significant. For the plasma chemokine comparisons, age and sex-specific control samples would 

ideally provide an accurate comparison. It is difficult to control for all of the patient factors as 

there is bound to variation based on comorbidities and genetics. Lastly, comparing the working 

technique for CTC isolation with a commercially available positive control can provide more 

details in terms of how the technique compares to other available options. The FDA approved 

Cellsearch® would have been a good comparison as it is marker dependent technique compared to 

the functional approach adopted in my work.  

5.3 Limitations of this research 
 

It is important to acknowledge that certain parts of this work were carried out in vitro. The 

drug-resistance model with cell lines demonstrated changes in chemokines at mRNA and protein 

level, however, there was no animal model to establish whether these changes were transferrable. 

A CRC mouse model that includes sequential treatment with chemotherapeutic agent (e.g. 

Irinotecan) up to the point of developed resistance can reveal whether the chemokine expression 

is altered following multiple sequential therapies. Measurement of released chemokines in a cancer 

tissue microenvironment can link the results of the chemokine array of the conditioned cell line 

media.  

Patients’ plasma chemokines were analyzed using a semi-quantitative method through array 

analysis. ELISA, a direct quantitative measure of plasma chemokines could have provided a better 

understanding of the differences between patient samples and healthy volunteers. The healthy 

volunteer samples were not matched by age and sex and these factors bring unaccounted 
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heterogeneity making this comparison difficult. Having a positive control sample with a known 

amount of chemokine could provide valuable information to support the validity of obtained 

results.  

For the adhesion assays, a known number of cells were plated and incubated overnight. The 

experiment did not control for cell-growth and quantified the results based on adherent cells. Since 

the growth rate between cell lines differ, adding a cell proliferation inhibitor could improve the 

accuracy of results obtained.  

Prior to CTC isolation from patient samples, a series of experiments were carried out by spiking 

the CRC cells from cell lines into normal human volunteer blood. The recovery ranged between 

55-75% and it was uncertain whether the low recovery was due to CRC cells not being able to 

survive in a hostile blood environment of another individual. For patient samples, the optimized 

technique was used for CTC isolation and identification. However, there was no commercial 

technique employed in parallel to understand whether the in-house recovery was comparable or 

not. For example, if 30 CTCs were isolated from 7.5mL of patient blood, it was difficult to indicate 

whether a commercially available technique would provide more or less number of cells.  
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7. Appendices 

Appendix IA: Coordinates and names of chemokines for the ARY017 – human 
chemokine array kit ARY017. 
 

 
Note: this image is taken from the R&D systems catalogue for their product #ARY017. 
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Appendix IB: Coordinate Guide for chemokine array kit ARY017 – R&D 
Systems. 
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Appendix II: Raw images of the RT-PCR results 
 
2016-02-10 P19 

 
 
S: HT29 or HCT116 cDNA (100 ng); R: HT29-S or HCT116-S cDNA (100 ng) –: H

2
O 

 
Reaction Date: 2016-02-08 
cDNA Collection: 
HT29/HT29-S:  
2015-05-13 
HCT116/HCT116-S: 2015-02-02 
Gel ran at 95 V 
For 28 mins 
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2016-01-20 DP16 
Six Chemokine markers 
 

 
L- 1μL 100 bp DNA ladder   (NEB) 
 
S: HT29 or HCT116 cDNA 100ng; R: HT29-S or HCT116-S cDNA 100ng; –: H

2
O 

  
cDNA Collection: 
HT29/HT29-S: 2014-04-29  
HCT116/HCT116-S: 2014-10-24 
Gel ran at 95 V 
For 30 mins 
Note: HT29-S GAPDH sample – when loading, a very small faint droplet leaked out of the 
second well 
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2016-01-14  DP15 
 

 
L- 1μL 100 bp DNA ladder   (NEB) 
 
S: HT29 or HCT116 cDNA (100 ng); R: HT29-S or HCT116-S cDNA (100 ng); –: H

2
O 

 
cDNA Collection: 
2015-03-27 
Gel ran at 95 V 
For 25 mins 
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2015-05-14 DP-12 
 

 
L- 5μL 100 bp DNA ladder   (Promega) 
 
HT29: 100 ng cDNA; HT29-S: 100 ng cDNA; –: H

2
O 

 
cDNA Collection: 
2015-02-01 
Gel ran at 95 V 
For 25 mins 
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Experiment: DP-12 
2015-05-14 
 

         
L- 5μL 100 bp DNA ladder (Promega) 
HT-29 , HCT116 
S = sensitive 
R= Resistant  
Amount : 100 ng cDNA 
–: H

2
O 

cDNA collection: 2015-02-01 
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Blay Lab – DP8 
2015-03-31 

 
L- 5μL 100 bp DNA ladder (Promega) 
S: HT29 or HCT116 cDNA (100 ng) 
R: HT29-S or HCT116-S cDNA (100 ng) 
– : H

2
O 

N/A : duplicate of HT-29 sample under CD-44 primer 
KRT-18 : Cytokeratin 18 
HT29,HT29-S = 2015-03-27 collection 
HT116, HT116-S  
2015-03-27 collection 
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DP17 
2016-01-28  

 
 
 
	
 
 
 
 
 
 

GAPDH
HT29

S R
HCT116

RS _

CXCR 4
HT29

S R
HCT116

RS _

CCR 5
HT29

S R
HCT116

RS _

CXCL 13
HT29

S R
HCT116

RS _

CCL 20
HT29

S R
HCT116

RS _

CXCR 5
HT29
S R

HCT116
RS _

L- 1μL 100 bp DNA 
ladder   (NEB)

Reaction Date:
2016-01-25

S: HT29 or HCT116 
cDNA (100 ng)

R: HT29-S or 
HCT116-S cDNA 
(100 ng)

- : H2O

cDNA Collection:
2015-03-27

Gel ran at 95 V
For 25 mins

L

L

2016-01-28  DP17
New Dilutions



149 
 

 
CCL2 PRIMER SEQUENCE: 5’-3’: GCTGTGATCTTCAAGACCATTG 
       3’-5’: AAACAGGGTGTCTGGGGAAAG 
 

cDNA Collection 1:
2016-03-02

cDNA Collection 2:
2016-03-05

cDNA Collection 3:
2016-03-10

S: HT29 or HCT116 cDNA (100 ng)

R: HT29-S or HCT116-S cDNA (100 ng)

L- 1μL 100 bp DNA ladder   (NEB)

CCL2

_   : H2O control

GAPDH
HT29

S R
HCT116

RS _L

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

CCL 2
HT29
S R

HCT116
RS _

CCL 2
HT29

S R
HCT116

RS _

CCL 2
HT29
S R

HCT116
RS _
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CCL5 PRIMER SEQUENCE:       5’-3’: CTCATTGCTACTGCCCTCTGC 
                       3’-5’: GCTCATCTCCAAAGAGTTGAT 

cDNA Collection 1:
2016-03-02

cDNA Collection 2:
2016-03-05

cDNA Collection 3:
2016-03-10

S: HT29 or HCT116 cDNA (100 ng)

R: HT29-S or HCT116-S cDNA (100 ng)

L- 1μL 100 bp DNA ladder   (NEB)

_   : H2O control

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

CCL 5
HT29
S R

HCT116
RS _

CCL 5
HT29

S R
HCT116

RS _

CCL 5
HT29

S R
HCT116

RS _

CCL 5 (paper)

Vaday GG, Peehl DM, Kadam PA, 
Lawrence DM. Expression of 
CCL5 (RANTES) and CCR5 in 
prostate cancer.The Prostate. 
2006. doi:10.1002/pros.20306.

Primer source:
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PRIMER SEQUENCE:       5’-3’: CCAAGCCAGGTGTCATATTCC 
                     3’-5’: TCAGACCAAGAAACTCACAGGA 

         
 

cDNA Collection 1:
2016-03-02

cDNA Collection 2:
2016-03-05

cDNA Collection 3:
2016-03-10

S: HT29 or HCT116 cDNA (100 ng)

R: HT29-S or HCT116-S cDNA (100 ng)

L- 1μL 100 bp DNA ladder   (NEB)

_   : H2O control

CCL 15  

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

CCL 15
HT29

S R
HCT116

RS _

CCL 15
HT29

S R
HCT116

RS _

CCL 15
HT29

S R
HCT116

RS _
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PRIMER SEQUENCE:       5’-3’: TCAGAGACAGCAGAGCACAC 
                       3’-5’: CCAGTTTTCCTTGGGGTCCAGA 
 
 

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

CXCL 8
HT29

S R
HCT116

RS _

CXCL 8
HT29

S R
HCT116

RS _

CXCL 8
HT29

S R
HCT116

RS _

cDNA Collection 1:
2016-03-02

cDNA Collection 2:
2016-03-05

cDNA Collection 3:
2016-03-10

S: HT29 or HCT116 cDNA (100 ng)

R: HT29-S or HCT116-S cDNA (100 ng)

L- 1μL 100 bp DNA ladder   (NEB)

_   : H2O control

CXCL 8  
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PRIMER SEQUENCE:       5’-3’: TTTGCTCCTGGCTGCTTTGAT 
                   3’-5’: AGTTGCTTGCTGCTTCTGATTCG 
 
 

cDNA Collection 1:
2016-03-02

cDNA Collection 2:
2016-03-05

cDNA Collection 3:
2016-03-10

S: HT29 or HCT116 cDNA (100 ng)

R: HT29-S or HCT116-S cDNA (100 ng)

L- 1μL 100 bp DNA ladder   (NEB)

_   : H2O control

CCL 20  

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

GAPDH
HT29

S R
HCT116

RS _

CCL 20
HT29

S R
HCT116

RS _

CCL 20
HT29

S R
HCT116

RS _ 

CCL 20
HT29

S R
HCT116

RS _

Misloaded
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Appendix III: Comparison of different Transwell Chambers 
 

  Granier  
 

  VWR 
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Appendix IV: Tracking for chemokine array samples  
 

 

Sample # Date Received Patient Chemokine Arrary
Sample 1 29-Aug-16 GRCC001 Completed
Sample 2 15-Sep-16 GRCC002 Completed
Sample 3 23-Sep-16 GRCC003 Completed
Sample 4 21-Oct-16 GRCC004 Completed
Sample 5 30-Nov-16 GRCC005 Completed
Sample 6 30-Nov-16 GRCC006 Completed
Sample 7 01-Dec-16 GRCC007 Completed
Sample 8 21-Dec-16 GRCC008 Completed
Sample 9 18-Jan-17 GRCC009 Completed
Sample 10 19-Jan-17 GRCC010 Completed
Sample 11 28-Mar-17 GRCC001 Completed
Sample 12 25-Apr-17 GRCC004 Completed
Sample 13 10-May-17 GRCC011 Completed
Sample 14 15-Jun-17 GRCC005 Completed
Sample 15 28-Jun-17 GRCC007 Completed
Sample 16 13-Jul-17 GRCC009 Completed
Sample 17 04-Aug-17 GRCC012 Completed
Sample 18 15-Aug-17 GRCC001
Sample 19 06-Sep-17 GRCC013 Completed
Sample 20 15-Sep-17 GRCC014 Completed
Sample 21 19-Oct-17 GRCC015 Completed
Sample 22 06-Nov-17 GRCC011 Completed
Sample 23 24-Nov-17 GRCC004 Completed
Sample 24 11-Jan-18 GRCC016 Completed
Sample 25 23-Jan-18 GRCC007 Completed
Sample 26 21-Feb-18 GRCC009 Completed
Sample 27 18-Apr-18 GRCC017 Completed
Sample 28 01-Jun-18 GRCC018 Completed
Sample 29 05-Jul-18 GRCC019 Completed
Sample 30 09-Jul-18 GRCC020 Completed
Sample 31 09-Jul-18 GRCC021 Completed
Sample 32 10-Aug-18 GRCC016 Completed
Sample 33 31-Oct-18 GRCC017 Completed
Sample 34 14-Nov-18 GRCC023
Sample 35 05-Nov-18 GRCC022
Sample 36 28-Nov-18 GRCC024 Completed
Sample 37 03-Dec-18 GRCC025
Sample 38 11-Dec-18 GRCC026
Sample 39 04-Jan-18 GRCC019 Completed
Sample 40 15-Jan-18 GRCC021
Sample 41 27-Mar-19 GRCC020 Completed
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Appendix V: Raw analysis plots of individual patients at 0 and 12 months 
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Appendix VI: Copy of the approved ethics protocol confirmations 
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