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Epithelial mesenchymal transition (EMT) is a critical trans-differentiation program driving cancer 

metastasis. Patients showing signs of invasive cancer or the presence of distant metastasis have a 

poor prognosis. Another well-known feature of decreased cancer-associated survival is the lack of 

anti-cancer immune responses. Thus I hypothesized that the EMT and anti-tumor response could be 

linked via altered secretion of soluble factors by metastatic cells.  

  Colorectal cancer (CRC) cell lines and SIP1-inducible DLD cells were grown in DMEM. The 

induction of the SIP1 gene was carried out using doxycycline for 3 days. The EMT status of the 

CRC cell lines were assessed by preforming western blotting, immunofluorescence and RT-PCR 

for EMT biomarkers. Cytokine/chemokine expression in SIP1 inducible DLD cells was analyzed 

using commercially-available antibody arrays. Validation of the selected chemokine (CCL5) was 

carried out using sandwich ELISA as well as RT-PCR, with the CCL5 expression level analysed in 

a panel of CRC cell lines using the same techniques. The CCL5 promoter was then cloned into 

pGL3.  The mechanism of action of ZEB1/2 on the CCL5 promoter was studied by luciferace assay 

and chromatin immunoprecipitation (ChIP). CCL5 coding region was cloned into pcDNA3.1 and 

stably transfected into DLD-1 cells. DLD-1 cells over-expressing CCL5/RANTES were injected 

orthotopically into SCID mice, and metastasis was investigated by immunohistochemistry (IHC). 

The relationship between infiltrating T lymphocytes (TILs) and the expression of both 

CCL5/RANTES and SIP1 was studied in 75 CRC patients by IHC and tissue micrroarray.   

  The results of evaluating EMT status categorised 13 CRC cell lines as epithelial, intermediate 

epithelial, intermediate mesechymal and mesenchymal. Cytokine/chemokine antibody arrays 

showed a significant increase in CCL5/RANTES in induced DLD-SIP1 cells. ELISA, multiplex 

assays and RT-PCR confirmed the increased secretion of  CCL5/RANTES in the induced DLD-

SIP1 cells. The CRC cell line panel showed that the average level of secreted CCL5/RANTES from 

mesenchymal CRC cells was significantly more than in epithelial cells (639.7 ± 175 vs 107.6 ± 30 

pg/ml, respectively; p=0.0075). mRNA expression profiling confirmed this finding from the CRC 

panel. Promoter studies showed that ZEB1/2 bind to CCL5 promoter, thus activating CCL5 gene 

expression. No metastatic spread for of DLD-1 cells overexpressing CCL5/RANTES was observed 

when orthotopically injected into SCID mice. 

  Our data shows that CCL5/RANTES is up-regulated by EMT-inducing transcription factor SIP1, 

and mesenchymal (metastatic) CRC cells secrete significantly more CCL5/RANTES compared to 

epithelial (non-metastatic) cells. Furthermore, abundant secretion of CCL5/RANTES might be a 

crucial regulator of immune infiltration in CRC, but not a direct inducer of metastasis, and that 

needs to be futher investigated. Inhibiting CCL5 activity in metastatic CRC may have a therapeutic 

potential. 
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Chapter 1: Main Introduction  

1.1 Cancer  

Cancer is a disease in which an individual mutant cell acquires selective biological 

properties, allowing it to grow and divide more vigorously and survive more readily than its 

neighbouring cells. The selective biological properties include sustaining proliferative 

signalling, evading growth suppressors, resisting cell death, enabling replicative 

immortality, inducing angiogenesis and activating invasion and metastasis [1]. During the 

last decade, scientists have focused on two additional biological properties of cancer cells: 

the ability to reprogram energy metabolism and evade immune destruction [2]; see figure 1. 

The ability of cancer cells to activate invasion and metastasis and to evade immune 

destruction will be the main focus of this project. 

 

Figure 1: Hallmarks of cancer.  

Adapted from [2]. 

1.1.1 Common signalling pathways in cancer 

A number of molecular pathways play a significant role in promoting the hallmarks of 

cancer (see Hallmarks of Cancer figure1), including the transforming growth factor β 

(TGF-β), Wnt–β catenin, receptor tyrosine kinases (RTKs) and p53 signalling pathways. 
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These pathways are regulated by various stimuli such as growth factors, chemokines, 

cytokines, hypoxia and cell-cell or cell-extracellular matrix (ECM) engagement [3-11]. 

These pathways were reviewed in detail elsewhere [12], although a brief summary of each 

pathway is detailed below in order to have a better understanding of their contribution 

throughout the thesis. 

1.1.1.1 TGF-β BMP signalling pathway 

The TGF-β signalling pathway is activated via several ligands of the TGF-β superfamily 

including TGF-β 1-3, and BMP2-BMP7. These ligands bind to a heterotetrameric receptor 

complex combining TGF-β receptor type I and II (TGF-βRI and TGF-βRII). In mammalian 

systems, there are seven isoforms of the type I receptor and five isoforms of the type II 

receptor [13]. Upon ligand binding, TGF-βRII phosphorylates TGF-βRI, resulting in the 

activation of various intracellular signalling pathways including those mediated by 

SMAD2/3, RAS and PI3K. Activated SMAD2/3 complexes bind further to co-activator 

SMAD4, with the whole complex then translocating into the nucleus. In the nucleus, the 

SMAD complex binds to DNA regulatory elements where it can drive or repress the 

transcription of target genes.  The TGF-β-SMAD pathway can be inhibited by post-

translational or proteasome-mediated degradation of SMADs via Smurf1 and Smurf 2 [14] 

or it can be suppressed via SMAD6 and SMAD7 proteins which bind to TGF-βRI and 

prevent formation of the SMAD2/3/4 complex [13, 15]; see figure 2. 

In addition, TGF-β signalling can mediate activation of various receptor tyrosine kinase 

pathways including Phosphatidylinositol-3-Kinase (PI3) and Protein Kinase B (otherwise 

known as AKT) and extracellular signal–regulated kinase (ERK). These pathways will be 

summarised later in this section; see figure 2.  

The BMP signalling pathway bears similarities to TGF-β signalling although the receptor 

is a specific BMP type II receptor (BMP-RII) [16] and a SMAD 1/5/8 complex takes the 

place of SMAD2/3 [17]. 

Both TGF-β and BMP pathways have multiple functions in adult tissue, controlling cell 

proliferation, differentiation, survival and angiogenesis [18]. In cancer, TGF-β has a dual 

role. It acts as a tumour suppressor in the early stages of tumour progression by inducing 

cell cycle arrest, although in later stages the growth inhibitory function is selectively lost, 

and TGF-β induces un-controlled cell growth, invasion and metastasis [19, 20]. 
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Figure 2: The TGF-β signalling pathway in cancer.  

The TGF-β pathway can activate various signalling pathways that are either SMAD2/3-dependent 

or SMAD2/3-independent e.g. RAS and PI3K. The pathways activate transcription factors that 

induce the expression of various genes involved in enhancing cell proliferation and survival as well 

as invasion and metastasis. Inhibition of the SMAD-dependant pathway is mediated by SMAD6/7 

and Smurf2. Adapted from [12]  

1.1.1.2 Receptor tyrosine kinase signalling pathways 

RTKs are activated via their respected ligand binding such as epithelial growth factor 

(EGF)-EGFR, fibroblast growth factor (FGF)-FGFR, insulin growth factor (IGF)-IGFR, 

and Platelet-derived growth factor (PDGF)-PDGFR [21-23]. Binding of these factors to 

their respective RTK leads to receptor dimerisation/tetramerisation and phosphorylation of 

intracellular domains resulting in the activation of downstream signalling pathways such as 

PI3K-AKT, ERK, c-Jun N-terminal kinase (JNK) and MAPK [24]; see figure 3. 

1.1.1.2.1 PI3K –AKT signalling pathway 

In the PI3K-AKT intracellular cascade, PI3K is first activated by receptor tyrosine kinases, 

which induces phosphorylation of the inositol ring of phosphoinositol diphosphate (PIP2) 

leading to phosphoinositol triphosphate (PIP3). Accumulated PIP3 induces 1) binding of 

AKT to PIP3 which facilitates membrane localisation and 2) activation of 

phosphoinositide-dependent kinase 1 (PDK1) that leads to phosphorylation of AKT at 
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Threonine 308. AKT can also be phosphorylated by the TORC2 complex or PDK2 at 

Serine 473 [25]. Phosphorylation of AKT activates the mammalian Target of Rapamycin 

Complex 1 (mTORC1) and mTORC2, which provide a check point for cell growth and 

proliferation, survival, motility and metabolism [26, 27]. Inhibition of PIP2 

phosphorylation can be mediated through the phosphatase and tensin homolog (PTEN) 

which is rarely mutated or repressed in metastatic cancers [28]. Thus, PI3K-Akt-mTORC 

cascade is hyper- activated in cancer which may lead to increased cell survival, 

proliferation, migration and glycolytic metabolism [29, 30]; see figure 3. 

1.1.1.2.2 RAS-MEK-ERK signalling pathway 

RAS, the oncogenic Guanosine Triphosphatase (GTPase), is one of the most studied 

oncogenes. The importance of Ras comes from its ability to relay messages from RTKs to 

the ERK pathway. Upon ligand binding, RTKs become active and phosphorylated. The 

phosphorylated RTKs serve as docking stations for the GRB-SOS complex that removes the 

GDP from RAS. As a result GTP can bind and activate RAS binding to the Raf family of 

kinases. Upon activation Raf initiates the MEK/ERK signalling pathway [31, 32]. The RAS-

MEK-ERK signalling pathway contributes to many cellular events including cell 

proliferation, differentiation and cell cycle progression [33]. In many cancers, the RAS-

RAF-MEK-ERK signalling pathway is hyper-activated as a result of mutations in KRAS, 

NRAS and BRAF genes [34]; see figure 3. 

1.1.1.2.3 JNK and p38 MAPK 

The JNK and p38 MAPK cascades are activated upon RTK or Tumour Necrosis Factor 

Receptor (TNFR) binding. Consequently TRAF6, a E3 ubiquitin ligase, binds to the 

respected receptor leading to activation of TGF-β–activated kinase 1 (TAK1). TAK1 in turn 

activates p38 MAPK or JNK [35]. Activation of p38 MAPK or JNK promotes translocation 

of the Nuclear Factor–κB (NF-κB) family of transcription factors. Similar to other cellular 

pathways, JNK and p38 MAPK signalling controls many processes including inflammation 

and tissue homeostasis via altering cell proliferation, differentiation and survival [36]. In 

cancer, de-regulation of these cascades exacerbate metastasis [37-39]; see figure 3. 
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Figure 3: Receptor tyrosine kinase pathways (RTKs) in cancer. 

Many growth factors (GFs) can activate RTKs, which in turn activate various cascades such as the 

RAS, PI3K, P38 MAPK, and JNK pathways. These signalling pathways trigger transcription 

factors to bind to various promoters to induce or repress genes involved in promoting cancer 

progression. PTEN is a critical phosphatase that can repress PI3K and Wnt signalling pathways in 

cancer. Adapted from [12]  

1.1.1.3 Wnt signalling pathway 

Wnt signalling is activated via binding of Wnt ligands to Frizzled receptors (Fz). In the 

absence of Wnt signalling, β-Catenin, which participates in cell-cell adhesion and cell 

signalling, is phosphorylated by the GSK-3β/Axin complex and the tumour suppressor 

Adenomatous Polyposis Coli (APC), and thus subject to proteasome degradation. 

However, Wnt signalling results in phosphorylation of low-density lipoprotein receptor-

related protein 6 (LRP6) by GSK-3β and recruitment of Axin and Dishevelled (Dvl) to the 

cell membrane, thus inhibiting formation of the GSK-3β/Axin complex leading to 

accumulation of β-Catenin in the cytoplasm and subsequent translocation to the nucleus 

[40]. Aberrant regulation of Wnt signalling has been implicated in various types of cancer 

leading to increased cell proliferation and migration [41, 42]; see figure 4. 
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Figure 4: Wnt/β-catenin signalling pathway in cancer.  

Wnt binds to the Frizzled (Fz) receptor and LRP6 as an accessory protein. As a result, β-catenin is 

not degraded but trans-locates to the nucleus and interacts with TCF/LEF-1 transcription factors 

which regulate the transcription of a number of genes involved in cancer development; adapted 

from [43]. 

1.1.1.4 P53 signalling pathways 

Environmental hazards such as UV light, chemical agents as well as cellular stresses such 

as hypoxia can cause DNA damage and thus alter DNA structure and function. P53 (also 

known as the ‘guardian of the genome’) is a very important transcription factor in cancer 

biology that is involved in DNA repair and programmed cell death [44]. P53 is regulated 

by activation of specific pathways, including the Ataxia-Telangiectasia-mutated (ATM)-

checkpoint kinase 2 (Chk2) pathway and the Ataxia-Telangiectasia-related (ATR)-

Checkpoint kinase 1 (Chk1) pathway which are essential for DNA repair [45, 46]. 

Activated p53 regulates the transcription of a number of target genes implicated in cell 

cycle (e.g. p21), apoptosis (e.g. bax and puma), necrosis (e.g. cathepsin Q), autophagy (e.g. 

dram genes), angiogenesis (e.g. thrombosondin1) and senescence (e.g. pai-1) [46-48]. 

The E3 ubiquitin ligase Mdm2 is one of the most critical regulators of p53, which marks 

p53 for degradation by the proteasome [49, 50]. Mutations in the TP53 tumour suppressor 

gene have been found in up to 50% of all human cancers [51, 52]; see figure 5. 
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Figure 5: P53-regulated pathways in cancer. 

P53 protein is activated upon recognition of cellular stress such as exposure to DNA damaging 

agents. It is implicated in various cellular pathways regulating cell cycle arrest, apoptosis, DNA 

repair, angiogenesis and senescence in order to maintain normal cellular function and genome 

stability. Mdm2 is one of the most critical regulators of p53; adapted from [53]. 

1.1.2 Colorectal cancer 

Worldwide, 12.7 million new cancer cases and 7.6 million cancer-related deaths (around 

13% of total deaths) were estimated to have occurred in 2008. The most commonly 

diagnosed cancers worldwide are lung (1.61 million, 12.7% of the total), breast (1.38 

million, 10.9%) and colorectal cancers (CRC) (1.23 million, 9.7%). The most common 

cancer-related deaths are from lung cancer (1.38 million, 18.2% of the total), stomach 

cancer (738,000 deaths, 9.7%), liver cancer (696,000 deaths, 9.2%) and colorectal cancer 

(608,000 deaths, 8.0%) [54]. 

In the UK, CRC is the third most common cancer and the second most common cause of 

cancer-related mortality in both genders, with a male: female incidence ratio of 13:10. The 

incidence is strongly associated with ages ≥ 50. In 2011, 41,581 individuals were 

diagnosed with CRC, with 23,171 cases in men (54%) and 18,410 cases in women (44%); 

in 2012 around 16,200 people died which means more than 44 CRC patients died everyday 

[55].  
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1.1.2.1 The CRC adenoma-carcinoma sequence  

Benign hyperplastic colorectal polyps are usually small in size (< 5mm) with normal 

surrounding mucosa, and are not considered a major precursor for developing CRC. 

Instead, adenomatous polyps are probably the important precursors of CRC. They arise 

from glandular epithelium and are characterised by a dysplastic morphology and the hyper-

proliferation of epithelial cells [56]. Surgical removal of adenomas can decrease the risk of 

progression to CRC [57]. Despite the clinical relevance of polypectomy, only a fraction of 

adenomas progress to carcinoma in a process that may take years to decades. For example, 

adenomas ≤ 1 cm in size may have approximately a 10 to 15% chance of progressing to 

carcinoma over a 10-year period [58]; see figure 6. 

=  

Figure 6: CRC Adenoma- Carcinoma Sequence and the main genetic alterations throughout the 

process. 

 CIN: Chromosomal instability. Adapted from [59, 60].  

1.1.2.2 CRC classification 

1.1.2.2.1 Pathological classification 

Initially, CRC was classified into four stages (A, B, C, D) according to Dukes’ staging 

system. Dukes’ A indicates tumour infiltration into the bowel wall, Dukes' B specifies 

tumour infiltration through the bowel wall, Dukes’ C indicates the presence or absence of 

lymph node metastasis, and Dukes’ D classifies tumour infiltration with distant metastases 

[61]. This system has been completely replaced by the tumour, node, metastasis (TNM) 

staging system of the American Joint Committee on Cancer (AJCC) and the International 

Union Against Cancer (UICC), and has been revised several times. Now, the 7th edition 
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TNM (TNM7) is used as the standard for CRC staging and represents the primary tumour 

(T), regional lymph nodes (N) and distant metastases (M) followed by a number to indicate 

the severity of the tumour [62, 63], see table 1. In the UK, clinicians still use the 5th 

version of the TNM bowel cancer staging system. 

Table 1: Pathological classification of CRC.  

Adapted from [64]. 

 

1.1.2.2.2 Genetic classification  

CRC is generally classified into three categories. The classification is based on hereditary 

influence, previous history of inflammatory bowel disease (Ulcerative colitis or Crohn’s 

disease) and environmental risk factors such as the high consumption of red meat, a high-

fat diet, inadequate intake of fibre, obesity, diabetes mellitus, smoking, and high 
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consumption of alcohol [65, 66]. The first group is sporadic CRC (60%) which includes 

patients with no notable family history and with no identifiable inherited gene mutation 

that accelerates cancer development. The second is familial CRC (30%) which refers to 

patients who have at least one relative with CRC or an adenoma, but with no specific 

germline mutation or clear pattern of inheritance. The third is hereditary CRC (10%) which 

results from the germline inheritance of mutations in highly penetrating cancer 

susceptibility genes [67]. 

Sporadic cancers are caused by the development of a series of genetic abnormalities in 

tumour suppressor genes and oncogenes that give cells selective advantages. One of the 

well-defined hereditary CRC syndromes is Hereditary Non-Polyposis Colorectal Cancer 

(HNPCC); also called Lynch syndrome. It accounts for 2-4% of all colorectal cancers and 

is inherited in an autosomal dominant fashion. Its clinical consequences develop from 

germline mutations in mismatch repair (MMR) genes. Lynch syndrome patients have an 

80% risk of developing cancer during their lives. Familial Adenomatous Polyposis (FAP) 

is another common hereditary syndrome which accounts for approximately 1% of all 

colorectal cancers characterised by numerous adenomatous colorectal polyps. It is an 

autosomal dominant disorder caused by a germline mutation in the APC gene 

(adenomatous polyposis coli gene) [64, 67, 68]. 

1.1.2.2.3 Main genetic alterations in CRC 

CRC is a heterogeneous disease that can arise as a consequence of genomic instability and 

the accumulation of genetic alterations resulting in dysregulation of molecular pathways 

controlling cell migration, differentiation, apoptosis and proliferation. Chromosomal 

instability (CIN) is the most common cause of CRC and is present in 60-70% of all cases. 

CIN involves genetic alterations in tumour suppressor genes and oncogenes which can 

inhibit the normal apoptotic process, over-activate cell proliferation or facilitate tumour 

progression through enhanced angiogenesis. [59]. 

The main genetic aberrations in CRC are mutations in APC, K-RAS (Kirstein rat sarcoma) 

and TP53 (Tumour protein-53) genes, with frequent allelic loss at 17q and 18q [69]; see 

figure 6.  

Mutation of APC is a common occurrence in the early development of all CRCs [68, 70, 

71]. Germline mutations in APC underlie FAP or FAP variant syndromes. Somatic 

mutations in this gene are present in ~ 70-80% of sporadic CRC. In fact, APC plays a 

gatekeeper role in normal colorectal epithelial cells maintaining balanced cell proliferation 
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[72]. Consequently, APC mutagenesis is thought to have a potential effect in initiating 

CRC [73, 74]. 

K-RAS mutations have been found in 40% of CRC adenomas and 37% of CRC 

adenocarcinomas [75]. Mutations in K-RAS were proposed to follow APC mutations with 

advancing CRC progression. Evidence for this comes from the fact that mutations in both 

APC and K-RAS were found in only 20% of small adenomatous polyps, whereas they were 

present in approximately 50% of more advanced adenomas [76]. In fact, sequential 

alterations in APC and K-RAS have been shown to promote CRC progression from 

adenoma to carcinoma [73]. 

As mentioned previously, p53 has a function in promoting DNA repair via cell cycle arrest, 

regulation of metabolism or inducing permanent removal of damaged cells through 

activation of senescence and apoptosis [77]. Mutant p53 can block these functions and 

acquire oncogenic properties that enable it to promote proliferation, survival, invasion and 

metastasis [78]. In CRC, p53 mutations have been observed at later stages, which indicate 

that p53 may mediate the transition from adenoma to carcinoma [73, 79]. In addition to the 

frequent mutations of APC, KRAS and p53 during CRC development, 85% of sporadic 

CRCs are also found to have chromosomal instability at several loci particularly 17p and 

18q. The remaining 15% have a high-frequency microsatellite instability phenotype [64, 

79, 80].  

Microsatellites are short tandem repeat nucleotide sequences that are present throughout 

the genome. They are usually 1 to 10 nucleotides long. Microsatellite instability (MSI) is a 

measure of the DNA nucleotide mismatch repair system (MMR) to correct errors that often 

occur during DNA replication. The proteins involved in MMR and implicated in CRC 

include MLH1, MSH2, MSH6 and PMS2. Approximately 15% of CRC show MSI which 

occurs either by germline mutations in MLH1, MSH2, MSH6 and PMS2 or epigenetic 

silencing of MLH1. These germline mutations are responsible for genetic predisposition of 

HNPCC. On the other hand, somatic mutation of the MLH1 gene is observed in 

approximately 15% of sporadic CRC cases [81]. 

1.1.2.2.4 Screening of CRC  

Survival rates in patients with CRC have increased significantly in the last decade, mostly 

due to regular screening programmes and improved-targeted treatment options. The aim of 

screening is to detect malignant and pre-malignant lesions early in their course [64].  
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In the UK, Faecal Occult Blood testing (also called FOBT or FOB) with or without a 

colonoscopy are used to screen for bowel cancer in individuals between 60 and 74 years 

old or in younger people with certain high risk conditions such as FAP, HNPCC and 

ulcerative colitis. The FOBT test is used as a first line of CRC screening whereas 

colonoscopy is used as a second line when the FOBT gives an abnormal result [82].  

The aforementioned tests have been clinically proven to reduce colorectal cancer-related 

mortality [83-85].Nonetheless, colonoscopy is associated with a risk of complications 

especially in elderly patients [64]. For that reason, DNA-based tests of blood or stool are 

being investigated and in progress [86]. 

1.1.2.2.5 Available treatments for CRC 

Surgical resection of the primary colorectal tumour and any resectable metastases remains 

the principal treatment for CRC. However, recurrence following resection remains a 

considerable problem. A large study suggests a 12.8% local or 25.6% distant recurrence 

rate in patients five years after surgery [87]. Additionally, surgical resection of liver 

metastases can improve survival [88, 89], although the recurrence rate after surgery is high 

[90].  

To reduce recurrence and to treat metastatic colonic cancer, patients often receive adjuvant 

chemotherapy. In rectal cancer neoadjuvant chemo-radiotherapy is used for the same 

effect. Commonly used chemotherapeutic agents include 5-Fluorouracil (5-FU) and 

Oxaliplatin. Other drugs such as Irinotecan are used in the advanced CRC setting. These 

drugs are sometimes given in combination with monoclonal antibody therapy such as 

Bevacizumab (a vascular endothelial growth factor A (VEGF-A) inhibitor) or epidermal 

growth factor receptor (EGFR) inhibitors cetuximab and panitumumab in advanced CRC 

treatment [91-93].  

New drugs undergoing clinical trials include ramucirumab (VEGF receptor 2 blocking 

monoclonal antibody, VEGFRII-mAb) [94], AKT inhibitor MK-2206 and the MAPK 

kinase inhibitor selumetinib. These all target specific proteins involved in important 

signalling pathways in CRC [95].  

Despite advances in surgical treatment and the continued discovery of chemotherapeutic 

and immunotherapeutic agents, the recurrence of CRC is still a clinical problem. The 

evidence for this problem has been reported by An et.al.,who found that the recurrence rate 

for 108 rectal cancer patients with liver metastases after receiving simultaneous surgical 
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resection and adjuvant chemotherapy or chemo-radiotherapy treatment was 71.3 and 

68.8%, respectively, and that recurrence also occurred at distant organs [96]. It is therefore 

important to understand the mechanisms of CRC progression and metastasis, to find new 

therapeutic targets and develop new treatments. 

1.1.3 Cancer metastasis 

1.1.3.1 The invasion-metastasis cascade 

The spread of cancer is a multistep process whereby epithelial cells from primary tumours 

first invade the local basement membrane, the surrounding extracellular matrix (ECM) and 

the stromal cell layers. They then intravasate into blood and lymphatic vessels, survive in 

the circulation, escape immune surveillance and populate secondary sites. Next, metastatic 

cells invade into the microenvironment of distant organs forming micro- metastases, and 

finally re-start their proliferative programs where they can be clinically detectable [97, 98]; 

see figure 7. Blockade of any of these steps could result in a complete failure of the whole 

metastatic process [99]. Cells from most types of carcinomas can detach from the primary 

tumour and migrate as a group of cells, termed ‘collective invasion’ or as individual cells. 

Invasion mechanisms include ‘mesenchymal invasion’ and ‘amoeboid invasion’ programs 

[100]. Although individual cell invasion is not compatible with epithelial tissue 

architecture due to strong cell-cell adhesion, an embryonic morphogenesis program known 

as ‘epithelial to mesenchymal transition’ (EMT) can help explain how cells from an 

epithelial origin are able to migrate individually [97]. In fact, EMT is believed to be an 

important process in the conversion of clustered tumour cells into single motile ones that 

are capable of initiating systemic metastasis [3, 101]. EMT in cancer will be discussed in 

detail later in this thesis. 

1.1.3.2 CRC and metastasis  

Although in many cases, tumour metastasis occur when the primary tumour is relatively 

large, metastasis has also observed when the tumour is relatively small or even 

undetectable [102, 103]. In CRC, 50–60% of all patients will develop metastases, and 20–

30% of patients already have metastases at the time of diagnosis [91, 104]. The liver, 

followed by the lungs, are the commenest sites for CRC distant metastases with the 

majority of liver metastases being inoperable. Unfortunately, even when the surgical 

resection of hepatic metastases is possible, the recurrence rates are significantly high [90]. 
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In fact, metastasis is responsible for more than 90% of cancer-associated mortality [105]; 

see figure 7. 

 

 

Figure 7: The Invasion-Metastasis cascade.  

Blockade at any step could result in complete failure of the whole metastatic process; adapted from 

[97, 106]. 

1.2 Epithelial mesenchymal transition (EMT) 

EMT is an epigenetic cellular trans-differentiation program that allows polarized, immotile 

epithelial cells to undergo numerous cellular and molecular changes to resemble elongated 

and bipolar motile mesenchymal cells [3, 101]. Prof. Elizabeth Hay pioneered the term 

‘epithelial mesenchymal transformation’ following her observations from developmental 

studies [107-109]. The term ‘transformation’ was later replaced with ‘transition’ reflecting 

the plasticity of the process in converting cells from epithelial to mesenchymal and from 

mesenchymal to an epithelial morphology. Thus, the reversal of EMT is named 

‘mesenchymal-epithelial transition’ (MET). These embryological EMT and MET 

programs can be also activated in association with tissue repair, fibrosis and cancer 

progression during adult life. The basic features of embryonic and adult EMT programs are 
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similar. Many of the signalling pathways and transcription factors which are important 

during physiological EMT process are also activated during pathological EMT [110]. 

However, EMT in these different biological settings may vary depending on the functional 

consequence and biological context [111]. For that, EMT has been classified into three 

different subtypes; developmental (Type I), fibrosis and wound healing (Type II), and 

cancer (Type III) [111]. However, before defining EMT subtypes, it is worth describing the 

main features of epithelial, mesenchymal and intermediate (metastable) cells, EMT 

biomarkers and signalling pathways. See figure 8. 

1.2.1 Phenotype of epithelial and mesenchymal and metastable cells in 

EMT 

 

Figure 8: Epithelial Mesenchymal Transition.  

EMT is a fundamental biological process, by which epithelial cells lose epithelial features and 

acquire features similar to mesenchymal cells. Not all cells undergo complete EMT, some cells can 

have both epithelial and mesenchymal features at the same time, and this is called partial EMT with 

an intermediate or metastable phenotype; adapted from [111]. 

1.2.1.1 Epithelial cell phenotype  

The biological functions of epithelial tissues are 2 folds: 1) to aid as effective barriers 

against pathogens and 2) to specialise in secretion or absorption of macromolecules. These 

dynamic functions require tight associations between cells through the assembly of 

adhesion junctions that stabilise the integrity of the tissue. There are three main functional 

classes of cell junctions in metazoan tissues. They are anchoring junctions, occluding 

junctions and channel-forming junctions [112] see figure 8 and figure 9. 

Anchoring junctions:  Anchoring junctions include both cell-cell and cell-matrix 

junctions with cell-cell junctions further divided into adherent junctions and desmosomes. 
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Adherent junctions include classical trans-membrane cadherin linking two adjacent cells 

and they are supported by intracellular cytoskeletal actin filaments and intracellular anchor 

proteins such as β-catenin, α-catenin and p120-catenin. The three well-known classical 

cadherins are E-cadherin, which is present in many types of epithelial cells, N-cadherin 

that is present in nerve, muscle and lens cells, and P-cadherin which is present on cells in 

the placenta, epidermis and epithelium [112].  

Desmosomes include non-classical cadherins such as desmoglein and desmocollin. They 

are connected to the other extracellular desmogleins and desmocollins of neighbouring 

cells by intracellular cytoskeletal intermediate filaments and intercellular anchor proteins 

such as plakophilin (PKP) and desmoplakin [112]. 

Cell-matrix junctions include actin-linked cell matrix adhesions and hemidesmosomes. 

Actin-linked cell-matrix adhesions couple trans-membrane integrins to the extracellular 

matrix and the extracellular proteins are bound by intracellular cytoskeletal actin filaments 

and intracellular anchor proteins such as paxillin and focal adhesion kinase (FAK). 

Hemidesmosomes bind trans-membrane integrin α6β4 and type XVII collagen to 

extracellular matrix proteins, which are held by intracellular cytoskeletal intermediate 

filaments and intracellular anchor proteins such as plectin and dystonin [112].   

Occluding junctions: Squamous epithelial cells serve as selectively permeable barriers, 

separating the fluid that infuses the tissue on their basal side from fluid with a different 

chemical composition on their apical side. This barrier function requires that the space 

between adjacent cells be sealed together by occluding junctions (also called tight 

junctions or Zonula occludens), so that molecules cannot leak freely across the cell 

membrane. The major trans-membrane proteins forming occluding junctions are called 

claudins and occludin [113].  

Channel-forming junctions: Channel-forming junctions or gap junctions create pathways 

linking the cytoplasm of adjacent cells. All epithelial and non-epithelial cells are joined by 

gap junctions. There are three distinct families of gap junctions including connexions, 

pannexins and innexins. These families are distinct in amino acid sequence but similar in 

shape and function. Cells connected by gap junctions share many of their inorganic ions 

and other small molecules which make the cells chemically and electrolytically joined 

[114]. 
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Figure 9: A summary of various junctions in the epithelial cell. 

Adapted from [115]. 

1.2.1.2 Fibroblast and mesenchymal phenotype 

Fibroblasts are non-vascular, non-epithelial and non-inflammatory cells within the ECM of 

the connective tissue. They are individual cells with a spindle-like shape [116, 117]. In 

healthy organs, fibroblasts have a dual role in maintaining fibrillar ECM homeostasis; they 

synthesise constituents of the ECM such as type I, III, IV and V collagens, fibronectin and 

laminin, as well as secreting ECM-degrading enzymes such as matrix metalloproteinases 

(MMPs) [118, 119]. They also play an important role in modulating the tissue immune 

response following an injury through the secretion of cytokines and chemokines [117].  

Fibroblasts are involved in processes such as wound healing, scar formation, tissue fibrosis 

as well as tumour invasion and metastasis during cancer. Fibroblasts that are present in an 

inflamed tissue/cancer are called activated fibroblasts, reactive stromal fibroblasts or 

cancer-associated fibroblasts (CAFs). Activated fibroblasts secrete high levels of ECM-

degrading proteases such as MMP2, MMP3 and MMP9 and abundant quantities of growth 

factors such as hepatocellular growth factor (HGF), insulin like growth factor (IGF) [117].  

In culture, fibroblasts are often identified by their spindle-shaped morphology. Normal 

fibroblasts constitutively express vimentin and fibroblast specific protein 1 (FSP1) whilst 

activated fibroblasts, also known as myofibroblasts acquire expression of α-smooth muscle 

actin (α-SMA). However, the lack of additional fibroblast specific molecular markers has 

limited in vivo studies related to fibroblast biology [117].  
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Mesenchymal carcinoma cells resemble fibroblasts in their shape; elongated with filopodia 

and displaying a front-back polarity. In addition, they express fibroblasts markers such as 

vimentin and FSP1 [120]. Nevertheless, both mesenchymal cells and fibroblasts lack 

specific protein markers, and are considered the least understood cells at the molecular 

level [117, 121]; see figure 8. 

1.2.1.3 The intermediate or metastable phenotype 

EMT is a multistep program by which epithelial cells lose their epithelial junctions and 

acquire mesenchymal cell properties [3]. However, not all cells undergo complete EMT. 

Instead, some cells undergo partial EMT during development and cancer with cells 

maintaining an intermediate or a metastable phenotype, which is described by cells 

possessing some epithelial junctions but simultaneously exhibiting mesenchymal features 

including invasion, migration and stem-like properties [111, 122-127]. Huang et al. have 

classified the EMT status of 43 ovarian cancer cell lines into 4 groups including epithelial, 

intermediate epithelial, intermediate mesenchymal and mesenchymal [128]. The study 

characterised intermediate mesenchymal cells by their high expression of N-cadherin and 

ZEB1 and their low expression of E-cadherin and ERBB3/HER3 as well as their resistance 

to anoikis. However, until now, intermediate EMT states have not been well characterised, 

and there is no biomarker/s to specify them. It is proposed that the cells with partial EMT 

acquire some of the stem-cell like properties [123, 129], although further identifying this 

subpopulation in EMT would be beneficial. Recently, Ribeiro and Paredes [130] suggested 

that P-cadherin would be a promising future marker in breast cancer for identifying stem 

cell population within the intermediate phenotype. In fact, describing EMT with metastable 

states could imply a spectrum of heterogeneity instead of only presenting the two extreme 

ends of the EMT process, and could increase the advantage of more targeted therapies 

[128, 130]; see figure 8. 

1.2.2 EMT biomarkers  

As previously mentioned, during EMT, epithelial cells gain spindle shape morphology and 

lose polarity. Such cells also express mesenchymal/fibroblast cell markers and lose 

epithelial cell adhesion molecules and increase motility [3, 101]. The major EMT 

biomarkers in vitro include cell-surface proteins (E-cadherin, N-cadherin, ZO-1 and 

integrins), cytoskeletal proteins (α-SMA, vimentin, and β-catenin), extracellular matrix 

proteins (Collagens, Fibronectin, and Laminin), transcription factors (SNAIL1/2, 
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TWIST1/2, ZEB1/2 and LEF-1) and recently discovered microRNAs (miRNAs of 200 

family). The main EMT biomarkers will be discussed in detail with a focus of their 

expression in cancer. 

1.2.2.1 Cell surface markers of EMT 

Down-regulation of E-cadherin is considered a typical marker for EMT in various types of 

cancers [131-136]. Altered expression of different cadherins (the cadherin switch), have 

been increasingly used to monitor EMT with N-cadherin and E-cadherin up- and down-

regulated, respectively [3]. 

Zonula occludens (ZO) proteins, comprising ZO-1, -2 and -3, are peripheral proteins which 

localise at tight junctions of epithelial cells. They belong to the large family of membrane-

associated guanylate kinase (MAGUK) proteins. ZO proteins have a scaffolding function 

providing the structural basis for various cell-cell junctions [137-139]. In fact, down-

regulation of ZO proteins are reported during the invasion of many tumour types upon 

EMT activation [140-143]. 

Integrins are adhesion receptor molecules that mediate the attachment of cells to the ECM 

and upon ligand-binding trigger critical intracellular signalling pathways [144]. A switch in 

the expression of different integrins often reflects alterations in cell-ECM interactions. For 

example, in colon carcinoma, cancer cells that have undergone EMT express high levels of 

αVβ6 integrin compared to normal colon epithelium and non-invasive cancer cells [145, 

146]. 

1.2.2.2 Cytoskeletal markers of EMT 

FSP1 (fibroblast specific protein 1 (FSP1)) or S100A4 is a member of the family of 

calcium-binding, S100 proteins and is expressed in fibroblasts [147, 148]. It is believed 

that metastatic cells often express FSP1 [149, 150]. 

Vimentin is a major constituent protein of intermediate filaments, which is expressed 

widely in various cells such as normal fibroblasts, endothelial cells, neuronal precursors 

and cells of the hematopoietic lineage. It is known to maintain cellular integrity and 

provide resistance against mechanical stress [151-153]. Over-expression of vimentin in 

cancer correlates with increased tumour growth, invasion and poor prognosis [154] as 
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reported in gastrointestinal tumours, prostate, breast and lung cancers [155-158]. In fact, 

vimentin has gained significant importance as a marker for EMT [153, 159]. 

α-SMA is one of the six actin isoforms that is predominantly found in vascular smooth 

muscle cells and myoepithelial cells. It contributes to mechanical force contraction and 

mechanotransduction. α-SMA has also been found in myofibroblasts which are mainly 

present in healing wounds and fibrotic tissue [117, 160, 161]. In addition, α-SMA over-

expression is associated with EMT in cancer [140, 162-167]. 

β-catenin is a cytoplasmic plaque protein which is mainly localised at the membrane of 

normal epithelial cells. β-catenin has structural and signalling functions; it serves as an 

integral structural component of cadherin-based cell–cell connections, and as a nuclear 

effector of canonical Wnt signalling which regulates cell fate; see section 1.1.1.3 and 

figure 4. The activity of β-catenin is regulated by controlling its protein abundance in the 

cytoplasm through either ubiquitination or recruitment to cadherin-binding partners. Loss 

of cell adhesion results in the dissociation of β-catenin away from the cell membrane and 

its accumulation in the cytoplasm, an event that occurs in association with E-cadherin 

down-regulation. In addition, accumulation of un-phosphorylated β-catenin, which escapes 

proteasome degradation as a result of activated Wnt signalling pathway, can result in 

nuclear translocation leading to altered gene expression; see section 1.1.1.3 [168-170]. In 

fact, β-catenin has been used as a marker of EMT in various studies [171-175]. 

Cytokeratins (Ks) are intermediate filament proteins which interact with desmosomes and 

hemidesmosomes, thus providing mechanical stability and integrity of epithelial cells and 

tissues. They also collaborate in various cellular processes such as cellular polarity and 

migration [176, 177]. They are expressed in epithelial tissues, hair and skin [177, 178]. In 

humans, Ks originate from 54 unique genes and they are sub-classified into two types; 

Acidic type I (K 9-40) and basic or neutral type II (K 1-8 and keratin 71-86) [179] .These 

subfamilies heterodimerise in pairs consisting of a type I and type II subunit. The 

composition of the heterodimers helps to distinguish different epithelial cells, degree of 

differentiation and disease status. For example, basal epidermal keratinocytes express 

K5/K14, although during skin differentiation, this keratin pair is replaced by K1/K10 

[180]. Moreover, the K7/K19 pair are markers for ductal and liver progenitor cells, and 

loss of K19 is an indication of primary biliary cirrhosis [181]. In addition, keratins play an 

active role in cancer progression. For instance, expression profile of cytokeratins K7/K20 

has been shown to be a marker for CRC progression. The majority of CRC 

adenocarcinomas showed a K7-/K20+ profile [182-184]. Loss of keratin expression is 
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another marker of EMT. For example, the loss of K8/18, normally co-expressed in pre-

invasive tumour epithelial cells, was found to activate EMT features of enhanced motility, 

invasion and chemo-resistance [185].  

Microfilaments or actin filaments are highly abundant in the cytoplasm of many eukaryotic 

cells. Actin filaments have the ability to shift between monomeric (G-actin) and 

polymerised or filamentous (F-actin) under ATP hydrolysis, ion exchange and the 

interaction with large number of actin-binding proteins such as cofilin, profilin and the 

Arp2/3 complex. This makes actin filaments important in amoeboid cell movement and in 

maintaining cell shape and polarity [186]. In addition, F-actin can bind with other proteins 

in order to accomplish specific cellular functions, for example, interaction with myosin 

proteins resulting in dynamic muscle contraction [187]. Moreover, actin filaments are 

polymerised in response to appropriate cellular stimuli such as hydrolysis of phospholipids 

[188] or GTP-binding proteins including Cdc42, RhoA and RhoB which localise F-actin to 

the cell membrane thus contributing to cell movement and migration [189]. The 

importance of actin-binding proteins come from studies which show that alteration of actin 

regulators (e.g. cofilin, WAVE and Arp2/3 complex subunits) leads to increased cell 

migration and invasion via formation of lamellipodia, filopodia and invadopodia in normal 

and cancer cells [190-192]. On the other hand, an in vivo study showed that activation of 

Cofilin reduced both cancer cell motility and metastasis [193]. The actin cytoskeleton has 

been shown to be controlled during EMT [194]. For example, the actin-bundling protein 

fascin was found to be up regulated by SLUG during EMT, promoting cancer cell 

invasion, migration and metastatic potential in pancreatic cancer [195]. 

1.2.2.3 Extracellular matrix proteins 

Numerous extracellular matrix proteins such as laminins, type I and IV collagens, tenascin 

and fibronectin are deregulated during EMT in cancer [166, 196-200]. Among them, 

laminins are considered the best extracellular protein biomarkers of the EMT process 

[110]. Laminins are heterotrimeric glycoproteins composed of α, β, and γ chains [201]. 

Laminin 332 (formerly laminin 5, α3βγ2) has been strongly associated with cancer 

invasion and its expression is linked with EMT in breast, hepatocellular and oral squamous 

carcinomas [202-207]. 
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1.2.2.4 Transcription Factors 

The full molecular reprogramming that occurs during EMT is mastered by the following 

major groups of transcriptional factors: ZEB1/2, SNAIL1/2, TWIST and lymphoid 

enhancer binding factor-1 (LEF-1) families. These factors do not only have the ability to 

directly repress E-cadherin but also to coordinate the whole EMT program by repressing 

and activating a large number of epithelial and mesenchymal genes, respectively [132, 

208-211].  

ZEB 1/2: the ZEB family consists of two members (ZEB1; also known as δEF1, and 

ZEB2; also known as smad-interacting protein 1 (SIP1)) which are highly conserved 

proteins across species [212]. Both ZEB1 (1124 amino acid) and SIP1 (1214 amino acid) 

proteins contain two clusters of zinc finger domains and one homeodomain. In human 

pathology, SIP1 mutations are associated with Hirschsprung disease, a neurological 

syndrome, characterized by mental retardation and multiple congenital anomalies [213]. 

ZEB1 and ZEB2 trigger EMT by direct binding to E-boxes in the E-cadherin (CDH1) gene 

promoter through their zinc finger domains, and as a result repress E-cadherin expression 

[132, 214]. When EMT is induced, ZEB factors not only transcriptionally repress E-

cadherin but also repress other epithelial markers and activate mesenchymal genes [211, 

215-218]. Many extracellular and intracellular stimuli/factors can induce the activation of 

ZEB proteins, such as TGF-β, hypoxia, inflammatory cytokines, fibroblast growth factor 

(FGF) or insulin growth factor  1(IGF-1) [4, 5]. In addition, ZEB factors can be induced 

directly by downstream signals from RTKs such as RAS-ERK2-Fra1 and JAK/STAT3, 

which are frequently activated during carcinogenesis; see section 1.1.1.2 and figure 3 [4]. 

Crucially, ZEB proteins are absent in normal gut epithelium as they are only present in 

tissue originating from ectoderm and mesoderm [219]. However, the high expression of 

these proteins has been found in a wide range of cancers including colorectal, breast, liver, 

gastric, prostate and pancreatic carcinomas which are associated with increased 

aggressiveness and metastatic capacity [4, 5, 220, 221]. In fact, ZEB factors have been 

shown to have an independent prognostic value for cancer dissemination, cancer-related 

survival and response to chemotherapy in many carcinomas including pancreatic, liver, 

bladder and gastric cancers [220-223]. 

SNAIL1/2: the SNAIL family comprises three members: SNAIL1 (originally known as 

SNAIL; 264 aa), SNAIL2 (SLUG; 268 aa), and SNAIL3 (Smuc; 292 aa). All of them share 

a common structure: a highly conserved C-terminal region, containing four to six zinc 

fingers and a highly conserved N-terminal SNAG domain region. SNAIL1/2 proteins 
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repress E-cadherin expression through binding to the E-boxes in the CDH1 gene promoter 

which in turn promotes EMT [210, 224]. SNAIL1/2 also repress other epithelial genes and 

activate the expression of mesenchymal genes independently of their effect on E-cadherin. 

SNAIL2 is induced directly by β-catenin-mediated transcription, whereas SNAIL1 is 

induced indirectly upon Wnt stimulation by blocking GSK3β activity; GSK3β 

phosphorylates SNAIL1 and marks it for degradation [225, 226]. In addition, up-regulation 

of the E3 ubiquitin ligase, Mdm2 by the SMAD2/3/4 complex promotes degradation of 

p53, and loss of p53 function induces SNAIL which in turn mediates EMT via a 

microRNA-mediated mechanism [227]; see figure 10. SNAIL factors can also be activated 

by the upstream signalling of TGF-β, Notch, TNF-α, EGF, FGF, hypoxia, and oestrogen 

pathways [3]; see section 1.1.1. Similar to the ZEB family, SNAIL1 and 2 proteins are 

absent in normal epithelium and their presence is reported to be associated with aggressive 

disease and an independent prognostic factor of poor survival in many carcinomas such as 

breast, colon, liver, gastric, ovary, oesophagus and lung [4, 228-233] [234, 235]. 

TWIST 1/2: the TWIST family consists of TWIST1 (202 aa) and TWIST2 (160 aa) which 

share a basic/helix-loop-helix (bHLH) structure; two parallel α-helices joined by a loop 

required for dimerisation. TWIST proteins bind directly to conserved E-boxes on DNA, via 

their TWIST box at the C-terminal, and thus recruit proteins for both transcriptional 

activation and repression mechanisms [236]. For example, binding of TWIST proteins to 

the promoter of N-cadherin activates its transcription, whereas binding the promoter of 

CDH1 represses its transcription [237]. Moreover, TWIST1 can also bind to the SLUG 

promoter and trigger its expression forcing EMT [238]. Thus, TWIST factors play a 

significant role in EMT during cancer metastasis [209, 237, 239]. TWIST factors are also 

up-regulated by classical EMT-inducing pathways such as TGF-β, Wnt, hypoxia, ligand 

binding activation of RTKs and inflammatory cytokines receptors [6, 236, 240]; see 

section 1.1.1. Like ZEB and SNAIL families, TWIST proteins are absent in normal 

epithelium but are induced in a number of human carcinomas such as breast, liver, prostate 

and ovarian cancers. TWIST factors are also reported to be independent prognostic factors 

associated with tumour aggressiveness, recurrence and poor patient survival [4, 241-246]. 

However, the upstream signalling pathways of TWIST1 and TWIST2 are less understood 

compared to ZEB and SNAIL family of EMT-inducers [4].   

LEF-1: LEF-1 induces EMT as a result of CDH1 down-regulation [247]. TGF-β signalling 

can directly increase LEF1 expression via SMADs. In addition, β-catenin accumulation in 
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the nucleus, as a result of Wnt signalling or PI3K-AKT activity, activates LEF-1 to induce 

EMT [171, 208, 247, 248]; see section 1.1.1 

1.2.2.5 MicroRNAs 

MicroRNAs (miRNAs) are short (20-25 nucleotides in length) non-coding RNAs. They 

suppress the expression of their target genes through mRNA destabilisation or inhibition of 

translation via binding to the 3’ untranslated region of their target mRNAs. Recently, 

miRNAs have emerged as effective regulators of EMT/MET by targeting genes 

responsible for epithelial integrity or mesenchymal traits [249]. For instance, miRNAs 

regulate metastasis by targeting the translation of a large number of genes involved in 

EMT/MET including TWIST, SNAIL and ZEB genes.  

A double negative feedback loop has been found between the miR-200 family (miR-

200a/b/c, miR-141, and miR-429) and ZEB1/2. In other words, the miR-200 family can 

maintain epithelial status and prevent EMT or initiate MET through inhibition of ZEB 

factors. Reciprocally, the transcription of miR-200 members are repressed by ZEB1/2 

which helps maintain the mesenchymal status of cells that have undergone EMT [250-

252]. A similar double negative feedback loop also exists between SNAIL1/2 and miR-

34a/b/c [251]. To date, few miRNAs have been linked to TWIST compared with 

SNAIL1/2 and ZEB1/2. TWIST1 is found to be inhibited by miR-29b, although it is not 

clear whether the down regulation is direct or a result of SNAIL1 inhibition [253]. The 

emergence of such regulatory loops between miRNAs and the major EMT transcription 

factors provides evidence of the importance of miRNAs in enhancing cancer progression 

and the plasticity between EMT/MET during cancer metastasis [4]. 

1.2.3 Crosstalk between the EMT transcription factors  

Recently, a crosstalk between SNAIL, TWIST and ZEB transcription factors in regulating 

cancer EMT has been discovered. This hierarchy also highlights the overlapping and 

distinct functions of these proteins [12, 254].  

It was suggested that ZEB operates downstream of SNAIL and TWIST [255], and SNAIL 

regulates both TWIST and ZEB1 via direct binding to their promoter regions. From these 

studies, it became evident that SNAIL1 may be required to initiate EMT and TWIST and 

ZEB factors may be crucial in maintaining it [238, 241, 256, 257]. 
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Understanding these signalling pathways in EMT will facilitate the therapeutic potential of 

targeting EMT, and thus promote controlled tissue regeneration, treat fibrosis, and prevent 

cancer metastasis; see figure 10. 

 

Figure 10: Crosstalk between SNAIL, TWIST, and ZEB1/2 and LEF-1 transcription factors (TFs) 

in EMT.  

Various cancer cell-signalling pathways such as RAS, TGF-β, RAS, PI3K/AKT, Wnt/β-catenin can 

activate the EMT TFs. In the nucleus, they bind to DNA and regulate genes encoding cell-cell 

junction molecules, such as E-cadherin, ZO-1, claudins, and occludin facilitating the EMT process. 

The interaction between the TFs is not fully understood yet. However, SNAIL may be required to 

initiate EMT whereas TWIST and ZEB factors may be crucial in maintaining EMT. Many 

molecules are implicated in regulating the expression of the TFs. For example, GSK-3β can inhibit 

β-catenin from binding to LEF-1, and can inhibit SNAIL1/2 from trans-locating to the nucleus. The 

miR-200 family can inhibit the expression of ZEB1/2 [12].  

1.2.4 EMT subtypes 

1.2.4.1 Type 1 EMT: EMT associated with embryo formation and organ 

development 

EMT and MET are evolutionarily conserved processes where cells of developing organs 

depend on the switch between epithelial and mesenchymal phenotypes. This type of EMT 

is well-defined and typically accompanied by a cell fate decision which neither causes 

fibrosis nor induces pathological invasiveness [111]; figure 11, type1. The main examples 
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illustrate the process of gastrulation [258], neural crest formation [259] and heart valve 

formation [260]. 

Gastrulation is an early embryonic event which gives rise to three primitive germ layers: 

the ectoderm, mesoderm and endoderm [258]. During gastrulation, the basement 

membrane underlying the epiblast breaks down leading to induction of EMT in the cells of 

the primitive streak by the action of FGF (fibroblast growth factor) resulting in up-

regulation of SNAIL and repression of E-cadherin [261]. With complete EMT induction, 

the cells within the primitive streak undergo ingression and subsequently some either 

undergo MET and give rise to the endoderm or remain mesenchymal and give rise to the 

mesoderm [262]. 

Another example of EMT in vertebrate development is during neurulation. The cells near 

the junction of the neuroectoderm and the embryonic ectoderm undergo EMT, generating a 

migratory neural crest cell population. After delamination and migration throughout the 

developing embryo, these cells give rise to various cell types and tissue structures 

including facial and cervical structures, the neurons of the peripheral nervous system, 

pigment cells (melanocytes) and the cells of the adrenal medulla [259] . The migratory 

neural crest cells require SNAIL1/2 to undergo EMT [263]. Induction of SNAIL1/2 is 

likely controlled by Bone Morphogenetic Protein (BMP), Wnts and FGFs [264]. In fact, 

SNAIL1/2 deficiency causes congenital malformation in humans and animals such as 

piebaldism and Waardenburg syndrome [265-267].  

In addition to gastrulation and neural crest formation, EMT is also critical in development 

of the cardiac valve. During heart development, endocardial cells activated by factors 

secreted by the adjacent myocardium undergo EMT and invade through the basement 

membrane and into the cardiac jelly. The cells remain as mesenchymal cells at the cardiac 

cushion and mediate development of the heart [260]. EMT-inducing factors such as BMPs 

[268], β-Catenin [269] and TGF-β [270] activate SNAIL2 [271] and regulate endocardial 

EMT. 



Chapter 1 

27 

 

Figure 11: EMT in embryo development. 

Successful and complete EMT and MET enable the development of the embryo and organs. It 

neither causes fibrosis nor induces a pathological invasive phenotype, adapted from [272]. 

1.2.4.2 Type 2 EMT: EMT associated with wound healing, tissue regeneration, 

and organ fibrosis  

In type 2 EMT, the program is initiated as part of a repair process which leads to 

generation of fibroblasts and other cells in order to rebuild tissues following trauma and 

inflammatory injury. In contrast to type 1 EMT, type 2 EMT is associated with 

inflammation and terminates once inflammation ends. However, type 2 EMT resulting in 

organ fibrosis can continue to respond to ongoing inflammation, eventually leading to 

organ destruction. In fact, tissue fibrosis is considered as an undiminished form of wound 

healing due to persistent inflammation [111]; figure 12, type 2 EMT. Organ fibrosis is 

mediated by inflammatory cells such as macrophages and myofibroblasts that can trigger 

EMT through the release of growth factors, such as TGF-β, PDGF, EGF, and FGF [273, 

274]. Activation of EMT via SNAIL leads to the acquisition of renal fibrosis and renal 

failure in transgenic mice [275]. High SNAIL expression and features of EMT have been 

also found in the kidneys of patients with renal fibrosis [275, 276]. Similarly, in patients 

with Crohn’s disease, EMT was demonstrated in areas of fibrosis in the colon [277]. For 

that, developing novel therapeutics with a potential of reversing organ fibrosis via reversal 

of EMT is vital. 
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Figure 12: EMT in wound healing, tissue regeneration and organ fibrosis.  

EMT of this type leads to the generation of mesenchymal or fibroblast-like cells that help in re-

building damaged tissue. The process can be either terminated once the tissue is repaired or it can 

be continued to generate more fibroblast cells which lead to chronic inflammation and fibrosis; 

adapted from [272].  

1.2.4.3 Type 3 EMT: EMT associated with cancer progression and metastasis 

The EMT program has been widely documented to enhance cancer cell migration and 

invasion in many in vitro models. However, the in vivo significance of EMT during cancer 

progression has remained an area of debate until the last decade due to the lack of 

convincing evidence of EMT in clinical samples [3]. However, evidence has come from 

cancer cells at secondary sites which were found to resemble, at the histopathological 

level, the primary tumour indicating that these metastases colonise through activation of 

the reverse EMT process, MET [111]. Further evidence is the observation of small 

aggregates of tumour cells at invasive fronts detaching from the tumour mass into the 

adjacent stroma producing single migratory cells that lose E-cadherin expression [278]; 

figure 13 type 3 EMT. From such observations, the importance of the EMT/MET in 

cancer has been widely accepted and has been investigated further [279].  

The signalling pathways that contribute to EMT in cancer are not completely clear yet. 

EMT can be triggered by various intrinsic signals as well as extrinsic signals [280]. It has 

been suggested that the tumour-associated stroma is the main origin of extrinsic signals. In 

many carcinomas, HGF, EGF, PDGF and TGF-β are the main factors secreted by stromal 

cells which activate intracellular signalling proteins such as ERK, MAPK, PI3K, AKT, 

SMADs, β-catenin and RAS. Upon activation of these signalling networks, SNAIL1/2 and 

ZEB1/2 orchestrate EMT [159, 281-283]; see section 1.1.1 and figure 2 and 3. Activation 

of EMT programs is also facilitated by the disruption of cell-cell junctions and the cell-
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ECM adhesions [280]. The main biomarkers implicated in inducing EMT in cancer have 

been discussed in section1.2.2 

Importantly, EMT is not only involved in cancer metastasis, but also in other events highly 

relevant to tumour progression, including resistance to cell death, senescence, therapeutic 

resistance, de-differentiation and immunosuppression [3, 284, 285]. The main immune 

cells in the tumour microenvironment and the role of EMT in immunosuppression will be 

reviewed in detail in the next section as it the second aim of this project.  

 

Figure 13: EMT in cancer.  

EMT facilitates primary cancer cell proliferation, survival, migration, invasion, and metastasis, in 

which all lead to colonisation and formation of secondary tumours via MET, adapted from [272]. 

1.3 The tumour microenvironment 

Recently, targeting cells in the tumour microenvironment (TME) has been identified as a 

potential way to treat cancer. Stromal cells residing in the TME significantly contribute to 

cancer progression via their crosstalk with cancer cells and ECM. The stromal cells include 

cancer-associated fibroblasts (CAFs), mesenchymal stem cells (MSC), immune cells and 

the surrounding blood vessels [286] [287]; see figure 14. Crosstalk between cancer and 

stroma has an influential role in promoting hallmarks of cancer including tumour growth 

[288], angiogenesis [289], invasion and metastasis [286, 290]. Additionally, cancer cells 

can gain stem cells properties by stromal influence [291] and develop resistance to 

chemotherapy [292] and the ability to evade host immunity. Indeed, targeting these stromal 

cells and the large quantity of factors they secrete may make a huge impact in cancer 

therapy [293]. 
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In this section, I will introduce the TME briefly in respect to its non-cancer stromal cells as 

they are the main foucus of the project. In addition, I will introduce the role of chemokines 

(one of the soluble factors in TME) in promoting immunosuppression. For more details 

about the ECM, please refer to the review ‘A top-down view of the tumour 

microenvironment: structure, cells and signaling’ in which I am one of the authors [294]. 

 

Figure 14: The primary tumour microenvironment (TME). 

The tumour microenvironment is a heterogeneous mixture of stromal cells such as cancer-

associated fibroblasts (CAFs) mesenchymal stem cells (MSCs), endothelial cells and immune cells, 

as well as the extracellular matrix molecules such as collagens and laminin. The interaction 

between the metastatic and non-metastatic cancer cells with stromal cells and the extracellular 

matrix can promote cancer cell proliferation, survival, invasion, and metastasis. The presence of 

various immune cells can have distinct functions. The presence of NK cells, T helper 1 cells, 

cytotoxic T cells, M1 macrophages and N1 neutrophils in TME can provide an anti-tumour 

response. However, the presence of myeloid-derived suppresser cells (MDSCs), M2 macrophages, 

T-helper 2 cells, T regs and N2 neutrophils in TME facilitates an immunosuppressive 

microenvironment, promoting the EMT process and thus metastasis; adapted from [295]. 

1.3.1 Cancer-associated fibroblasts 

Cancer-associated fibroblasts (CAFs) are an active form of fibroblast which represents the 

most dominant cell type in the tumour stroma. The origin of CAFs are not well defined yet, 

although studies showed that they originate from various lines of cellular stroma including 

resident fibroblasts, smooth muscle cells, endothelial cells (ECs), tumour epithelial cells 

via EMT or bone marrow-derived cells such as MSCs [296]. CAFs contribute to tumour 

vascularisation and metastasis through expression of vascular endothelial growth factor 
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(VEGF), FGFs, HGF, TGF-β and stromal cell-derived factor-1 (SDF-1/CXCL12) [296, 

297], and they are able to modulate the extracellular matrix [117] by expressing several 

proteins such as periostin [298] and tenascin-C [299]. Secretion of FGF-2 by CAFs has an 

important effect in promoting angiogenesis, and inhibition of FGF by Brivanib (a dual 

VEGF/ FGF tyrosine kinase inhibitor) has been shown to effectively block angiogenesis in 

pancreatic cancer [300]. CAFs are also associated with inducing EMT in breast, squamous 

cell and prostate cancers [301-303].   

1.3.2 Mesenchymal stem cells  

Mesenchymal stem cells (MSCs) are inflammatory cells that are phenotyped according to 

their surface markers (CD73, CD90, CD105) and their ability to adhere and differentiate 

[304]. MSCs are recruited from bone marrow to the tumour microenvironment via TGF-β 

and SDF-1 which are mainly expressed by CAFs [305]. As mentioned earlier, MSCs can 

differentiate into CAFs by stimuli from cancer cells [306]. The importance of MSCs was 

first evaluated by Karnoub et al., who observed that recruited MSCs secrete abundant 

levels of CCL5 and CCL5 enhances the metastatic potential of breast cancer cell lines 

[307]. The metastatic effect of MSC-derived CCL5 on cancer can be diminished through 

CCL5 knockdown in specific cell types [308]. MSCs have also been implicated in creating 

an immunosuppressive TME, thus enhancing breast cancer in vivo [309]. Moreover, MSCs 

can promote breast cancer metastasis by driving EMT through down-regulation of E-

cadherin protein expression [310].  

1.3.3 Endothelial cells of blood and lymphatic vessels 

Blood vessels (BVs) and lymphatic vessels (LVs) consist of blood/lymphatic endothelial 

cells (BEC and LEC), respectively [311, 312]. Tumour BVs supply blood into the tumour, 

and therefore promote tumour growth and spread. LVs are more permeable compare to 

BVs, as they are only covered by pericytes and smooth muscle cells, and these cell types 

were shown to enhance cancer cell dissemination [311]. BVs and LVs provide a means of 

tumour cell movement but also allow secretion of soluble factors that mediate cancer cell 

proliferation, survival, angiogenesis, and thus invasion and metastasis [313, 314]. 

Angiogenesis is a process by which new BV or LV form from pre-existing endothelial 

structures in order to enhance primary tumour growth and tumour cell dissemination 

through blood stream or lymphatic drainage, respectively. Tumour BV angiogenesis is 

facilitated in hypoxic conditions by tumour cell secretion of high levels of Vascular 
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Endothelial Growth Factor Receptors (VEGFRs) in response to hypoxia through hypoxia 

inducible factors (HIF1 and HIF2) [315-317]. HIF-1 is associated with increased 

proliferation and migration of BECs [318], whereas HIF-2 promotes BECs maturation and 

quiescence [319]. Deletion of both HIF-1 and -2 suppresses primary tumour invasion, 

although HIF-1 deletion leads to reduced metastasis. Surprisingly, however, HIF-2 

deletion was associated with increased metastasis [320]. Additionally, activation of 

VEGFR-1 in breast cancer cells promotes migration and invasion through epithelial-

mesenchymal transition [321]. 

High expression of epidermal growth factor (EGF) by endothelial cells themselves [322] 

enhances migration and invasion of breast and head and neck cancer cells through 

activating EMT. Tumour cells express and secrete PDGF which also enhances tumour 

spread via formation of new LVs [323, 324]. Indeed, LVs are considered the main 

reservoirs for TME inflammatory immune cells [293, 325]. Therefore, targeting cancer 

angiogenesis would be a beneficial cancer treatment. 

1.3.4 Immune cells  

In the early stages of cancer development, patients have an active immune response with 

various types of immune and inflammatory cells in the tumour stroma. The cells involved 

with tumour rejection are M1 macrophages, cytotoxic T cells, T helper-1 cells, myeloid-

derived suppressor cells (MDSCs), antigen presenting cells (APCs) and natural killer cells 

(NKs). At later stages cancer cells develop mechanisms to escape immune surveillance 

either by inducing immune tolerance or by modifying their phenotype through immuno-

editing. In contrast, M2 macrophages, regulatory T cells, and T helper-2 cells are the 

immune cells that support tumour progression [326-329]. In fact, avoidance of immune 

destruction has been defined as a hallmark of cancer [2].  

1.3.4.1 Macrophages 

Macrophages have a phagocytic function in innate and adaptive immunity. They are 

recruited from the blood to the sites of tumours which contribute in altering the TME and 

promote metastasis. At the tumour site, macrophages can differentiate into M1 or M2 

variants depending on various signals generated from the tumour and stromal cells. M1 has 

a pro-inflammatory, and thus anti-tumorigenic function via expression of interleukin-1 and 

tumour necrosis factor alpha (TNF-α) [330]. On the other hand M2 has an anti-
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inflammatory, and thus immunosuppressive, function through expression of interleukin-10 

which promotes tumour development [331]. Indeed, M2 macrophages are also called 

tumour-associated macrophages (TAMs) because they are found in close proximity to 

tumour cells [332]. TAMs have been shown to be associated with metastasis in CRC [333] 

and renal cell carcinoma [334]. TAMs are also associated with tumour angiogenesis, 

through their ability to chemo-attract endothelial cells by releasing adrenomedullin [335]. 

Recently, TAMs were implicated in inducing EMT. Analysis of 491 patients with non-

small cell lung cancer by immunohistochemistry showed a positive correlation between 

density of the TMA infiltration and the late stage of the tumour and EMT [336].  

1.3.4.2 Myeloid-derived suppressor cells  

MDSCs are characterized by the expression of CD11b and GR1 (comprised of LY6C and 

LY6G) and by the absence or low expression of mature myeloid cell surface markers 

[337]. Depending on the level of expression of LY6G, they are subdivided into monocytic 

MDSCs (CD11b+ LY6Chi LY6G low cells) and granulocytic MDSCs (CD11b+ LY6C 

low LY6Ghigh cells). MDSC-CD11b+GR1+ cells have been repeatedly reported to 

promote metastatic processes via immune-suppression. Indeed, MDSCs can functionally 

inhibit NK cells, B cells, dendritic cells, cytotoxic T cells, induce the recruitment of 

regulatory T cells (Tregs), and promote angiogenesis and cancer metastasis [338, 339]. 

Moreover, MDSCs in a spontaneous melanoma animal model can induce EMT via TGF-β 

and HGF signalling pathways [340]. Reciprocally, induction of EMT via SNAIL has been 

reported to activate multiple immunosuppression and immune-resistance mechanisms 

including activation of MDSCs [285]. 

1.3.4.3 T-lymphocytes 

CD4+ cells or helper T cells (Th) have an effective function in innate and adaptive 

immunity. They help in protection against pathogens and malignancy by activating innate 

immunity inflammatory cells such as dendritic cells,  macrophages, neutrophils, mast cells 

and eosinophils as well as activating cytotoxic T cells (CTLs) and B lymphocytes [341, 

342]. The Th cells are sub-classified into several types, although Th1, Th2, Th17 and T reg 

cells are the main focus for research in cancer progression [341, 343].  

Th1 cells can activate CTLs and TAMs which both take part in tumour rejection [344, 

345]. Th2 function is not well defined although it has been implicated in recruiting 
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eosinophils which also have a role in the anti-tumour immune response. In a study of renal 

carcinoma, CD4+ cells from patients with stage I disease showed predominantly Th1-

polarised responses to EphA2, whereas CD4+ cells from later stages showed progressively 

stronger Th2-polarised responses, with poorer prognoses [346]. From this study it can be 

suggested that Th2 has a dual function in tumorigenesis (immune surveillance during early 

tumour stages and immunosuppression at later stages).  

Th17 cells are activated in response to TGF-β, IL-16 and IL-23 which are present in the 

TME. Th17 cells are the main producers of IL-17 and have been shown to promote tumour 

growth and angiogenesis with their presence a marker of poor prognosis [343, 347]. 

Indeed, blocking IL-17 in APC mutant mice showed a significant reduction in intestinal 

tumorigenesis [348].  

 CD25+ FOXP3+ regulatory T cells (Tregs) promote immune tolerance through release of 

cytokines that induce apoptosis of CD8+ cells and inhibit the activity of APCs, 

macrophages and NK cells [347, 349]. In fact, Tregs have been found to enhance 

metastasis in cancers including liver [350] and breast [351], lung ([352], melanoma [353] 

and colon [354]. Practically, a treatment that depletes Tregs and activates cytotoxic T cells 

may have a huge impact in advancing cancer treatment. Recently, Daclizumab (anti-CD25 

monoclonal antibody) has shown a promising effect in cancer treatment which acts on 

depleting CD25-high Tregs and enhancing the IFN-γ-mediated CD4/CD8+ response in 

metastatic cancer [355, 356]. The role of Tregs in inducing EMT is not yet clear although, 

some evidence suggest that cancer EMT activates TME-resident Tregs [285, 357]. 

 CTLs (CD8+ T cells) are a crucial component of the adaptive immune system. They have 

an important function in eliminating intracellular pathogens and promote cell destruction 

[358]. CTLs have a significant anti-tumorigenic impact by inducing apoptosis or 

controlling cancer cell proliferation through releasing interferon gamma (IFN-γ) [359, 

360]. Recently, it has been observed that EMT induction impacts infiltration of CD4+ and 

CD8+ lymphocytes, with a high density of CD8+ cells correlating with chemotherapy 

response [361]. This has been suggested to be a prognostic factor in breast cancer and CRC 

[361-363]. A specific population of breast cancer cells undergoing EMT (stem like 

population; CD24-/CD44-/ALDH+) has been associated with inhibition of CTL-mediated 

cancer cell lysis [364], and thus EMT promotes immune-editing including suppressing 

CTLs and up-regulation of Tregs [285]. Growing lines of evidence have shown that 

activation of cytotoxic T-cells in cancer patients has an effective therapeutic potential [355, 

356, 358].   
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1.3.4.4 Dendritic cells 

APCs process and display antigens via MHC proteins to naïve T cells. MHC I-expressing 

cells stimulate CD8+ cells whereas MHC II-expressing cells stimulate CD4+ cells. In 

general, APCs are classified into professional and non-professional cells. The most 

important professional APCs are dendritic cells (DCs). Fibroblasts are an example of non-

professional APCs which do not constitutively express MHC II but can stimulate T-cells 

by expressing IFN-γ [365]. DCs have an influential role in the TME in which they promote 

tumour rejection at early stages of cancer development. However, at later tumour stages, 

DCs fail due to lack of co-stimulatory factor B7 and the inability to stimulate CD8+ cells 

and evoke a significant immune response [366, 367]. In fact, EMT has been implicated in 

the abolition of DC function [285, 357]. In addition to that, differentiation of DCs from 

CD34+ to CD14+ progenitors can be impaired by the tumour cells expressing interleukin-6 

(IL-6) and macrophage colony stimulating factor (MCSF) [368, 369], resulting in their 

differentiation into immature MDSCs [370] and TAMs [371]. Both MDSCs and TMAs 

have immuno-suppressive roles in the TME as discussed previously in this section.  

1.3.4.5 Natural killer cells 

NKs are innate lymphoid cells that have a function in eliminating pathogens and cancer 

cells. The vast majority of NK cells can be identified by surface markers such as CD3- 

CD56+ [372, 373]. NKs kill viruses or cancer cells [374] by synthesising cytotoxic 

granules containing perforin and granzymes [375] via plasma membrane receptor from 

natural killer group 2 member D (NKG2D) [376]. The important of NKs in eliminating 

tumour cells came from several human cancer studies, and the presence of NKs in the 

TME indicates a good prognosis for cancer patients [377-382]. However, at the late cancer 

stages, NKs can be functionally impaired by tumour cells themselves through cytokine 

secretion or upon EMT induction [285, 383, 384]. NK cell based adoptive cell 

immunotherapy provides a promising approach for cancer treatment [372, 385]. 

1.3.5 Chemokines as TME soluble factors 

Activation of cytokines and chemokines is known to have an anti-tumour affect due to 

increased recruitment of effector immune cells to the TME. Nevertheless, growing 

evidence suggests that some chemokines and their receptors are directly or indirectly 

involved in reducing anti- tumour immune responses, enhancing tumour growth and 
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metastasis [386]. The next section of this introduction is to review the role of chemokines 

in cancer EMT. 

1.4 Chemokine superfamily  

1.4.1 Chemokine ligand and receptor structure, classification and 

nomenclature   

1.4.1.1 Chemokine ligand structure and classification 

Chemokines are a specific group of cytokines that were originally discovered as critical 

mediators of directional migration of immune cells to the site of inflammation and injury. 

Recently, chemokines have been found to be critical during microbial infection, organ 

development, lymphocyte maturation, angiogenesis, leukocyte trafficking and homing, 

tumorigenesis and metastasis [386-388]. The chemokine family consists of approximately 

50 members of small molecular weight (8-14 KDa) proteins, most of which are secreted. 

Their structure has been determined by nuclear magnetic resonance (NMR) and/or X-ray 

crystallography. 3D images reveal that most chemokines have similar tertiary structure 

despite a relatively low level of sequence homology. For example, CCL5 was found to 

have a similar structure to CCL2, CCL11 and IL8 [389, 390]; see figure 15. They all 

consist of the N- terminus followed by a long loop (the N-loop) that ends in a 310 helix, a 

three-stranded β-sheet and a C-terminal α-helix. Two disulphide bridges between the first 

and third, and the second and fourth cysteine residues at the N-terminus define and 

stabilise the three dimensional conformation [388, 391]; see figure 15. The N-terminus is 

the key signalling domain in all chemokines and any deletion or modification here results 

in altering function by directly affecting receptor binding. One of the factors that can 

modify chemokine function is the presence of various proteases at the inflammatory sites. 

For example, N-terminal truncation of CCL5 by CD26/dipeptidyl-peptidase IV protease 

results in CCL5 variants that display reduced effects on chemotaxis and changes in 

intracellular calcium mobilisation [392, 393]. 
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Figure 15: Typical structure of chemokine ligands.  

Adapted from [394] 

Upon secretion, chemokines accumulate on the cell surface and bind glycosaminoglycans 

(GAGs) such as heparin and heparin sulphate in the extracellular matrix, as a mechanism 

to provide directional signals for migrating cells and to prevent diffusion of chemokines 

away from their site of release, particularly under conditions of blood flow [395, 396]. 

Many chemokines form dimers upon binding to GAGs and these dimers fall into two 

general classes. The first class is CC chemokines, which form dimers through the 

formation of an antiparallel β-sheet with residues near their N-terminus surrounding the 

first two-cysteine residues. The second class is CXC chemokines that predominantly 

dimerise through residues in the first β strand [388, 397].  

In addition to chemokine dimerisation, some chemokines form higher order oligomers 

upon binding GAGs. For example, CCL5 has the tendency to extensively aggregate into 

higher-order oligomeric structures in solution [398]. The physiological importance of 

oligomerisation and chemokine-GAG interactions is still not clear, because most 

chemokines interact with their receptors as monomers in vivo. Nevertheless, chemokine 

oligomersation may be essential for some chemokine physiological function. For example, 

CCL5, CCL4, and CCL2 require GAG interactions in order to bind to their receptors and 

thus induce some of their in vivo activities [399]. 

The disulphide bridges allow further classification of the superfamily into 4 distinct 

subfamilies (C, CC, CXC and CX3C), based on the relative location and presence of the 
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first two cysteine residues at the N-terminus. The first two-cysteine residues in CC 

chemokines are adjacent, whereas in CXC chemokines they are separated by one non-

conserved amino acid. The XC chemokines lack the first cysteine, whereas in the single 

member of the CX3C subfamily (CX3CL1), the first two cysteine residues are separated by 

three non-conserved amino acids [391]; see figure 16.  

 

Figure 16: Structural classification of the chemokine family.  

Besides the structural classification, chemokines can be further divided into two functional groups: 

inflammatory chemokines and homeostatic chemokines. The inflammatory chemokines are 

involved in the recruitment of leukocytes to the site of inflamed tissues whereas homeostatic 

chemokines are involved in the development and migration of normal leukocytes within secondary 

lymphoid organs. This classification has a limitation because some inflammatory chemokines may 

have homeostatic functions, and vice versa. For that, a third group has been established called dual-

function chemokines [400]; see Table 2. 

 

The difference between inflammatory and homeostatic chemokines lies in their 

evolutionary origin whereby inflammatory chemokines evolved rapidly compared to 

homeostatic ones. Inflammatory chemokines are clustered on chromosomes 4 and 17 

whereas homeostatic chemokines are located separately or in mini-clusters on different 

chromosomes. Furthermore, inflammatory chemokines differ markedly in their function 

between species. In contrast, homeostatic chemokines are well conserved in terms of 

structure and function between species. Therefore, studies in genetically modified mice 

deficient for homeostatic chemokines are more likely to reflect the human physiology as 

compared to inflammatory chemokine mutant models [401]. 
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Table 2: Functional classification of the human chemokine family.  

Adapted from [400]. 

 

The CXC chemokines are further subdivided into ELR+ and ELR- groups based on the 

presence or absence of the Glutamate-Leucine-Arginine (ELR) motif preceding the CXC 

sequence. ELR+ chemokines are potent promoters of angiogenesis and include CXCL1, 

CXCL2, CXCL3, CXCL5, CXCL6, CXCL7 and CXCL8 (IL-8) whereas CXCL12 is the 

only ELR- chemokine with angiogenic properties [402].  
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1.4.1.2 Chemokine receptors: structure and classification  

Chemokine receptors are a subfamily of G protein-coupled receptors (GPCRs), the largest 

family of cell surface receptors accounting for ~3% of the human genome regulating 

almost all physiological processes. Structural studies of GPCRs are extremely difficult 

because they are expressed in very small amounts in biological tissues which make them 

hard to purify in sufficient amounts. In addition, they are highly unstable when extracted 

from membranes and solubilized by detergents and are structurally destroyed during 

crystallisation [403]. In 2000, the first 3D structure of a GPCR was achieved using bovine 

rhodopsin [404] and in 2007 the structure of the first GPCR with diffusible ligand (β2-

adrenergic receptor), was determined using advanced micro crystallisation [405]. More 

recently in 2010, the 3D structure of CXCR4 was resolved [406]. This was followed by 

CXCR1 [407], making CXCR4 and CXCR1 the only the chemokine receptors to be 

crystallised up till now. 

All GPCRs including chemokine receptors share a common structure of seven trans- 

membrane α-helices connected by three extracellular loops (ECLs) and three intracellular 

loops (ICLs). The extracellular region includes the N-terminus and is responsible for 

ligand binding. The intracellular region interacts with G proteins, arrestins and other 

downstream effectors and includes a cytoplasmic helix VIII. The C-terminus contains 

multiple serine/threonine and tyrosine phosphorylated residues that provide sites for 

palmitoylation and other signalling sites. In addition to that, chemokine receptors have 

disulphide bridges in their extracellular domains which provide structure to the overall 

receptor. Generally, one disulphide bridge connects the N-terminus to the third ECL, while 

a second links the first and second ECL [408]. Most chemokine receptors are coupled to G-

proteins through the conserved DRY (Asp-Arg-Tyr) motif in the second ICL [409]. 

Chemokine receptors are critical for triggering intracellular calcium signalling and 

regulating leukocyte chemotaxis in immune surveillance, inflammation, and development 

[410]; see figure 17. 

Chemokine receptors are grouped into 4 subfamilies according to their major chemokine 

ligands e.g. CC chemokines bind to CCRs, CXC chemokines bind to CXCRs, XC 

chemokines bind to XCRs, and CX3CL1 is the ligand for the CX3CR1 receptor. The 

chemokine receptor genes are clustered on human chromosome 3 suggesting a rapid 

evolution through repeated gene duplications. However, compared to the ligands, 

chemokine receptors are relatively well conserved between species [412].  
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Figure 17: A representative structure of G protein-coupled chemokine receptors (GPCRs). 

Adapted from [411]. 

To date, 20 chemokine receptors with the standard Gαi-dependent chemotactic activity 

have been identified in humans and mice. In addition to the 20 chemokine receptors, 5 

atypical chemokine receptors, also known as decoy or interceptors (internalising 

receptors), have been identified. Atypical and conventional chemokine receptors are 

similar in their structure but atypical ones do not transduce the full spectrum of signals that 

lead to chemotactic and other cellular responses. This is partly due to modification or 

lacking the typical DRY motif site in the second intracellular loop; DRY is known to be 

important for efficient coupling with the Gαi class G-proteins. Representative examples for 

atypical chemokine receptors are DARC (Duffy Antigen Receptor for Chemokines), D6 

and CCX-CKR (ChemoCentryx Chemokine Receptor) [413].  

Similar to chemokine receptors, chemokine receptors are expressed at the cell surface as 

either homo- or heterodimers or oligomers [414]. Several studies also report that certain 

GPCRs can function as monomers in vitro [415]. Having only 20 active chemokine 

receptors for about 50 chemokine ligands, could indicate a redundancy in ligand and 

receptor binding; many chemokine ligands bind to more than one receptor, and at the same 

time, most chemokine receptors have a number of high affinity ligands. For example, 

CCL5, CCL4 and CCL3 all have affinity to CCR5 whilst CCR5, CCR1 and CCR3 may all 

be bound by the aforementioned ligands [386, 416, 417]. 
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1.4.1.3 Chemokine ligands and receptors nomenclature 

In 2000, a chemokine ligand and receptor nomenclature system was introduced. Each 

ligand and its receptor are identified by their sub-family and given an identifying number. 

For example, SDF-1α (Stromal-Derived Factor 1α) is now known as CXCL12 for CXC 

chemokine ligand 12, and RANTES (Regulated on Activation Normal T cell expressed and 

secreted) is now known as CCL5 for CC chemokine ligand 5. Of note, human chemokines 

are designated capital letters with mouse chemokines in lowercase letters. For example, 

CCL2 is the human chemokine while Ccl2 is the mouse one [412, 418, 419]. The most 

recent nomenclature of chemokine ligands and their receptors will be used throughout the 

report.   

1.4.1.4 Chemokine system in health and disease 

Chemokines and their receptors have a major role in immune integrity of the host. 

Homeostatic chemokines recruit blood-borne cells into target tissues and regulate 

homeostasis through controlling the micro-environmental coordination of primary and 

secondary lymphoid organs. Inflammatory chemokines play a key role in stimulating 

immune responses against pathogens [420]. In addition, both haemostatic and 

inflammatory chemokines and their receptors are involved in cell polarisation and 

adhesion, gene expression, cell proliferation and survival [391, 421]. They are also 

involved in processes such as chronic inflammation [422, 423] and autoimmune 

diseases[421], HIV cell entry [424], development and reproduction [425], wound healing 

[426] and also tumorigenesis [386]. 

1.4.1.5 Chemokines in cancer  

Chemokines play a key role in cancer, modulating the composition of immune cells within 

the tumour microenvironment. Inflammatory leukocytes migrating towards the tumour can 

have either an anti-tumour or a pro-malignant effect [427]. Nonetheless, some chemokines 

may display both activities. For example, CCL2 promotes anti-metastatic activity via the 

recruitment of CD4+ helper T cells and neutrophils [428, 429]; at the same time, CCL2 

recruits inflammatory macrophages that release factors such as MMPs thus increasing 

invasiveness of cancers [430]. The current understanding of this dilemma is as follows: the 

anti-tumour activities of leukocytes are employed in the early stages of the process, but 
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when cancer cells escape immune surveillance and proliferate, they use the components of 

the immune system for their own benefit [329].  

Chemokines may also mediate several key steps of metastasis such as homing of tumour 

cells to specific organs, angiogenesis and proliferation. In particular, inflammatory 

chemokines may be associated with later stages of tumorigenesis and poor patient survival 

[430-433]. 

The first chemokine implicated in tissue-specific metastasis is CXCL12. It is locally 

expressed by lung, lymph node, liver and bone marrow tissues attracting cancer cells 

expressing CXCR4 [434-437]. Also, CCL19 and CCL21 have been implicated in attracting 

melanoma cells expressing CCR7 towards lymph nodes [438, 439]. IL-8 is frequently 

reported to have an important role in tumour angiogenesis by triggering CXCR1 and 

CXCR2 positive cells to proliferate, survive and produce angiogenic factors such as MMPs 

and VEGF  [440, 441]. CCL5/CCR5 are also reported to facilitate cancer metastasis and 

are predictors of poor patient survival [431, 433]. The importance of CCL5/CCR5 in 

cancer will be discussed further as they are pivotal to this project.  

1.4.1.6 Chemokines and cancer EMT 

Despite the fact that EMT is a fundamental process in cancer invasion and metastasis, very 

few reports have been published linking chemokines to EMT. However, Bates et al., 

showed that TGF-β-induced EMT leads to up-regulation of IL8 and its receptor CXCR1 

[432]. More specifically, several lines of evidence have shown showed that SNAIL, 

TWIST and Brachyury, (EMT-inducing transcription factors), directly up-regulate IL-8 

and its receptors (CXCR-1 and CXCR-2), resulting in activation and maintenance of EMT, 

induction of stem cell–like features, angiogenesis and enhancement of invasion and 

metastasis [442-445]. Palena et.al., and Cheng et al., found that IL8 alone is able to induce 

EMT and remodel the tumour microenvironment [446] via binding to CCL20 and 

activating PI3K/AKT-ERK1/2 and Wnt/β-catenin pathways [447, 448]. Similarly, the 

CXCL12/CXCR4 pair; a major mediator of tumour cell migration and survival, was 

repeatedly reported to be over-expressed upon EMT activation [449-451] in various types 

of cancers [452-454]. Recently CCL18, derived from TAMs, has been implicated in 

inducing EMT in lung and pancreatic cancer cells via SNAIL which leads to increased cell 

invasion, migration and chemo-resistance [455, 456]. CCL2, the main recruiter of TAMs, 

has been reported to be up regulated upon induction of EMT via TWIST, SNAIL and 
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ZEB2, and thus promote metastasis via immunosuppression and stimulating angiogenesis 

[357, 457, 458]. Taken together, an understanding of chemokine function in the context of 

EMT and metastasis may prove valuable in discovering more specific and targeted cancer 

therapy.  

1.4.1.7 Chemokines in cancer therapy  

To date, only 2 drugs targeting chemokine receptors have been approved for clinical use. 

One is Maraviroc, a CCR5 antagonist which is used to inhibit human immunodeficiency 

virus (HIV) entry into CCR5 positive cells [424]. The other drug is Plerixafor or 

AMD3100, a CXCR4 antagonist which has been approved to promote mobilisation of 

human hematopoietic progenitor and stem cells from bone marrow [459, 460]. In cancer 

however, despite chemokine systems inducing an anti-tumour immune response and 

blocking metastasis [433, 461-466], no clinical trials have been successful. This is could be 

due to the animal models used for evaluating the role of inflammatory chemokines not 

translating well to human disease [391]. Furthermore, chemokine systems are complex; 

considering multiple chemokine ligands bind to the same receptor whilst numerous 

chemokine receptors recognise the same ligand. In addition, a wide range of cell types 

express chemokine receptors, therefore inactivation or inhibition of such receptors may 

cause severe systemic complications. Also, impairing the function of specific chemokine-

chemokine receptors may have a short-term action [467]. For that, it has been suggested 

that appropriate target selection, appropriate timing of the intervention and, most 

importantly, appropriate dosing would help in achieving successful clinical trials [468].  

1.5 Hypothesis and the aims of the project 

1.5.1 Hypothesis  

EMT and anti-tumour responses are linked via the altered secretion of soluble factors by 

metastatic cells. 

1.5.2 Aims of the Project 

 Characterise the EMT status of a panel of CRC cell lines and the CRC-EMT model. 
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The biological characteristics of 12 CRC cell lines and CRC-EMT model (DLD SIP1) will 

be reviewed from the literature and comparisons of their morphological appearance will be 

carried out using a light microscope. In addition, various epithelial and mesenchymal 

markers will be used to assess the EMT status of the panel and CRC-EMT model. Western 

blot (WB), RT-PCR and immunofluorescence will be the main techniques used to obtain 

this goal.  

 Perform a screen of human cytokines and chemokines and correlate their 

expression with the EMT status of CRC cells.  

R&D systems chemokine and cytokine arrays will be used to screen large numbers of 

soluble factors of two cellular compartment of the DLD-SIP1 CRC-EMT model. Then, 

criteria will be established and used in order to choose the most significant chemokines 

altered during EMT. From there, one chemokine will be chosen to focus on further and 

correlate its expression with the EMT status of some mesenchymal and epithelial CRC cell 

lines.  

 In vivo and in vitro studies to investigate the mechanism and the function of the 

chosen chemokine.  

The chosen chemokine gene will be subjected to in silico analysis to define if SIP1 can 

be directly involved to its transcriptional regulation. This will be confirmed by 

Chromatin Immunoprecipitation and promoter reporter assays. Finally, in vivo 

experiments will be conducted to question whether the altered expression of the chosen 

cyto/chemokine is an outcome or reason for SIP1-induced metastasis.  
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Chapter 2: Materials and Methods 

2.1 Tissue culture 

2.1.1 General principle  

All tissue culture work was done in a laminar flow hood. Cells were grown at 37°C in a 

humidified 5% CO2 incubator (Heraeus Hera Cell Incubator, Thermo scientific). All tissue 

culture reagents were stored in a dedicated 4°C refrigerator.   

2.1.2 Cell lines  

Thirteen CRC cell lines and two EMT models (DLD-SIP1 CRC-EMT model and A431-

SIP1 squamous cell carcinoma EMT model) were used in this project. All cell lines were 

purchased from the American Type Culture Collections (ATCC) apart from AAC1/82, 

RKO and DLD-SIP1 and A431-SIP1 cells. AAC1/82 cells were a kind gift from Professor 

C. Parakeva (University of Bristol), RKO cells were provided by Professor Graham 

Packham (University of Southampton; CRUK), and DLD-SIP1 and A431-SIP1 cells were 

from Prof. Eugene Tulchinsky. All the cell lines are derived from human tissue with the 

exception of CT26 (mouse CRC).  

Cell lines were tested for Mycoplasma contamination once defrosted. Only Mycoplasma-

free cell lines were cultured and used. Cells were grown in Dulbecco's Modified Eagle's 

Medium (DMEM; Sigma) supplemented with 10% Fetal Bovine Serum (FBS; Sigma), 2 

mM L-Glutamine (Sigma) and 1% of 100 X Penicillin/Streptomycin (Sigma). Of note, 

DMEM with the above mentioned supplemented reagents will be referred in the text as 

‘Complete DMEM’. 

2.1.3 Cell counting and viability 

The cell count was performed using a haemocytometer. Only cells in the central 25 squares 

were counted, including the ones on left and bottom line whilst ignoring any cell at the 

right or upper edges. 

The cell suspension was first diluted in10 ml DMEM. Then, 100 µl of the suspension was 

diluted further 1:2 with 0.2% Trypan Blue. Trypan blue is used to assess the viability of the 
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cells, where the dead cells will acquire the blue colour. 10 µl of the final dilution was 

introduced in each side of the counting chamber and the cells were counted using a light 

microscope with a 10X-objective. The final cell count and the viability were calculated as 

follows: 

Number of cells in 25 squares x dilution factor Ψ x 104 

Ψ the dilution factor used in the project was 20. 

Viability= live cells/total cell count x 100  

2.1.4 SIP1 induction in DLD-SIP1 and A431-SIP1 EMT models   

The induction of the SIP-1 gene in DLD-SIP1 and A431-SIP1 cells was carried out using 

2µg/ml Doxycycline (Sigma; Stock concentration 50 mg/ml) treatment for three days.  

2.1.5 Cell propagation, and collection of cells and conditioned medium 

Cells were propagated 2-3 times a week. The growth rate was monitored by using an 

inverted microscope, and by cell count (CC). Where necessary, both the supernatant and 

cells were collected. The supernatants were collected at day 3 after centrifugation at 300 x 

g for 5 min to exclude any floating/dead cells. The supernatants were aliquoted and frozen 

at -20°C or used immediately. The adherent cells were trypsinised using 1X Trypsin-

EDTA (Sigma), re-suspended in DMEM to inactivate trypsin and then centrifuged at 300 x 

g for 5 min, washed in 1 x phosphate buffer saline pH 7.0 (PBS), pelleted and frozen at -

20C°. 

2.1.6 Freezing cells for long term storage  

Freezing media (73% complete DMEM, 20 % FCS and 7 % dimethyl sulphoxide (DMSO; 

Sigma) was prepared in advanced and kept on ice. Cells in a 175 cm2 culture flask 

(Corning®) at 80-90% confluency were trypsinised in the same fashion as explained in 

section 1.1.5, collected in 15 ml sterile Falcon tube (BD), counted and centrifuged at 300 x 

g for 3 min. Pelleted cells were re-suspended in the prepared freezing medium. After that, 

~1-2 million cells /ml were aliquoted into cryo-vials (Grenier Bio-one Ltd). The cryo-vial 

tubes were first placed at -80°C freezer in a NALGENE® Mr. Frosty container for 1-2 

days and then transferred into a liquid nitrogen tank. 
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2.1.7 Defrosting Cells 

The cells were taken from the liquid nitrogen (-180°C) and placed immediately on dry ice 

to avoid a sudden change in the temperature. Rapid thawing was then carried out at 37°C 

for 2 min in a water bath. Defrosted cell lines were mixed immediately with 10 ml warm 

complete DMEM and centrifuged at 300 x g for 5 min. After that, the supernatant 

containing DMSO was discarded and the pellets were re-suspendered in 1ml complete 

DMEM and transferred into a T75 flak (Corning® Incorporated) with 10 ml complete 

DMEM. A small aliquot is taken at this stage and the cells were counted manually by a 

haemocytometer to calculate the percentage of viability, and then placed in an incubator. 

The cell lines were allowed to recover from the effects of cryopreservation for at least 1 

passage before being used in experiments. 

2.2 Western blotting  

2.2.1 Main Principle 

Western blotting allows detection of a single protein among many using molecular weight 

based discrimination and antigen-antibody specificity. To achieve this aim, proteins 

separated by molecular weight (electroporation) are transferred to a solid support 

(nitrocellulose membrane) and marked by specific antibodies to allow detection. 

Appropriate enzyme-conjugated secondary antibodies to target primary antibodies are used 

followed by a chemo-luminescent substrate-based detection system. The light emitted from 

the reaction can be detected using photographic film or alternatively by a sensitive 

computer-linked digital camera; see figure 18. 
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Figure 18: General principle of the Western blotting method. 

Adapted from [469]. 

The Main steps of Western blotting (WB) are:  

 Preparation of Cell Lysate  

 Protein Quantification  

 Gel Preparation  

 Protein Loading and Gel Electrophoresis  

 Transfer of proteins to solid support  

 Protein Identification  

Of note, the list of buffers used for this assay are summarised in Table 3. 

2.2.2 Preparation of cell lysate 

The frozen cell pellets were thawed on ice and then the proteins were extracted. The 

protein extraction was done in two steps. First, the cells were lysed with an appropriate 

volume of 2x SDS-PAGE loading (Laemmli) buffer. Secondly, in order to ensure proper 

cell lysis, the cells were sonicated at 1.5 m Watts for 15 seconds (BioLogics Company). 

The extracted proteins were then quantified using protein assay reagent (BCA; Thermo 

Scientific) as described in the next section. 

2.2.3 Protein quantification   

Working BCA mix was prepared (50 parts of reagent A with 1 part of reagent B) and 150 

µl of the mixture was distributed in each well of a 96-well plate. The first well was left as 

blank and the next 9 wells were used for the standard curve (3 concentrations in triplicate). 
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Bovine Serum Albumin (BSA; Fisher; main stock 2 mg/ml) was used as standard and 

added at 2 µg, 10 µg and 25 µg to wells. Also 5 µl from each cell lysate (in triplicate) was 

added to individual wells and mixed by pipetting. Following that, the plate was incubated 

for 15 min at 37°C to allow colour development. The intensity of the colour was measured 

by a spectrophotometer device (Bio Rad) at 570 nm. The standard curve was drawn using 

excel and the protein concentration of samples were back-calculated using the equation 

obtained by the BSA curve. 

2.2.4 Gel preparation 

Sodium Dodecyl sulphate-polyacrylamide (SDS-PAGE) gels were made according to Dr. 

Emre Sayan Laboratory protocol that were adopted from Molecular Cloning book [470]. 

Please refer to Table 3 for all buffers that were used in this project to prepare gels. 

Each SDS-PAGE gel was composed of two layers:  

 Separating/running gel (lower part, 1.5M Tris: pH 8.8 is used); the density 

(percentage of acrylamide) of this part depends on the size of the protein of interest. 

 Stacking gel (upper layer, 1M Tris: pH 6.8 is used): always 5%. 

2.2.5 Protein loading and gel electrophoresis 

After protein quantification and gel preparation, the lysates were supplemented with an 

appropriate volume of 5 x loading buffer. The samples, along with protein marker 

(Precision Plus Protein™ All Blue (10–250 KDa); Bio-Rad) were heated up at 95°C for 2 

min to denature protein. After that, 5 µl of the protein ladder was loaded in the first well of 

the polyacrylamide gel. Along that, 30 µg of protein of each cell lysate was loaded in the 

subsequent wells. The gels were run at 180 V for 65 min using 1 x Tris/glycine/SDS buffer 

(TGS; Geneflow; Main stock 10 x).  
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Table 3: List of in house buffers used in the project. 
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Buffer Name  Buffer Components Supplier 

30% (w/v) 37.5:1 Acrylamide: 

Bis-acrylamide solution 

37.5 g Acrylamide (Fisher)  

1 g Bis-Acrylamide (Fisher)  

Dissolved in dH2O to a final concentration of 30% 

In house or 

Geneflow  

30% (w/v) 29:1 Acrylamide : Bis-

acrylamide solution 

29.0 g Acrylamide (Fisher) 

1 g Bis-Acrylamide (Fisher) 

Dissolved in dH2O to a final concentration of 30% 

Geneflow 

 

1.5M Tris buffer (pH 8.0 and pH 

8.8) 

182.25g Tris (Fisher). 

dH2O  

Adjust pH to 8.0, adjust volume to 1 litre  

Adjust pH to 8.8, adjust volume to 1 litre 

In house  

1M Tris buffer (pH 6.8) 121.1g Tris-base (Fisher) 

dH2O  

Adjust pH to 6.8, adjust volume to 1 litre 

In house  

10% APS  1 g APS (Fisher) 

Adjust volume to 10 ml with dH2O  

Store at 4ºC for several weeks  

In house  

10% SDS  1 g SDS (Fisher) 

Adjust volume to 10 ml with dH2O  

Store at RT  

In house  

5 X SDS-PAGE buffer  dH20  

0.5 M Tris (pH 6.8) ----------12.5%  

Glycerol (Sigma)--------------10%  

10% SDS (w/v) ---------------20%  

In house  

5 X SDS-PAGE Gel Loading 

buffer  

dH20  

0.5 M Tris (pH 6.8) ----------12.5%  

glycerol-------------------------10%  

10% SDS (w/v)----------------20%  

2β- Me---------------------------5%  

0.05%(w/v) BPB---------------5%  

In house  
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Buffer Name  Buffer Components Supplier 

10 X Tris-Glycine-SDS (TGS)  0.25M Tris  

1.92M Glycine  

1% SDS  

dH2O  

Geneflow/In 

house  

10 X Tris-Glycine-Methanol 

(TGM)  

0.25M Tris  

1.92M Glycine  

20% Menthol (Fisher)  

dH2O  

Geneflow/ In 

house  

10 X TBS  100 mM Tris (pH 8.0)  

1.5 M NaCl  

dH2O  

In house  

1 X TBS-T (1 litre)  100ml 10X TBS ( Geneflow)  

900ml dH2O  

0.1% Tween®20 (Sigma) 

In house  

4% Dried skimmed milk in TBS-

T 

2g dried skimmed milk (Marvel) 

50 ml 1X TBS-T  

In house  

2.5% BSA in TBS-T  1.25g BSA (Fisher) 

50 ml 1X TBS-T  

In house  

PBS  125mM NaCl (Fisher) 

16mM Na2HPO4.7H20  

10mM KH2PO4  

HCL to Adjust pH 7.3-7.6  

In house  

PBS-T  1 x PBS buffer  

0.1%-1.0% Tween-20  

In house  

Ponceau S  5 % (w/v) Ponceau S  

10 % Glacial Acetic Acid (Sigma) 

dH2O  

Store in dark at RT  

 

0.05 M EDTA (Di sodium 

Ethylenediaminetetraacetic acid)  

8.61 g EDTA (Sigma)  

80 ml dH2O  

Adjust pH to 8.0, Adjust volume to 100 ml  

In house  
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Buffer Name  Buffer Components Supplier 

TAE Electrophoresis buffer (50X 

stock solution)  

242 g Tris-base  

57.1 ml glacial acetic acid  

100 ml 0.5 M EDTA (pH 8.0)  

Adjust volume to 1 litre  

In house  

1% agarose  1g agarose (Fisher) 

100ml TAE buffer  

In house  

4% paraformaldehyde (v/v)  4ml paraformaldehyde (Fisher) 

96 ml dH2O  

In house  

0.2% Triton in PBS  98.8 ml 1 x PBS  

200μl Triton  

In house  

Specific cell lysate for human 

chemokine and cytokine arrays  

1% Igepal CA-630, 20 mM Tris-HCl (pH 8.0), 

137 mM NaCl, 10% glycerol, 2 mM EDTA and 

tablet contains 10 μg/mL Aprotinin, 10 μg/mL 

Leupeptin, and 10 μg/mL Pepstatin.  

In house 

Luria Bertani (LB)  10g/L Tryptone, 5 g/L Yeast extract and 10 g/L 

NaCl  

In house 

2.2.6 Protein transfer 

The separated proteins were then transferred onto nitro-cellulose membranes (Whatman 

Protran, GE healthcare). This was achieved by sandwiching the gel and the membrane in a 

transfer cassette ( Bio-Rad) between 2 pieces of filter paper and 2 sponges, and placing the 

cassette in a transfer tank containing 1 x Tris/Glycine buffer with 20% methanol (TGM; 

Geneflow; main TG stock 10 x) at 4°C, 20 V overnight. Ponceau red staining was used to 

check equal loading and efficient transfer of bands. The Ponceau red was removed using 

Tris-buffered saline (pH 7.4) containing 0.01% Tween-20 (TBS-T). 

2.2.7 Protein identification 

After blotting, membranes were incubated in blocking solution (4% semi-skimmed milk in 

TBS-T) for 30 min at RT to block non-specific epitopes. Subsequently, the membranes 
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were incubated for 30 min-1 hour with appropriate primary antibodies (diluted in TBS-T 

with 2.5% BSA). After being washed three-times with 5 min interval incubation in TBS-T, 

the membranes were incubated with the appropriate type of horseradish peroxidase (HRP)-

conjugated secondary antibodies (diluted in 4% semi skimmed milk in TBS-T) for 30 min 

at RT. After a further 3 washing steps, the antigen-antibody interactions were visualised by 

using 1:1 (v/v) supersignal®west Dura luminal/enhancer solution (Thermo Scientific), 

which was incubated with the blots for 5 min at RT. The enzymatic reaction and the band 

intensity were then detected by X-ray film and films developed using an autoradiography 

machine. 

The primary antibodies used in this work and their corresponding secondary antibodies are 

summarised in Table 4. 
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Table 4: List of the antibodies used for WB (Western blot). 
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Primary antibody  Used as Molecular 

Weight 

(KDa) 

Catalog no. Supplier 

Human E-cadherin Epithelial 

maker 

135 610181, Mouse 

IgG  

BD Transduction 

Laboratories™ 

Human 

cytokeratins 

Epithelial 

maker 

65-35 C5992, Mouse IgG 

mix 

Sigma 

Human ZO-1 Mesenchymal 

marker 

220 BD610966 / Mouse 

IgG1 

BD Transduction 

Laboratories™  

Human Vimentin  Mesenchymal 

marker 

57 C5741 / Rabbit 

mAb IgG 

Cell Signalling 

Human ZEB1 Mesenchymal 

marker 

220 SC-25388 / Rabbit 

polyclonal IgG 

Santa Cruz 

Biotechnology 

Human SIP1 Mesenchymal 

marker 

220 Rabbit polyclonal 

IgG  

In House antibody 

( Sayan, Griffiths 

et al., 2009) 

Human TWIST Mesenchymal 

marker 

28 Ab50887 / Mouse 

mAb IgG1 

Abcam® 

Human SLUG Mesenchymal 

marker 

30 C19G7 / Rabbit 

mAb IgG  

Cell Signalling 

Human SNAIL Mesenchymal 

marker 

29 C15D3 / Rabbit 

mAb IgG  

Cell Signalling 

Human N-cadherin Mesenchymal 

marker 

140 36/E-Cadherin/ 

Mouse IgG2a 

BD Transduction 

Laboratories™ 

Human α-Smooth 

muscle actin  

Mesenchymal 

marker 

43 1A4 / Mouse IgG2a Sigma 

Human Actin Equal loading 

marker 

45 SC-1615/Goat IgG Santa Cruz 

Biotechnology 

Human CCL5 Chemokine 8 C6118/Rabbit IgG Sigma 
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Primary antibody  Used as Molecular 

Weight 

(KDa) 

Catalog no. Supplier 

Human Midkine Chemokine 16 Ab137793/Rabbit 

polyclonal IgG 

Abcam® 

Human CXCL5 Chemokine 8 C19 SC-1407/ Goat 

polyclonal IgG 

Santa Cruz 

Biotechnology 

2.3 Gene expression analysis  

2.3.1 Total RNA extraction 

TRIzol® Reagent is a monophasic solution, which contains phenol, guanidine 

isothiocyanate, and other proprietary components that facilitate simultaneous isolation of 

large and small molecular weight nucleic acids (DNA and/or RNA) and proteins. It 

disrupts cells and dissolves cell components. After homogenising the sample with TRIzol® 

reagent, chloroform is added to enhance the separation of the macromolecule-enriched 

liquid phases. The sample is then centrifuged at high speed to visualise the three-

monophasic layers; the clear upper aqueous layer (RNA), a white interphase layer (DNA), 

and a red organic layer (proteins). The RNA is precipitated from the aqueous layer, washed 

to remove impurities and re-suspended in water to be used in downstream application e.g. 

RT-PCR, northern blot analysis, dot blot hybridization, ploy(A)+selection, in vitro 

translation or RNase protection assay.   

To extract RNA with Trizol technique, frozen/fresh cell pellets (up to 107 cells) were 

defrosted on ice and suspended in 1 ml TRIzol. The lysate is incubated 5 minutes at RT to 

allow complete lysis. After that, 200 µl chloroform (per ml of Trizol used) was added to 

each sample, vortexed for 20 seconds and centrifuged at 10000 x g for 15 min at 4°C for 

phase formation. The clear upper aqueous layer containing RNA was collected. RNA is 

precipitated by adding 0.5 ml of 100% isopropanol (per ml of Trizol used). If necessary, 

the RNA: Isopropanol mixture can be incubated at -20°C, centrifuged at 13000 x g for 15 

min in a 4°C centrifuge to increase yield. Subsequently, the precipitated RNA was washed 

with 1 ml 75% ethanol, incubated again at -20°C, centrifuged at 13000 x g for 15 min in a 

4°C centrifuge. The extracted RNA pellets were air-dried for 10 min at room temperature 

(RT). Finally, the RNA pellets were re-suspended in 50-100µl RNase-free water by 
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vortexing and incubating at 55-60°C for 10 min. The total RNA yield was measured using 

a NanoDrop 1000 Spectrophotometer (Thermo Scientific). RNA purity was assessed using 

an A260/A280 ratio. 

The extracted RNA was either used immediately to synthesise cDNA or frozen at -80°C. 

2.3.2  cDNA Synthesis 

RevertAid™ M-MuLV Reverse Transcriptase Kit (MBI Fermentas) was used in this 

project. The kit contains RevertAid™ M-MuLV Reverse Transcriptase, which is active at 

42-50°C. In addition, the kit contains RiboLock™ RNase inhibitor, which protects RNA 

from degradation at temperatures up to 55°C. The kit also contains two types of primers; 

oligo (dT) and random hexamer. The oligo (dT) primer selectively anneals to the 3´end of 

poly(A) RNA therefore allows synthesis of complementary DNA (cDNA) derived from 

mRNA while the random hexamer primers bind to the RNA template at more random but 

frequent fashion to synthesise cDNA from all RNA populations. The final product, cDNA, 

can be used directly as a template in PCR, real-time PCR (RT-PCR) or as a probe in 

hybridisation experiments. 

In this project cDNA was used as a template for RT-PCR. The cDNA synthesis reactions 

were performed in sterile, nuclease-free, PCR tubes as follows:  

 2.5 µg extracted total RNA (Template) 

 1 µl Oligo (dT) primer (stock conc. 0.5 µg/µl) 

 Top the volume up to 12 µl with dH2O 

The reaction was then placed in a PCR machine to undergo the reverse transcription 

programme (70°C for 5 min, 37°C for 3 min, 42°C for 45 min, 70°C for 5 min, 4°C 

forever). Upon reaching the last minute of the 37°C, the programme was paused and 8µl 

Master Mix (MMX) was added to each reaction. The MMX contains the following: 
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 4 µl of 5X Reaction Buffer (250 mM Tris-HCl (pH 8.3), 250 mM KCl, 20 mM MgCl2, 

50mM DTT) 

 2 µl 10 mM dNTP Mix 

 1 µl RiboLock™ RNase inhibitor (stock conc. 20 U/µl) 

 1 µl RevertAid™ M-MuLV Reverse Transcriptase (stock conc. 20 U/µl) 

 1 µl dH2O 

The final cDNA product was either used immediately for reverse transcriptase PCR (RT-

PCR) or stored at -20°C. 

2.3.3  RT-PCR 

RT-PCR was performed using MyTaq™ Red Mix (BIOLINE). The mix contains all 

reagents needed for a PCR reaction (1.5 mM MgCl2, 200µM dNTP mix, Taq polymerase 

and DNA loading dye) in 2x format. It only requires addition of template, primers and 

nuclease-free water to dilute the Red mix to 1x.   

PCR reaction was made up to a total of 20 µl by adding the following components: 

 10 µl 2 x MyTaq™ Red Mix 

 6 µl dH20 water 

 1 µl forward primer (stock conc.10 pmol/µl) 

 1 µl reverse primer (stock conc.10 pmol/µl) 

 2 µl of cDNA 

The PCR reaction was then placed in a PCR machine using an optimised programme. In 

general the programme was standardised at: 
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1- 95°C for 5 minutes (for DNA denaturation)  

2- 94°C for 30 seconds (Denaturation step)  

3- 55-70°C for 30 seconds for primers annealing*  

4- 72°C for 20-45 seconds for DNA extension§ Steps 2-4 Repeat 25-40 cycles. 

5- 72°C for 5 minutes (to complete extension)  

6- 4°C forever (to stabilise the product)  

*The exact temperature and cycles depend on the primers, complexity of the template and 

the purpose of use.  

§ The extension time depends on the amplicon size. 200-1000 bp amplicon needs ≤ 30 

seconds. ≥ 1000 bp amplicon needs ≥ 30 second/1000bp.  

1% agarose gel prepared in 1 x Tris-acetate EDTA buffer (1 x TAE) and ethidium bromide 

was used to visualise the PCR product. 15 µl of each PCR product along with 5 µl DNA 

ladder marker (NORGEN) were loaded into the gel. The gel was run using 1 x TAE buffer 

at 140 V for 40 min. The amplified bands were visualised using a UVP machine (3UV™ 

Transilluminator; Thermo Scientific). 

Of note, all primers were designed by me or other researchers in Dr. Sayan’s lab. 

2.3.3.1 Primers used in RT-PCR  

The list of primers used in RT-PCR are displayed in Table 5. 
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Table 5: List of the primers used in RT-PCR. 
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Oligo Name  Sequence (5’-3’) Product 

Size  

Purpose  Supplier  

GAPDH 

Forward 

CAAGGTCATCCATGACAACTTTG 496 bp For equal 

loading  

Sigma 

GAPDH 

Reverse  

GTCCACCACCCTGTTGCTGTAG 

E-cadherin 

Forward  

CACCCGGGCTGAGCTGGACAGGG 619 bp Epithelial 

Marker 

Invitrogen  

E-cadherin 

Reverse  

CCGGGTGTCATCCTCTGGG 

SIP1 

Forward 

TCTGAGGAGCTCCAGGGTGA 1218 bp Mesenchymal 

Marker  

Invitrogen 

SIP1 

Reverse 

CATGCCATCTTCCATATTG 

SLUG 

Forward  

CACCATGCCGCGCTCCTTCCTGGTC 808 bp Mesenchymal 

Marker 

Sigma 

SLUG 

Reverse  

GTGTGCTACACAGCAGCCAGAT 

SNAIL 

Forward 

CACCATGCCGCGCTCCTTCCTGGTGA 880 bp Mesenchymal 

Marker 

Sigma  

SNAIL 

Forward 

GGGGCCCGGGCAGCAGCCA 

TWIST 

Forward  

CACCATGATGCAGGACGTGTCCAGCT 610 bp Mesenchymal 

Marker 

Sigma  

TWIST 

Reverse  

GTGGGACGCGGACATGGACC 

ZO-1 

Forward  

GGCCTACACTGATCAAGAACT  Mesenchymal 

Marker 

Sigma  

ZO-1 

Reverse 

GAGTTGGGGTTCATAGGTCAG 

Vimentin 

Forward  

GAGCTCGAGCAGCTCAAGG 291 bp Mesenchymal 

Marker 

Sigma  
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Oligo Name  Sequence (5’-3’) Product 

Size  

Purpose  Supplier  

Vimentin 

Reverse  

AAGGTCAAGACGTGCCAGAG 

CCL5 

Forward 

GGATCAAGACAGCACGTGGAC 227 bp Chemokine  Invitrogen  

CCL5 

Reverse 

GCTCATCTCCAAAGAGTTGATGTA 

2.4 Immunofluorescence  

Immunofluorescence (IF) is a technique to detect specific target proteins with 

fluorescently-labelled antibodies which are then visualised using fluorescence microscopy. 

Indirect IF requires two incubation steps; the first with a primary antibody followed by a 

compatible secondary antibody. The secondary antibodies have the fluorescent dye (FITC, 

PE, Cy5, Alexa 488, 594, etc.) conjugated to them. In contrast, direct IF requires only one 

incubation step with a primary antibody with a fluorescent dye (FITC, PE, Cy5, Alexa 488, 

594, etc.) conjugated to it. See Figure 19.  

 

Figure 19: General principle of immunofluorescence.  

Direct immunofluorescence (IF): one fluorophore-conjugated primary antibody is directed against 

the protein of interest.  

Indirect immunofluorescence (IF): Two antibodies. An un-conjugated primary antibody which 

binds to the protein of interest is followed by a fluorophore-conjugated secondary antibody directed 

against the primary antibody; adapted from [471]. 

http://www.abcam.com/secondary-antibodies/direct-vs-indirect-immunofluorescence
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2.4.1 Growing cell lines on coverslips 

Both IF techniques require growing cells on a substrate that is appropriate for light 

microscopy, such as glass coverslips. To do this, 2 ml of 1 x PBS was first put in each well 

of a 6-well plate. Round coverslips (2 mm; VWR international) were immersed in absolute 

ethanol to sterilise them, and then placed in one well to wet the coverslip. After a couple of 

minutes when the coverslip has settled to the bottom of the well, the PBS was removed and 

replaced with complete DMEM containing 35,000 cells (DLD-SIP1). Where necessary, 

cells were treated with 2 µg/ml doxycycline for three days in order to induce expression of 

the SIP1 gene. On the third day, the IF procedure was carried out when cells had reached ~ 

80% confluency. 

2.4.2 Indirect IF procedure 

In this project indirect IF was used. The main steps for the procedure are: 

2.4.2.1 Cell fixation 

 The un-induced and induced DLD-SIP1 cells were first washed once with 1 x PBS to 

remove any growth media. After that, the cells were fixed with 4% paraformaldehyde 

(PFA) for 15 min, and the washed once PBS. At this stage cells can be kept at 4°C for 

future use (overnight) or used for immunostaining immediately. 

2.4.2.2 Cell permeabilisation 

Before proceeding with immune-detection, cells were permeabilised with 0.2% Triton-X 

(prepared in PBS) for 3 minutes, then immediately washed three times with PBS (5 min 

each).  

2.4.2.3 Immunostaining  

The cells were first incubated with a blocking solution (2.5% BSA in PBS or PBS-

0.2%Triton X) to block non-specific antibody binding sites. Subsequently, an appropriate 

diluted primary antibody in 2.5 % BSA-PBS (1-10 µg / ml) was added, incubated for 30 

min at RT, and the sample then washed three times with PBS (5 mins each). Following 

that, matched fluorescent-labelled conjugated secondary antibodies (1:500 Alexa 488 or 

1:500 Alexa594 fluoro-chromes; Molecular Probes) were added and the sample incubated 
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in dark for 30 min at RT, and then washed again with PBS three-times (5 mins each). To 

stain each nuclei, DAPI (1:10 000 of stock concentration 1mg/ml, Vector Laboratories) 

was used (incubated for 5 min) and immediately rinsed twice with PBS. Finally the glass 

coverslips were inverted and transferred into a clean slide having a fine drop of a mounting 

media (Mowiol or antifade; provided by the Biomedical Imaging Unit, University of 

Southampton). The slides were then examined with help from Dr. Dave Johnston of the 

Biomedical Imaging Unit using either a dark field florescent microscope (Olympus IX8) or 

Leica SP5 Laser Scanning Confocal Microscope. 

2.5 Human Chemokine and Cytokine Antibody Arrays 

The Human Cytokine or Chemokine Arrays are fast, sensitive, and cost-effective tools to 

detect the difference between samples in the relative expression level of cytokines or 

chemokines. In addition, it is a time-effective tool, where the expression levels of 

numerous chemokines and cytokines can be determined without performing multiple 

immunoassays. 

2.5.1 Assay principle  

Cell culture supernatants, cell lysates, serum, or plasma are first diluted and mixed with a 

cocktail of biotinylated detection antibodies. The cytokines or chemokines first make a 

complex with their matching detection antibodies. The antigen/antibody complex then 

binds to the corresponding capture antibodies that are spotted by the manufacturer on 

nitrocellulose membranes. To determine the antigen/ antibodies binding affinity, 

Streptavidin-HRP and chemiluminescent detection reagents are used. The amount of light 

produced at each spot is in proportion to the amount of cytokine or chemokine in the 

sample. See figure 20.  
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Figure 20:  General principle of proteome profiler antibody arrays (R&D systems). 

The arrays used in this project were for chemokines and cytokines. They were analysed in the 

DLD-SIP1 EMT CRC inducible model; adapted from [472]. 

2.5.2 Proteomic array procedure  

The chemokine and cytokine arrays (R&D systems) consists of 3 sample control 

antibodies, 31 different capture chemokine antibodies or 36 capture cytokine antibodies. 

The antibodies are spotted in duplicate on nitrocellulose membranes; see table 12 and 13 

at the appendix section for the list of the antibodies in the arrays. The non-specific 

binding sites of the captured antibodies were blocked using a blocking buffer (supplied 

with the kits) for 1 hour at room temperature. During the blocking time, 300 µg of un-

induced and induced DLD-SIP1 cell lysates and 700 µl of the cells’ supernatants were 

prepared according to the kit’s instructions, mixed with a cocktail of biotinylated detection 

antibodies and incubated for 1 hour at room temperature. After that, the blocking buffer 

was aspirated and the mixture of cell lysate or supernatant with the cocktail detection 

antibodies were added, and incubated overnight at 4 °C on a rocking platform shaker. Next 

day, the membranes were washed three times with 1 x wash buffer (supplied with the kit) 

in order to remove any unbounded antibodies. After that, 1:100 streptavidin-HRP dilution 

(supplied with the kit) was added, incubated for 30 min at room temperature on a rocking 

platform shaker and washed three times. Chemiluminescent detection reagents 1 and 2 

(supplied with the kit) were prepared (1:1) and applied to the membranes. Finally, the 

membranes were exposed to X-ray films for 1-10 mins. The signal produced from each 

captured spot corresponded to the amount of bound protein. The positive signals which are 

seen on the developed film were identified by placing the transparency overlay template on 

the array developed film and aligning it with the pairs of reference spots. Pixel densities on 
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developed X-ray film were analysed using a transmission mode scanner and Image J 

analysis software. 

2.6 Multiplex detection immunoassay 

2.6.1 Main principle 

The multiplex immunoassay system is a multi-analyte profiling assay. It utilises numerous, 

beads of different colour and size which allows the analysis of up to 100 different analytes 

within a single sample. In general, a set of beads of the same colour is attached to one 

antibody that can recognise one specific analyte that can also be identified depending on 

bead size. The antigen/antibody complex is then detected by an analyte-matched secondary 

antibody attached to a fluorescent reporter dye label. Flow cytometer is used to determine 

the analyates concentration by measuring the fluorescent reporter dye label and size of 

beads. See figure21. 

 

Figure 21: The general principle of multiplex beads immune-assay.  

Adapted from[473]  

This assay is efficient in analysing multiple proteins using a small quantity of sample (~ 50 

µl) compared to ELISA which can only analyse a single protein. In addition, it is also time- 

and cost-effective compared to western blotting (WB) although each multiplex assay (of 

100 analytes X10 reactions) can cost up to £5000. 
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2.6.2 25- Multiplex detection immunoassay 

A 25- Multiplex detection immunoassay (Life Technology) was used for this project. This 

particular assay utilises 25 distinctly coloured beads which allows the analysis of up to 25 

different analytes within a single sample. It was used as a confirmatory assay for the R&D 

systems cytokine and chemokine arrays. The procedure was performed by members of Dr. 

Williams’s lab (Southampton University) and observed by me. 

Briefly, specific antibodies for human IL-1β, IL-1RA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, 

IL-8, IL-10, IL-12p40/p70, IL-13, IL-15, IL-17, TNF-α, IFN-α, IFN-γ, GM-CSF, MIP-1α, 

MIP-1β, IP-10, MIG, Eotaxin, RANTES, and MCP-1were captured on 5.6 µm polystyrene 

beads. Test samples, control samples and standards were incubated with the beads for 2 

hours at room temperature to facilitate the antigen-antibody interaction. At the end of the 

incubation, the excess antigens were washed and protein-specific biotinylated detector 

antibodies were added and incubated for 1 hour. During this incubation, the protein-

specific biotinylated detector antibodies bind to the appropriate immobilised antigens. 

Similarly, the excess biotinylated detector antibodies were washed off and streptavidin 

conjugated, R-Phycoerythrin (Streptavidin-RPE) was added and incubated for 30 minutes. 

The Streptavidin-RPE binds to the biotinylated detector antibodies associated with the 

immune complexes on the beads. The unbound Streptavidin-RPE was washed off and the 

beads were analysed with the Luminex detection system. By monitoring the spectral 

properties of the beads and the amount of associated RPE fluorescence, the concentration 

of one or more proteins was determined.  

2.7 Quantitative enzyme immunoassay  

2.7.1 General principle 

Enzyme-linked immunosorbent assay (ELISA) is designed to measure specific analytes in 

cell culture supernatants, serum, platelet-poor plasma, or urine. In sandwich form, a 

monoclonal antibody specific to the protein of interest is coated onto a solid substrate such 

as a microplate, and then the target antigen in the sample or standard is incubated with the 

pre-coated antibody. The antigen/antibody complex forms. Subsequently, enzyme-linked 

antibody specific for the target antigen is added, followed by enzyme specific substrate. 

The enzymatic reaction develops a colour that is in proportion to the amount of the antigen 
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of interest present in the sample or standard. The intensity of the developed colour is 

measured by a spectrophotometer device; see figure 22.   

 

Figure 22: General principle of sandwich ELISA that was used in the project to determine the 

expression of CCL5.  

Adapted from [474]. 

2.7.2 Human CCL5/RANTES ELISA  

The level of CCL5 in the supernatant of five epithelial and three mesenchymal CRC cell 

lines was detected using an R&D system Duoset ® human CCL5 ELISA kit (Catalog 

number: DY278).  

The ELISA plate was prepared for the assay as follows. The wells were coated overnight at 

room temperature with 100 µl of 1.0 µg/ml mouse anti-human RANTES capture antibody 

(stock concentration 180 µg/ml). Then, the wells were washed three times with ELISA 

wash buffer (PBS, pH 7.4). Next, 300 µl of a prepared blocking reagent (Reagent diluent; 

1% BSA in PBS) was added to each well and incubated for 1 hour at room temperature to 

block non-specific antibody binding sites. After 1h, the wells were washed three times with 

PBS. It is critical to get rid of any excess wash buffer by inverting the plate and blotting it 

against clean paper towel. 

Recombinant human RANTES (stock concentration 120 ng/ml) was used to prepare the 

assay standard. Three fold serial dilutions of 2000 pg/ml of the highest standard were 

prepared to create a six point-standard curve. The supernatants of the cultured cell lines 
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and the patient serum were diluted in the reagent diluent at the appropriate concentration 

prior to use. 

One hundred µl of diluted samples or standards were added in each well with each sample 

or standard loaded in triplicate. The plate was then covered and incubated at room 

temperature for 2 hours. After the incubation period, the wells were washed three times 

with washing buffer (0.05% Tween®20 in PBS, pH 7.27.4), then 100 µl of 20 ng/ml 

detection antibody (which is supplied with the kit) were added in each well (stock 

concentration 3.6 µg/ml). Once more, the plate was covered, incubated at room 

temperature for 2 hours and then washed three times. After that, 100 µl of diluted 

streptavidin conjugated horseradish peroxidase (1:100) was added to each well, incubated 

for 20 min at room temperature and then washed off three times with the wash buffer. 

Finally, 100 µl of substrate solution (1:1 H₂O₂: Tetramethylbenzidine) was added to each 

well and the optical density was determined using a microplate reader set at 450 nm and 

570 nm wavelength correction. The reading was taken at 5 min intervals for 40 mins.  

2.8 DNA cloning and recombinant DNA technology. 

DNA cloning is a genetic engineering approach to generate a large number of copies of a 

DNA fragment. This approach helps to study either a the expression of a gene, function of 

the gene, how mutations may affect the gene’s function or make large quantities of the 

protein encoded by that gene [475]  

The main milestones for DNA cloning are: 

 DNA amplification  

 DNA extraction 

 DNA ligation into a plasmid 

 Transformation of plasmid DNA 

 Purification of plasmid DNA 

2.8.1 DNA Amplification 

Multiple copies of the CCL5 coding region or the CCL5 promoter were amplified from 

cDNA or genomic DNA, respectively, using KOD DNA polymerase (Novagen®). KOD 

polymerase is a thermo-stable polymerase that can amplify targeted DNA with greater 

accuracy and a higher yield compared to Taq polymerase. 
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Before proceeding with the PCR, special primers containing defined restriction enzymes 

were designed depending on the particular construct used. The CCL5 coding region was 

amplified using cDNA generated from the RKO cell line while the CCL5 promoter was 

amplified from human genomic DNA (obtained from Jon Strefford’s group).  

The CCL5 coding region was ligated into pcDNA 3.1 plasmid (5.5 kb; see figure 23). 

In the case of CCL5 promoter, which was ligated into the PGL3 basic plasmid (4.8 kb; see 

figure24), the following primers were used: 

CCL5 promoter forward primer with Mlul restriction site (Thermo scientific; Catalog no. 

ER0561): 5’AAAACGCGT  CCAATAATGATAGAGTATGCT 3’ 

CCL5 promoter reverse primer with XhoI restriction site (Thermo scientific; Catalog no. 

ER0691): 3’GGGCTCGAG  CGGAGACCTTGATGGTACCTGT5’ 

The PCR reaction mixtures were then prepared as following: 

 10 µl 2 x KOD buffer-enzyme mix  

 6 µl nuclease-free water  

 1 µl (10 pmol) CCL5 promoter forward primer  

 1 µl (10 pmol) CCL5 promoter reverse primer  

 2 µl of cDNA or genomic DNA Total volume 20 µl 

The reactions were amplified at a pre-optimised condition, mixed with DNA loading 

buffer, loaded in 1% agarose gel and run at 100 V for 40 minutes, see section 2.3.3 for 

more details. 

2.8.2 Gel extraction  

QIAquick Gel Extraction kit using a micro-centrifuge (Qiagen, Catalog no. 28704) was 

used for gel extraction. Of note, all the buffers used in this protocol were already prepared 

with the kit. The composition of the buffers is not disclosed by the manufacturer.  

The amplified DNA fragments for the CCL5 gene promoter or CCL5 coding region at the 

expected size were cut from the agarose gel using a clean scalpel. Excess agarose gel was 

removed to minimize the size of the gel. The gel slice was then weighed and ~300 µl of 

buffer QG was added to every 100 mg of gel slice. The gel was then dissolved completely 
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by incubating the tube at 50°C and vortexing every 2-3 min (the mixture colour should be 

yellow indicating a pH ≤7.5). To increase the yield of DNA fragments, 100 µl of 

isopropanol was added to every 100 mg DNA fragment. After that, the sample was applied 

to the QIAquick spin column and centrifuged for 1 min. The flow-through in the collection 

tube was discarded and the column was placed back in the same collection tube. To 

remove all traces of agarose, 0.5 ml of buffer QG was added to the column and centrifuged 

for 1 min at ≥10,000 x g. Next, the column was washed with 0.75ml of buffer PE, 

centrifuged again for 1 min at ≥10,000 x g and the flow-through was discarded. The 

column was then centrifuged for another 1 min to remove any residual ethanol (from buffer 

PE). Finally, the retained DNA in the column was eluted by placing the column into a 

clean 1.5 ml micro-centrifuge tube, and adding 50 µl of deionised water at the centre of the 

column and centrifuged for 1 min at ≥10,000 x g. Typically, the elution volume should be 

no less than 90% of the volume of eluting solved added. To obtain a high elution 

efficiency, the pH of the water should be between pH 7-8.5. The collected DNA was used 

immediately or stored at -20°C to avoid DNA degradation.   

2.8.3 DNA Ligation into the vector 

2.8.3.1 TOPO® cloning of CCL5 cDNA   

PcDNA™3.1/V5-His TOPO® expression kit (Invitrogen) was used for direct insertion of 

the CCL5 coding region into the pcDNA™3.1/V5-His TOPO® plasmid vector (see figure 

23). TOPO isomerisation is a highly efficient, quick, one-step cloning strategy; there is no 

need for ligase, post PCR procedures or PCR primers containing specific sequences. 

A 6 µl of TOPO® cloning reaction was prepared as following:  

 1 µl of salt solution (supplemented with the kit). 

 1 µl TOPO® vector. 

 4 µl fresh CCL5 PCR extracted product. 

The reaction was mixed gently and incubated for 5-15 mins at room temperature then 

transformed into an E-coli strain (JM109).  
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Figure 23: The pcDNA3.1D/V5-His-TOPO® vector that was used to clone the CCL5 coding 

region.  

Adapted from [476]. 

2.8.3.2 PGL3 Cloning for the CCL5 Promoter 

The extracted CCL5 promoter was ligated into pGL3 basic vector (already present in Dr.  

Sayan’s lab); see figure 24. 

 A 10 µl cloning reaction was prepared as follows:  

 5 µl of 2 x ligation buffer (Takara, Clontech)  

 1 µl PGL3 vector  

 4 µl fresh CCL5 promoter extracted product Total volume: 20 µl 

The reaction was mixed gently and incubated for 15 mins at room temperature then 

transformed into an E-coli strain.  

 

Figure 24: pGL3 basic vector that was used to clone the CCL5 promoter.  

Adapted from [477]. 
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2.8.4 Plasmid transformation  

Chemically competent E.coli (JM109) cells were used to transform the pcDNA3.1-CCL5 

or pGL3-CCL5 promoter plasmids. A total of 5 µl from the cloning reaction was mixed 

gently with 50 µl of JM109 and incubated on ice for 30 min. After that, the cells were 

exposed to a heat shock for 30 seconds at 42°C and placed immediately on ice for 2 

minutes. The entire transformed amount was then added into a tube containing 400 µl of 

SOC medium. The tube was placed horizontally into a shaker at 200 rpm, 37°C for 1 hour. 

At the end of the 1 hour, the tube was centrifuged at 13,000 rpm. The supernatant was then 

discarded and the pellet was dissolved in 50µl Luria Bertani (LB; 10 g/L Tryptone, 5 g/L 

Yeast extract and 10 g/L NaCl) and spread onto LB-Agar (LB+20g/L agar) containing 100 

µg/ ml ampicillin. The plate was incubated overnight at a 37°C. Five colonies were picked 

up and the inserted DNA fragment was amplified and analysed by performing PCR with 

the specific designed primers for the CCL5 gene promoter or CCL5 coding region. 

2.8.5 Plasmid DNA purification 

2.8.5.1.1 Small Scale Plasmid DNA Purification  

A QIAGEN Plasmid mini Kit (Catalog no. 2123) was used to harvest the successfully 

ligated and transformed plasmid from the bacteria. Of note, all the buffers used in this 

protocol are ready to use. The composition of the buffers is not disclosed by the 

manufacturer.  

The colony with the pcDNA3.1-CCL5 or PGL3-CCL5 promoter plasmids were cultured 

overnight in 5 ml LB medium containing 100 µg/ml ampicillin and incubated for 12-16 

hours at 37°C with vigorous shaking. The next day, 1.5 ml of the bacterial culture (~ 15 µg 

of high-copy plasmid DNA) was harvested at ≥10,000 x g for 10 min at 4°C. The 

supernatant was then removed. The bacterial pellet was re-suspended in 250 µl buffer P1 in 

the presence of an appropriate volume of RNase A solution and LyseBlue reagent to ensure 

complete elimination of  RNA and complete dissolving of the pellet, respectively. After the 

bacteria were suspended completely by vortexing and pipetting, 250 µl of lysis buffer (P2) 

was added and mixed gently by inverting the tube 4-6 times without vigorous mixing to 

avoid shearing of genomic DNA. Of note, after adding buffer P2, the colour of the cell 

suspension should turn blue, which indicates complete cell lysis  On the top of buffers P1 

and P2, 350 µl of neutralising buffer N3 was added, mixed immediately and gently by 

inverting the tube until the blue colour diminishes. The homogenous, colourless suspension 
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indicates that the SDS is effectively precipitated and the lysate is neutralised and adjusted 

to high-salt binding conditions. The tube was then centrifuged at ≥ 10,000 x g for 10 min 

which creates a compact, white pellet with a colourless supernatant. The white pellet 

contains denatured proteins, chromosomal DNA, cellular debris and SDS while the 

aqueous solution contains the denatured plasmid DNA. 

The aqueous solution was applied into the QIAprep spin column, centrifuged for 1 min at ≥ 

10,000 x g and the flow-through discarded. To remove the high level of endonuclease 

activity in the JM109 cells (E coli, endA+ strain), the column was washed by adding 500 

µl PB buffer, centrifuged for 1 min and the flow-through discarded. Another wash was 

done by adding 750 µl buffer PE to the column, which was then centrifuge for 1 min and 

the flow-through discarded. To ensure that all residual ethanol from the wash buffer was 

removed, another spin was performed for 1 min. Finally, the column with retained DNA 

was placed in a clean 1.5 ml tube, and eluted with 50 µl dH2O. The column was incubated 

at room temperature for 1 min and the eluate removed by centrifugation at ≥ 10,000 x g for 

1 min. 

Before sending 5-10 µl of the collected plasmids for sequencing (Source Bioscience) the 

direction of cloned fragment was checked by either using a restriction enzyme e.g. (BgIII) 

or doing a PCR with V5 reverse primer and the specific CCL5 forward primer. 

2.8.6  Plasmid maxi-prep it 

The bacteria containing the pcDNA3.1-CCL5 or pGL3-CCL5 promoter plasmids were 

cultured overnight in 125 ml LB with 100 µg/ml Ampicillin at 37 °C in order to obtain 

large quantities of the plasmids. QIAGEN Plasmid Maxi Kit (Catalog no. 12162) was used 

for this purpose. Of note, all the buffers used in this protocol are ready to use. Buffer 

compositions are not disclosed by the manufacturer.  

The plasmid was purified using the same procedure of the mini prep that was explained in 

detail in the previous section, but on a large scale “Maxi prep”. In brief, the procedure is 

based on alkaline lysis of bacterial cells, followed by adsorption of DNA onto a silica 

membrane in the presence of a high-salt buffer and elution of the plasmid DNA in a low-

salt buffer or dH2O.  

The collected plasmid was either used immediately for transfection or stored at -20 °C for 

later use. 
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2.9 Transfection 

Transfection is the process by which nucleic acids are introduced into eukaryotic host cells, 

for stable integration into the host genome (stable transfection), or temporary expression 

(transient transfection). There are different methods of transfection: 

1- Calcium Phosphate transfection 

This is a chemical transfection method which depends on DNA condensation by Calcium 

phosphate co-precipitation. The calcium phosphate co-precipitation agent is generated by 

mixing DNA with calcium chloride in buffered saline/phosphate. The reaction mixture is 

then dispensed into cultured cells, and the DNA enters cells via endocytosis. This method 

is labour, time and cost effective, and suitable for many and difficult types of cultured 

cells. However, it is cytotoxic to a lot of cells and the procedure is dependent on pH, 

temperature, and buffer salt concentrations. 

2- Electroporation  

This is physical transfection method which aims to create pores in cell membrane by 

electronic pulses that facilitates the transfer of nucleic acids into cells. Although this 

method is easy, rapid and effective, it has a major drawback which is the high percentage 

of cell death due to high voltage pulses. 

3- Lipid-mediated transfection: 

The principle of this transfection technique relies on the positive surface charge of 

liposomes interacting with negatively charged nucleic acids (phosphate backbone of DNA, 

RNA or siRNA). The liposome/nucleic acid complex fuses into cells through direct 

interaction with the negatively charged cell membrane and endocytosis. Once the 

transfected nucleic acids get inside the cells, they diffuse through the cytoplasm and are 

either expressed temporarily or integrate to the genome for stable gene expression; see 

figure 25. 

It is a fast, simple, non-toxic and reproducible transfection method. It is a very suitable 

technique for many types of cells including adherent, suspension, and insect cells, as well 

as primary cultures.  
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Figure 25: Lipid-mediated transfection of eukaryotic cells with plasmid DNA.  

This is the main transfection method used in the project using Lipofectamine® protocol; adapted 

from [478]. 

2.9.1 Lipofectamine® 3000 Protocol  

Lipofectamine®3000 (Thermo Scientific; Catalog no. L3000001) were used to transfect 

our constructed DNA into CRC cells. This reagent gives 10-times higher efficiency into a 

broad spectrum of difficult-to-transfect cells as compared to other Lipofectamine reagents.  
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First, the appropriate numbers of cells were seeded in in 6- or 96-well plates in an 

appropriate volume of complete DMEM. The transfection is performed when the cells 

reached 60-80 % confluency.  

The kit has two lipid reagents: Lipofectamine 3000 reagent and P3000 reagent. Following 

the assay procedure, the appropriate quantity of the reagents and DNA are added. In 

general the main steps of transfection are: 

 Dilute Lipofectamine 3000 reagent in Opti-MEM®, vortex for 3 second and keep 

aside at RT until required.   

 Dilute Plasmid-DNA or transfection efficiency control plasmid (such as pEGFP or 

Renilla luciferase plasmids) in Opti-MEM® and then add an appropriate volume of 

P3000 reagent.  

 After that, mix the two mixtures and incubate at RT for 5 min. 

 Finally, add the DNA-lipids mixture to the cells drop by drop. Mix gently by 

rocking the plate back and forth and incubate at 37°C.  

 Change the media after 6 hours and replace it with Opti-MEM® or complete 

DMEM. 

 1-2 days post-transfection, the up-stream and/or the down-stream effect of the 

transfected nucleic acid can then be assessed using an appropriate assay.   

 If a pEGFP plasmid is used, assessment of transfection efficiency can be performed 

using a fluorescent microscope. If the Renilla luciferase plasmid was used, the 

Renilla enzyme substrate could be added to lysed cells and light emission measured 

using a luminometer device.  

2.10 Flow cytometry 

The fundamental aim of flow cytometry is to detect single cells in a liquid stream under the 

action of pressure. As a laser passes through the cell, it creates light scattering in all 

directions. The forward scatter (FSC) detects the size of the cell, while the side scatter 

(SSC) at 90 degrees determines the morphology (e.g. granularity) of the cell. The FSC and 

SSC are converted to voltage pulses that are proportional to the particle size and the 

granularity, respectively. In addition, flow cytometry enables detection of light emitted 

from an antibody conjugated to a fluorophore or dye due to absorbing energy from a laser 

set at a specific wavelength, which passes through filters and mirrors to capture light at 

specific wavelengths. The photons of the light are converted by a photomultiplier tube 
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(PMTs) into electrical impulses, which are translated into a numerical signal. The intensity 

of the colour is then recorded by a computer system as a histogram [479]; see figure 26.  

 

Figure 26: General principle of flow cytometry.  

Adapted from [479]. 

2.10.1 Preparation of samples for FACS  

Around 2 million cells of induced or induced DLD-SIP1, SW480, SW620, HCT116 and 

DLD-1 were collected, washed once with FACS Buffer (1 x PBS + 2.5 % BSA), and 

centrifuged at 1250 x g for 3 min. The supernatants were discarded and the cells re-

suspended in 150 µl FACS Buffer. Then, cells of each cell line were then distributed 

equally in four tubes. Following that, each tube was then treated with primary conjugated 

antibodies against CCR5 as detailed: 

 2 µl of Isotype IgG negative control (Stock concentration) 

 2 µl  of CCR5 APC (stock concentration)  

All tubes were incubated for 30 min on ice in the dark. The reactions were then washed 

with 1 ml FACS Buffer, centrifuged at 1250 x g for 3 min, the supernatants were carefully 

discarded and the pellets were re-suspended in 300 µl FACS buffer and  analysed 

immediately. Alternatively the reaction can be fixed with formaldehyde and analysed the 

next day.  
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2.10.2 FACS analysis  

Prior to running the samples, the Becton Dickinson FACS calibur machine was prepared 

and operated by following the department’s standard operating procedure. Emission 

spectra of various flourochromes were checked using Flow-Check™ Flurospheres 

(Beckmann coulter, Ireland, UK). 

All samples were analysed by a Becton Dickinson FACS calibur flow-cytometry with an 

argon laser (488nm) for FL2 and Red Diode laser (635 nm) for FL4. Gate A was drawn 

around the visible cell population using the FSC versus SSC plot and, and when possible, 

10,000 events were collected to give a statistically significant number of CRC5 or CCR3 in 

each sample. The fluorescent colours emitted from CCR3 PE and CCR5 APC antibodies 

were detected in FL2 and FL4 channels, respectively. The results were displayed on a 

logarithmic scale in a histogram. After this, the percentage of CCR5 or CCR3 cells was 

determined from the gate using FSC vs. FL2 or FSC vs. FL4 histograms. The positive and 

negative peaks were defined by comparisons to the isotype negative control.  

2.11 Transwell migration assay 

Cell migration assays were preformed over 24 hours using polycarbonate invasion 

chambers with 8 µm pore size (BD). The top and the lower chambers were first wetted 

with DMEM for 10 min. In the meantime, SW480 cells, which were found by us to have 

high expression of CCR5, were trypsinised, counted, re-suspended in DMEM with 10% 

serum and seeded at a density of 3.0 x105 cells/well in the top chambers. The cells were 

left to attach for 2-3 hours, after which the medium in the top chamber was changed to 

serum-free DMEM. At the same time, 800 µl DMEM was added to the lower chambers 

containing chemo-attractant or anti-chemo-attractant agents in the following order:  

 DMEM with 10% FCS serum 

 DLD-1 supernatant from negative CCL5 clone (0.2ng/ml)  

 DLD-1 supernatant from positive CCL5 over-expression clone (8ng/ml) 

 DLD-1 supernatant from positive CCL5 over-expression clone + 0.12 µg /ml of 

Monoclonal Mouse IgG CCL5 neutralising antibody (R&D system; stock conc. 

0.698 mg/ml); to have 50% neutralization dose (ND50) in the presence of 10 ng/ml 

human CCL5.  
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 DMEM with 10% FCS serum + 5 ng/ml of human Recombinant CCL5 (R&D 

systems; stock conc. 100 µg/ml); to have 50% effective dose (ED50).  

 

Figure 27:  General illustration of Transwell migration assay.  

SW480 cells were seeded in the upper chamber. Migration through the polycarbonate membrane 

(pore size 0.8 mm) towards different chemo-attractants was assessed. The migrated cells were 

stained by DAPI, and examined by fluorescent microscopy under UV light. The number of cells for 

each condition was scanned using image J. Adapted from [480]. 

Of note, each condition was repeated 3 times to calculate the standard error. After 24 

hours, the cells on the top and the bottom chambers were washed with 1x PBS, fixed with 

ice-cold Acetone-Methanol (50%:50%) and washed again with 1x PBS. Next, the top 

chambers were stained with Eosin and the lower chambers were stained with 1:5000 

diluted DAPI in 1x PBS for 5-10 min. After that, both compartments were washed with 1x 

PBS and the cells stained with Eosin were removed from the top chamber using a wet 

cotton swab to avoid any interference with DAPI stain. 
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Figure 28:  A flow chart for the migration assay protocol that used in this project. 

2.12 Site-directed mutagenesis  

The Quick Change II Site-Directed Mutagenesis kit (Agilent Technologies; Catalog 

#200523) [481] was used for Site-Directed Mutagenesis (SMD). SDM is a useful 

technique to introduce nucleotide changes to double stranded DNA (dsDNA) for studying 

complex relationships between protein structure and function, and for gene expression 

elements. It requires a double-stranded plasmid (supercoiled double-stranded DNA) with 

the insert of interest, PfuUltra high-fidelity DNA polymerase which amplifies DNA with 

less replication errors and specific primers containing the desired mutation (which can 

either be amino acid substitution, deletions or insertions).  The process is a quick and rapid 

technique that only requires three main steps: 

1- PCR reaction:  PfuUltra HF DNA polymerase extends the oligonucleotide mutated 

primers at a specific temperature, generating a new mutated plasmid at the point of 

interest. 

2-  Dpn I endonuclease treatment of the PCR product digests (dam+) methylated and 

hemi-methylated parental DNA template. 

3- Transformation of the new plasmid containing the desired mutation. See figure 29. 
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Figure 29: A flow chart for site-directed mutagenesis.  

Adapted from [481]. 

2.12.1 Primer design guidelines for SDM  

The list of the primers used is summarised in Table 6. The mutagenic oligonucleotide 

primers was designed individually using primer design software for Quick-change SDM 

and following the protocol’s primer design guidelines:  

1- Primers should be between 25 and 45 bases in length, have  ≥ 40 % GC content, 

and a melting temperature (Tm) of ≥ 78°C. Tm does not include the substituted, 

inserted or deleted bases. 

2- The desired mutation should be in the middle of the two complementary 

oligonucleotide primers, with ~10–15 correct oligonucleotide sequence at each 

side. It is preferable that the primers terminate with one or more C or G bases to 

increase the chance of annealing.  

The human CCL5 promoter was analysed by TFBIND software for ZEB2 (SIP1) binding 

sites. Two ZEB2 binding sites (GCTCACCTCC and GCACGTGGA) were found (see 

figure 62 and 65). From there, CCL5 promoter ZEB2BOX1 and - CCL5 promoter 

ZEB2BOX1 2 primers were designed for the SDM study by substituting the middle four 

bases with adenine bases to observe the maximum effect of mutation as previously 

determined by[482].  
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Table 6: List of the primers used for SDM (Site-Directed Mutagenesis). 

Primer  Mutated Sequence (5’-3’) Supplier  

CCL5 Promoter ZEB2BOX1-

SDM- Forward 

AGTGTGAGTGTGCTAAAATCCTTTGGGGACTG Sigma  

CCL5 Promoter ZEB2BOX1-

SDM- Reverse 

CAGTCCCCAAAGGATTTTAGCACACTCACACT 

CCL5 Promoter ZEB2BOX2-

SDM- Forward 

GGATCAAGACAGAAAAAGGACCTCGCACAG Sigma 

CCL5 Promoter ZEB2BOX2-

SDM- Reverse 

CTGTGCGAGGTCCTTTTTCTGTCTTGATCC 

2.12.2 Sample Reaction and Transformation  

Two sample reactions for CCL5 promoter ZEB2BOX1 and CCL5 promoter ZEB2BOX2 

were prepared to study the mechanistic effect of SIP1 protein on the CCL5 promoter.  

The components of the reactions were added in order as follows: 

  

  

  

  

 5 μl of 10× reaction buffer  

 50 ng of PGL3 CCL5 

promoter plasmid 

+ dH2O to a final volume of 50 µl. 

 125 ng of oligonucleotide 

forward primer 

+ 1 μl of PfuUltra HF DNA polymerase (2.5 U/μl). 

 125 ng of oligonucleotide 

reverse primer 

 

 1 μl of dNTP mix  
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The reactions were then placed in a PCR thermocycler Cycle at the following condition: 

1- 95°C for 5 min  

2- 95°C for 30 sec Step 2-4 repeat 12 cycles 

3- 55°C for 1 min  

4- 68°C for 7 min*  

*The time depends on plasmid length (1 min/Kb). In our case pGL3 vector + insert= 6.5 

Kb.  

After the amplification, the reactions were placed on ice for 2 min to cool the reaction. 

Then, 1 µl DpnI enzyme (10 U/µl) was added to each tube, mixed well, and incubated at 

37°C for 1 hour to degrade the parental supercoiled plasmid. Finally, 1 µl of the Dpn I 

treated DNA from each sample reaction was transformed using the same protocol that was 

explained previously in section 2.8.4. 

2.13 Promoter reporter assay 

2.13.1 Main principle 

The primary objective of the promoter reporter assay is to quantify the strength of 

promoter activity by measuring light output from a reporter that is translated under a 

particular promoter. The luciferase gene is one of the commonly used reporter genes which 

is isolated from the firefly “Photinus pyralis”. The luciferase enzyme encoded by this gene 

oxidises D-luciferin in the presence of ATP, O2 and Mg2+. This reaction yields a light that 

is proportional to the amount of steady-state luciferase enzyme protein levels within a 

transfected cell population. As a reference for normalising gene expression in transfected 

cells, the Renilla luciferase reporter plasmid can be used. Renilla luciferase is an enzyme 

obtained from Renilla reniformis, and it oxidises the coelenterazine substrate and as a 

result, light is emitted. The ratio of Firefly Luciferase: Renilla Luciferase is then calculated 

which represents the precise activity of the promoter of interest [483, 484]; see figure 30. 
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Figure 30: General principle of the Luciferase assay.  

Adapted from [485]. 

2.13.2 Protocol of the luciferase reporter assay 

The dual-Luciferase® reporter assay system (Promega; catalogue no:  E1910) was used to 

measure CCL5 promoter activity in un-induced and induced DLD-SIP1 or A431-SIP1 

cells, as well as SW620 and SW480 cells under steady state conditions. Briefly, ~ 10,000-

20,000 cells were seeded in each well of a 96-well plate. Of note, the SIP1 gene in DLD-

SIP-1 and A431-SIP1 cells were induced for three days before used. Next day, the cells 

were transfected  with either pGL3, pGL3-CCL5 promoter, pGL3-CCL5 promoter 

ZEB2EBOX 1, PGL3-CCL5 promoter ZEB2EBOX 2, PGL3-CCL5 promoter SDM-

ZEB2EBOX 1 or PGL3-CCL5 promoter SDM-ZEB2EBOX 2 (100 ng /well) using 

Lipofectamine 3000 reagent; please refer to section 2.9.1 for the transfection protocol. To 

account for any variability in transfection between wells, 2-5 ng Renilla Luciferase 

Reporter plasmid was also transfected in each well. The day after the transfection, CCL5 

promoter activity was detected. Before starting the protocol, all luciferase reagents 

supplied by the kit including 5 x Passive Lysis Buffer (PLB), Luciferase Assay Substrate 

(LAS) and 1X Stop & Glo® Substrate (SGS) were prepared as recommended by the 

manufacturer. Subsequently, the growth media from cells was removed and the transfected 

cells were rinsed once with 1 x PBS. The transfected cells were lysed using 40 µl of 1 x 

PLB and gently shaken for 15 min at RT. Immediately, 60 µl of luciferase LAS was 

dispensed to each well using a multichannel pipette and the Firefly luciferase enzyme 

activity was measured within 1 min using a luminometer (Thermo Scientific). Following 
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that, 60 µl of SGS was dispensed to each well and Renilla luciferase activity was measured 

using the same luminometer device.  

The ratio of Firefly: Renilla luciferase activities were then analysed using Microsoft Excel. 

The percentage of increase of CCL5 promoter activity in SIP1 induced cells and SW480 

were calculated and compared to un-induced cells and SW620, respectively.  

 

Figure 31: The Luciferase protocol for a 96-well plate.   

First, the transfected cells harbouring pGL3 or Renilla reporter plasmids are lysed with PLB 

(passive lysis buffer). Next, A) the firefly (FF) luciferase activity is measured by adding luciferase 

assay substrate (LAS). The emitted light is detected using a luminometer device within 1 min. 

After that, B) the Renilla (RN) luciferase activity is measured immediately by adding Stop & Glo® 

Substrate (SGS). The emitted light is detected using the same luminometer device within 1 min. 

The final result is calculated as a ratio of FF: RN. Adapted from the Promega product manual 

[486]. 

2.14 Chromatin Immunoprecipitation (ChIP)  

ChIP is a demanding but useful technique to investigate the localisation of proteins bound 

to specific DNA loci, including transcription factors and co-regulatory proteins. The 

protein/DNA interactions are first stabilised and preserved by cross-linking using 

formaldehyde fixative solution. The DNA is then sheared into small and uniform 

fragments by either sonication or enzymatic digestion. Following that, the fragments 

containing the specific protein/DNA complexes are immune-precipitated using high 

quality antibodies directed against the target-bound proteins of interest, efficient 

precipitation reagents (usually protein A or G beads), specialised buffers, inhibitor 

cocktails and blocking reagents to reduce both non-specific binding and protein 
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degradation. After immunoprecipitation, the cross linking between DNA and protein is 

reversed. The proteins are then degraded using Proteinase K and the DNA fragments 

analysed by PCR (see figure 32). 

 

Figure 32: A flow chart showing the main steps in chromatin immunoprecipitation (ChIP).  

Adapted from [487]  

 

2.14.1 Optimising the shearing condition for DLD-SIP1 cells 

Optimisation of sonication for DLD-SIP1 cells had been validated before proceeding the 

with ChIP assay.  

The optimisation was done following the steps in appendix section A, B and C of the 

ChIP-IT Express Kit (catalogue no. 53008).  

2.14.2 Cell fixation to optimise shearing conditions 

The SIP1 protein in DLD-SIP cells was induced for 3 days using 2 µg/ml doxycycline. 

Three 10 cm dishes for both induced and un-induced cells were grown to 80-90% 

confluency. The growth medium was then removed and 8 ml of fresh Fixation Solution 
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(1.62 ml of 37% formaldehyde to 60 ml minimal cell culture medium) was added and 

agitated gently at room temperature for 15 min. After that, the fixation solution was 

removed and the excess was washed off by adding 10 ml ice-cold 1x PBS. Following that, 

the fixation reaction was stopped by adding 5 ml Glycine Stop-Fix Solution (mixture of 3 

ml of 10x Glycine buffer (5M, pH 8.0), 3 ml 10x PBS and 24 ml dH2O). After mixing well 

and 5 min incubation at RT, the Glycine Stop-Fix Solution was discarded and the plates 

were washed with 10 ml ice-cold PBS. The cells were then scraped with a rubber 

policeman after removing the PBS and adding 2ml ice-cold Cell Scraping Solution (1.8 ml 

10x PBS to 16.2 ml dH2O), supplemented with 40 µl 100 mM PMSF. The cells from all 

the 3 plates of un-induced or induced DLD-SIP1 cells were pooled in one 50 ml conical 

tube and pelleted down by centrifugation at 2400 x g at 4ºC for 3 min. The supernatants 

were discarded and the pellets were re-suspended in 2 ml ice-cold lysis buffer 

supplemented with 15 µl Protease Inhibitor Cocktail (PIC, supplied with the kit) and 15 µl 

100 mM Phenylmethylsulfonyl fluoride (PMSF), mixed gently, incubated on ice for 30 

min, transferred into an ice-cold dounce homogenizer (tight fitting pestle) and 

homogenised with 30 strokes to aid nuclei release. The homogenised cells were then 

collected in 1.5 ml Eppendorf tubes and centrifuged at 2,400 x g at 4ºC for 10 min to pellet 

the nuclei. The supernatants were carefully removed and the pellets were re-suspended in 

1.5 ml shearing buffer supplemented with 15 µl PIC and 15 µl 100 mM PMSF, mixed 

gently by pipetting up and down and aliquoted into equal volumes of 250 µl. Six aliquots 

of un-induced or induced DLD-SIP1 cells were sheared using a sonication device under the 

following conditions:  

 One pulse of 20 seconds, with a 30 second rest on ice at 1.0 output. 

 Two pulses of 20 second each, with a 30 second rest on ice between each pulse at 

1.0 output. 

 Three pulses of 20 second each, with a 30 second rest on ice between each pulse at 

1.0 output. 

 Five pulses of 20 second each, with a 30 second rest on ice between each pulse at 

1.0 output. 
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 Eight pulses of 20 second each, with a 30 second rest on ice between each pulse at 

1.0 output. 

  Ten pulses of 20 second each, with a 30 second rest on ice between each pulse at 

1.0 output. 

The sheared chromatin was then centrifuged for 10 min at 18,000 x g in a 4°C centrifuge, 

and 50 µl of each sheared chromatin supernatant was aliquoted into 1.5 ml Eppendorf 

tubes. These were used to determine the shearing efficiency using different number of 

pulses. All remaining optimal preparations were frozen at -80°C for future use after adding 

15 µl PIC and 15 µl 100 mM PMSF.   

2.14.3 DNA clean up to assess shearing efficiency and DNA 

concentration  

The saved 50 µl aliquots of each sheared chromatin samples were mixed with 150 µl dH2O 

and 10 µl NaCl, and placed in a thermocycler at 65°C overnight to reverse the DNA-

protein cross linking. The next day, 1 µl RNase A was added to each sample and incubated 

at 37°C for 15 min to digest the RNA. Following that, 10 µl of 0.5µg/µl Proteinase K was 

added and the samples were incubated for 2 hours at 42 °C to digest proteins. To clean up 

the DNA, 200 µl of phenol/chloroform (TE saturated, pH 8) was added to each sample, 

vortexed to mix completely and centrifuged at the maximum speed for 10 min. The 

aqueous layer containing the DNA was transferred into a new 1.5 Eppendorf tube, 20 µl of 

3M sodium acetate pH 5.2 and 500 µl absolute ethanol were added immediately, mixed 

well and placed at -20°C overnight to aid DNA precipitation. After the overnight 

incubation, the samples were centrifuged in a 4°C centrifuge at 13,000 rpm for 10 min to 

pellet the DNA. Carefully, the supernatants were discarded and the pellets were washed 

with 500 µl 70% ethanol. The mixture was then spun at the maximum speed at 4°C for 5 

min, supernatants were removed and the pellets were air dried and re-suspended in 30µl 

water. Finally, 16 µl of each sheared DNA sample was mixed with 4 µl of 6x DNA loading 

buffer and, from that, a 5 µl or 10 µl mixture was analysed using agarose gel 

electrophoresis (1 % gel). 

2.14.4 Active Motif’s ChIP-IT® High Sensitivity kit 

Active Motif’s ChIP-IT® High Sensitivity kit (catalogue no. 53040) was chosen to 

preform ChIP because it provides the highest quality ChIP-enriched DNA, and it is ideal to 

detect specific binding with even a low abundance transcription factor or  when using low-
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affinity antibodies. In addition, it gives reproducible results with multiple sample types and 

can be performed from as little as 100 cells. The immune reaction is precipitated using 

Protein G agarose beads which are then filtered through a specific column. This is an 

advance way which makes the procedure easier and consistent compared to the ChIP-IT® 

express kit that contains Protein G magnetic beads.    

Of note, most of the components and buffers are supplied by the company and they are 

ready to use except Complete Cell Fixation Solution (For 2.5 ml: add 180 µl fixation 

buffer+1.57 ml dH2O+ 750 µl 37% formaldehyde solution containing 10% methyl 

alcohol).  

In general, the procedure is divided into 5 sections:  

 Cell fixation  

 Chromatin sonication 

 Input preparation and chromatin size validation  

 Immunoprecipitation   

 Reverse cross-linking  

 Semi-qualitative PCR 

2.14.5 Fixation of cultured cells  

The SIP1 protein in DLD-SIP stable inducible model was induced for 3 days using 2 g/ml 

doxycycline. Three 10 cm2 dishes for each induced and un-induced cells were grown to 80-

90%. Each plate was fixed with 1ml freshly prepared Complete Cell Fixation Solution 

(1/10th of growth medium volume) and agitated gently at room temperature for 15 min. 

The fixation solution was stopped by adding 550 µl of Stop Solution (1/20th of growth 

medium volume) and shaken gently at RT for 5 min. Following the incubation, the cells of 

the 3 plates for each single cell type were scraped using a rubber scraper and collected into 

pre-chilled 50 ml conical falcon tubes. The cells were then pelleted by centrifugation at 

1250 x g at 4ºC for 3 min. The supernatants were discarded and the pellets were washed 

twice with 15 ml ice-cold PBS, re-suspended by pipetting up and down, centrifuged at 

1250 x g at 4ºC for 3 min. Finally, each pellet were re-suspended in 15 ml Chromatin prep 

buffer supplemented with 15 µl Protease Inhibitor Cocktail (PIC) and 15 µl 100 mM 

Phenylmethylsulfonyl fluoride (PMSF), mixed gently and incubated on ice for 10 mins. 

Each 5 ml of 15 ml re-suspended pellets of either induced or un-induced cells were 

transferred into a chilled dounce homogenizer (tight fitting pestle), homogenized with 30 
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strokes, collected into new 15 ml conical tubes and centrifuged at 1250 x g at 4ºC for 3 

mins. To ensure cell lysis is complete, 10 µl of the cell lysate was inspected using a 

haemocytometer and a phase contrast microscope.   

Following the centrifugation, the supernatants were discarded and the pellets were re-

suspended in 1.5 ml ChIP buffer supplemented with 15 µl PIC and 15 µl 100 mM PMSF, 

mixed gently by pipetting up and down and incubated on ice for 10 min before proceeding 

to chromatin sonication.  

2.14.6 Chromatin sonication  

After optimising the conditions for DLD-SIP1 cells that was achieved in section 2.14.1, 

aliquots of 250 µl of fixed un-induced and induced DLD-SIP1 nuclei that were collected 

from 2.14.6 were sonicated at 1.0 output with 3 pulses of 20 second each, with a 30 second 

rest on ice between each pulse. To pellet the cellular debris, the sonicated samples were 

centrifuged at 4°C and 18,000 x g for 2 min. From that, 25 µl of each sample was set aside 

in a chilled 250 µl PCR tube to be processed as input, and the remaining sheared chromatin 

was stored at -80°C for chromatin immunoprecipitation.  

2.14.7 Input preparation 

To each 25 µl, that was saved in section 2.14.7, 175 µl of TE buffer (10 mM Tris-HCl, 1 

mM disodium EDTA, pH 8.0) and 1 µl of RNase A were added, mixed well and incubated 

at 37°C for 30 min. After that, 2 µl Proteinase K was added, mixed well and incubated in a 

thermocycler at 55°C for 30 min where the enzyme can degrade proteins and then 

inactivated at 80°C for 2 hours. Following that, to enhance DNA precipitation, 83 µl 

Precipitation buffer (supplied with the kit), 2 µl carrier (supplied with the kit) and 750 µl 

100% ethanol were added, vortexed and placed at -80°C overnight.  Next day, the samples 

were pelleted by centrifugation at 18,000 x g for 15 min at 4°C. Without disturbing the 

pellets, supernatants were removed and the pellets were washed with 500 µl 70% ethanol, 

spun in a 4°C centrifuge at 18,000 x g for 5 min. The supernatants were then discarded 

whilst any residual ethanol was removed by a pipette tip leaving the tubes uncapped to air-

dry the pellets for 15-30 min.  

When the pellets dried and all residual ethanol had completely evaporated, they were re-

suspended in 25 µl DNA Purification Elution buffer (Supplied with the Kit), incubated at 

RT for 10 min and mixed well. This suspension contains the input DNA. The DNA 
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concentration of each input was measured by a NanoDrop device at 260 nm and stored at -

20°C until required. 

2.14.8 Examining the size of sheared chromatin   

To further check, 500 ng of the inputs were mixed with 1 µl of 500 mM NaCl, made up to 

10 µl with dH2O and boiled at 100°C for 20 mins followed by gradually decreasing the 

temperature to 50°C. Finally, the samples were incubated at RT for 5 min and then loaded 

on a 1.5% agarose gel including the DNA ladder. DNA should appear as a smear between 

200-1200 bp. If the size of the input preparations were successful, the stored aliquoted 

chromatins at -80°C from section 2.14.7 can be used to perform immunoprecipitation 

reactions. 

2.14.9 Chromatin immunoprecipitation  

First, the sonicated chromatins containing correct size DNA fragments (200-1200 bp.) 

were thawed on ice, spun at 4°C at 18,000 x g for 2 min and then ChIP reaction set up in a 

1.5 ml Eppendorf by adding the components in the following order:  

 10-30 µg Sheared chromatin  

 Top up to 200 µl ChIP buffer  

 1 µl Protease Inhibitor Cocktail (PIC)  

 4 µg Antibody*   

 5 µl Blocker mix  Total Volume  240 µl 

* To enhance the antibody affinity, add 2 µg from the main antibody + 2µg mouse IgG 

bridging antibody. 

The antibodies used in this project, their purpose and suppliers are summarized in Table 7. 
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Table 7: List of the antibodies used for ChIP (Chromatin Immunoprecipitation). 

ChIP antibody  Concentration used  Purpose  Supplier  

Human anti-mouse IgG 

(Stock conc.0.2 µg/µl)  

4 µg  Negative control  Active Motif. ChIP-

IT® Control kit 

catalogue no. 53010  

Bridging antibody anti-

mouse (stock conc. 1.0 

µg/µl) 

2 µg 
To improve the binding of 

protein G beads to mouse 

IgG primary antibodies.  

Active Motif. ChIP-

IT® Control kit 

catalogue no. 53010 

RNA Pol II human anti-

mouse monoclonal 

(Stock conc. 0.2 µg/µl) 

2 µg + 2 µg anti-

mouse Bridging 

antibody 

Positive control  Active Motif. ChIP-

IT® Control kit 

catalogue no. 53010 

Human anti-mouse 

monoclonal c-MYC 

(Stock conc.) 

2 µg + 2 µg anti-

mouse bridging 

antibody 

SIP1 targeted antibody  

(tagged domain) 

Sigma 

Human anti-mouse 

polyclonal SIP1 antibody 

2 µg + 2 µg anti-

mouse bridging 

antibody 

SIP1 targeted antibody In house  

The ChIP reaction was incubated overnight on an end-to end rotator at 4°C. Next day and 

before proceeding to the next step, Protein G agarose beads were washed twice with TE 

buffer pH 8.0, as instructed by the manufacturer. Then, 30 µl of the washed beads were 

added to each reaction tube and incubated again on an end-to-end rotator at 4°C for at least 

3 hours. 

In the meantime, ChIP filtration columns were labelled and placed in an empty 1 ml pipette 

tip box as a holder. After that, the ChIP reactions were placed on ice and 600 µl ChIP 

buffer were added, mixed well, loaded onto the columns and allowed to flow by gravity. 

The columns were then washed five times with 900 µl wash buffer (AM1, supplied with 

the kit). Once the flow through had passed, the column was rested for 3 mins before adding 

the next wash. At the final wash, each column was placed in a new 1.5 ml Eppendorf tube 

and centrifuged at 1250 x g for 3 min to remove residual Wash Buffer. Following 

centrifugation, the columns were placed in new 1.5 ml tubes, and the ChIP DNA were 

eluted with 100 µl pre-warmed (37°C) Elution Buffer (AM4 ,Supplied with the kit), spun 

in a RT centrifuge at 1250 x g for 3 min. At this point, the eluted chromatin was placed on 

ice to proceed with reverse cross-linking and DNA purification steps. 
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2.14.10 Reversal of cross-links and DNA purifications 

Each eluted ChIP chromatin was transferred into 250 µl PCR tubes, and 2 µl Proteinase K 

was added, mixed and incubated at 55°C for 30 min to degrade the proteins followed by 

another incubation at 80°C for 2 hours to inactivate it. After that, 500 µl of DNA 

Purification Buffer was added in the tubes, mixed well and the pH was adjusted to be 

acidic addition of 3M sodium acetate. The mixture of each reaction was then added in its 

own labelled DNA Purification column, capped and centrifuged at 14,000 x g for 1 min. 

The flow-through was discarded, and the columns were washed once with 750 µl DNA 

Purification Wash Buffer containing 70% absolute ethanol. The columns were spun twice 

at 14,000 x g for 1 min to remove any residual alcohol. Finally, the columns were 

transferred into new 1.5 ml collection tubes and the DNA was eluted by adding 100 µl of 

DNA Purification Elution Buffer and centrifuging at 14,000 x g for 1 min. This step is 

repeated to have ~200 µl as a total elution volume. Eluted DNA can be stored at -20°C or 

used immediately for downstream applications such as quantitative, qualitative PCR, ChIP-

Seq or ChIP-on-chip analysis.  

2.14.11 Semi-qualitative PCR for ChIP analysis 

2.14.11.1 Primers Used   

The PCR primers used in this study are summarized in in Table 8. 

The PCR was performed in the same manner that was previously explained in section no. 

2.3.3.  
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Table 8: The primers used to preform PCR for ChIP assay. 

Oligo Name  Sequence (5’-3’) PCR 

condition  

Product 

Size  

Purpose  Supplier  

GAPDH 

Promoter 

Forward 

Information Disclosed by the 

supplier   

 

94°C for 30 

second  

59°C for 30 

second 

72°C for 30 

second 

For 40 cycles  

180 bp Positive 

ChIP 

control 

primer  

for RNA 

Pol II 

binding 

site 

Active 

Motif. 

ChIP-IT® 

Control kit 

catalogue 

no. 53010 
GAPDH 

Promoter 

Reverse  

Information Disclosed by the 

supplier   

E-cadherin 

Promoter 

Forward  

GGCCGGCAGGTGAAC 94°C for 30 

second  

55°C for 30 

second 

72°C for 10 

second 

For 40 cycles 

147 bp Positive 

product  

for SIP1 

protein 

binding 

site  

Sigma  

E-cadherin 

Promoter 

Reverse  

GGGCTGGAGTCTGAAGTGAC 

PKP 

Promoter 

Forward 

GCGACAAAGCCTGACTAACCA 94°C for 30 

second  

55°C for 30 

second 

72°C for 30 

second 

For 40 cycles 

138 bp Positive 

product  

for SIP1 

binding 

site  

Sigma  

PKP 

Promoter 

Reverse 

GGATGGATTTCCGCTCGAT 

CCL5 E-

BOX1  

Forward  

GGGCCAGCCTGAGCTGCA 94°C for 30 

second  

55°C for 30 

second 

72°C for 10 

second 

For 40 cycles 

178 bp To 

examine 

SIP1 

protein 

bind  to 

CCL5 

promoter  

Sigma 

CCL5 E-

BOX1 R 

Reverse  

GGTGGTCAAGACCAGGACT 

CCL5 E-

BOX2 

Forward  

CTATGCTGCTTCATGGCAG 94°C for 30 

second  

55°C for 30 

second 

72°C for 30 

second For 

40 cycles 

169 bp To 

examine 

SIP1 

protein 

bind  to 

CCL5 

promoter 

Sigma 

CCL5 E-

BOX2 

Reverse  

CTGCTGACAGGCATGAGTC 
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2.15 Immunohistochemistry (IHC)  

IHC is a technique for signifying the presence and location of proteins in tissue or cellular 

specimens. It helps in recognising the target protein by a highly specific antibody. The 

antibody-protein interaction is then visualised by a secondary antibody conjugated to an 

enzyme (e.g. usually horseradish peroxidase (HRP) or alkaline phosphatase (AP)) or a 

fluorescent dye.  

Briefly, the basic steps of IHC are as follows: 

 Specimen fixation and embedding into wax. 

 Cutting the block into thin (1-10 µm) sections. 

 Dehydrating, deparaffinising and rehydrating. 

 Antigen retrieval to expose epitopes masked by fixation (by enzyme or heat). 

 Section immunostaining.  

 Nuclei staining by Mayers Haematoxylin counterstain.  

 Mounting.  

 Analysing the stained section for the expression of desired proteins using a 

microscope.  

All IHC was done at the Histochemistry Research Unit, University Hospital Southampton. 

Human Specimens were collected from patients who had undergone surgery for CRC at 

University Hospital Southampton. Approval from the Ethics Committee and Trust 

Research and Development were obtained from patients in the form of written consent for 

each case.  

Mice Specimens were collected from mice that had undergone orthotropic CRC surgery. 

All animal procedures were performed by Mr. Rahul Sreekumar, a clinical academic doing 

his PhD. with my supervisor, in parallel with his experiments. All protocols and procedures 

were covered by Mr. Sreekumar’s personal license and the project license (owner Mr. Alex 

Mirnezami). 

2.15.1 Tissue microarray (TMA) 

TMA is a useful and rapid tool for high-throughput analysis of multiple specimens. It is 

possible to obtain large amounts of data without experimental variability from a single 
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immunostaining protocol. It also saves on reagent cost and laboratory processing time 

[488]  

2.15.2 Production of tissue microarrays, immunohistochemistry 

staining and digitalisation  

TMA production was purchased as a service from the Histochemistry Research Unit, 

University Hospital Southampton under the supervision of Dr. Emre Sayan and Dr. 

Karwan Moutasim. 

The TMA was prepared to compare tumour infiltrated lymphocyte (TILs) (including T-

helper, T-cytotoxic and T-regulatory cells) between two groups with previously known 

SIP1 status by our research group. 

Seventy five consecutive CRC Tumour Specimens (stage IV) were selected and then 

blocks with known SIP1 status were selected as categories in two groups:  25 blocks with 

SIP1-negative group and 25 blocks with SIP1-highly positive group and the remaining 25 

as mixed SIP1 status.  

Whole sections from each Stage IV adenocarcinoma CRC block were stained with 

Haematoxylin and Eosin (H&E), and reviewed by a pathologist to select invasive areas. 

Subsequently, the TMA was prepared by punching and assembling the blocks using a 

semiautomatic array machine (ALPHELYS MiniCore 3, Plaisir, France) with 1 mm punch 

core at the pre-selected regions representing the core and invasive front of each tumour.  

TMA sections were then immunostained by a histostaining instrument (Autostainer XL, 

Leica) using primary antibodies for different T-cell subpopulations (CD3, CD4, CD8 and 

FOXP3 cells), which were validated by the cellular pathology group at the hospital for use 

in immunohistochemistry (see table 9). This was followed labelling with a horse radish 

peroxidase-polymer secondary antibody and, finally counterstained with Mayers 

Haematoxylin stain. The TMA slides then mounted on a coverslip using an automated 

system (Automated glass coverslipper CV5030, Leica). 

Finally, the slides were scanned by an automated scanner system Aperio XT (Aperio 

Technologies). CD3, CD4, CD8 and FOXP3 expression was subsequently scored by two 

independent pathologists blinded to the SIP1 status. Each stained core was scored semi-

quantitatively as following: Absent ≤ 25%; Low intensity 25-50%; Medium intensity 50-

75%; High intensity ≥ 75%; see figure 33. 
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Table 9: List of the antibodies used in the TMA (Tissue Microarray).   

IHC Primary antibody  Purpose of use  Supplier  

CD3  T-cells pan marker Dako  

CD4 T-helper cell marker Dako 

CD8 Cytotoxic T-cell marker Dako 

FOXP3 Regulatory T-cell marker Dako 

CCL5 Chemoattractant agent for T-cells  R&D systems.    

 

Figure 33 A flow chart illustrating the process of TMA (Tissue Microarray). 

Adapted from:[489].  

2.16 Generating stably transfected cell lines 

Generating stably transfected cell lines enables cells to be generated which express the 

protein of interest for a longer period of time in comparison to transient transfection where 

maximal gene expression is observed for only 24-96 hours. This technology can be 

achieved by using eukaryotic antibiotic selection such as neomycin, zeocin or blasticidin. 

The selection of antibiotic depends on either the plasmid construct containing the gene of 

interest (in cis) or on a separate plasmid co-transfected with the plasmid containing the 

gene of interest (in Trans). The cis approach is usually easier and has a higher probability 

for the positive selection of clones (ref- Mirus Generation of Stable Cell Lines protocol 

online). 
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In general, the protocol requires the flowing steps: 

 Preparation of plasmid containing the desired gene of interest.  

 Antibiotic kill curve to identify the optimum antibiotic concentration to achieve 

maximum death of un-transfected cells. 

 Cell transfection with the plasmid containing the desired gene.  

 Selection and expansion of stable polyclonal colonies.  

 Identification and expansion of single clones. 

 Validation of gene expression. 

 Expansion and freezing down the single clones with high gene expression.  

In this project, the DLD-1 cell line was chosen to create a DLD-1 stably-transfected CCL5 

using pcDNA3.1 CCL5 plasmid. The details of this experiment are explained below.  

2.16.1 Preparation of pcDNA3.1 CCL5 plasmid stock 

As previously explained in section 2.8. 

2.16.2 Neomycin kill curve and cell transfection 

It is a critical step to determine the optimal antibiotic dose required to kill cells which have 

not received the resistance plasmid. 

In our case, 0.5 x 106 DLD-1 cells were seeded in each well of a 12-well plate until at ~60-

80% confluency. After that, increasing concentrations of neomycin at 100, 200, 300, 400, 

500 µg/ml were added to duplicate wells, leaving 2 wells with no Neomycin as a control. 

Neomycin was used because the pcDNA3.1-CCL5 construct contains the neomycin 

resistance gene see figure 23. Every day for maximum of one week, the cells were 

inspected for visual toxicity and the optimal dose was chosen.    

2.16.3 Transfection of DLD-1 cells with pcDNA3.1-CCL5 plasmid 

The cells were seeded in a 10 cm dish at ~ 60% confluency. They were then transfected 

with 5 µg/ml pcDNA3.1 CCL5 (main stock 0.9 µg/µl) by Lipofectamine 3000 reagent in 

the same way that was previously explained in section 2.9.1. Two days after transfection, 

the optimal dose of neomycin, 200 µg/ml (Sigma, Stock concentration 50 mg/ml), was 

added. The cells were checked daily to examine toxicity. Obviously, the cells that had not 
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integrated the CCL5 plasmid will die and the cells that incorporated the plasmid into their 

genome will survive for more than 7 days post-transfection.  

2.16.4 Selection and expansion of stable polyclonal colonies 

Survived cells were left for 2 weeks to expand, and during this period, the media was 

changed twice a week with media containing 200 µg/ml neomycin. Following this, stable 

clones with polyclonal cells were diluted further in order to obtain single cell clones. 

2.16.5 Identification and expansion of single monoclonal clones  

The polyclonal cells were further cultured at a density of 0.8 cells/well in a 96-well plate in 

media supplemented with 100 µg/ml neomycin. By doing this, there will be a high 

probability that some wells will only contain one cell whilst the remaining are empty. The 

wells containing 1 cell were then maintained and monitored for 2 weeks until they reached 

high confluency. The clones were then further expanded into 24-well plates and 6-well 

plates as they reached confluency. 

2.16.6 Examination of CCL5 expression   

Supernatants from the clones, which were growing in the 6-well plate at this stage, were 

collected from each well to assess the extracellular expression of CCL5 protein using the 

ELISA technique; for ELISA details please refer to section 2.7.2.  

2.16.7 Expansion and freezing of single clones with high CCL5 

expressing  

After analysing CCL5 expression, single clones of DLD cells with high -CCL5 expression 

were expanded in a T75 flasks with low dose of antibiotic e.g. 50 µg/ml until they reached 

high cell densities. Once the clones were confluent, they were frozen in media lacking 

neomycin. For more details about freezing adherent cells please refer to section 2.1.6. 

2.17 Animal experiments 

All animal work has been carried out by Mr. Rahul Sreekumar, a PhD student supervised 

by Dr Emre Sayan. I acted as an observer for all procedures because I do not hold a 

personal license. 
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The DLD-1 CCL5 clone 4 and 16 were chosen for in vivo work. Five animals were used 

for each group. We chose the immune-deficient NOD/SCID strain of mice because we 

wanted to exclude the contribution of TILs to the metastasis of DLD cells. Two million 

cells/animal were prepared (trypsinised, counted and pelleted) for the day of injection, 

washed with PBS, re-suspended in100 µl PBS and placed on ice. The cells were mixed 

with an equal volume of Matrigel (BD biosciences) and kept on ice till injection. 

The animals were operated on in a dedicated, sterile laminair hood. Isofluorane (2-4%) was 

used to induce and maintain anaesthesia. The animals were placed on a flat surface and 

limbs were immobilized by adhesive tape. The caecum was injected with 200 µl of 

cell/Matrigel mix and the surgical wound was closed by stitching. The animals were then 

left to recover in a heated resuscitation chamber and then placed back into their respective 

cages. After surgery, the welfare of animals was followed daily by Mr. Sreekumar and the 

Biomedical Research Facility staff. Fourteen weeks later, the animals were euthanized by 

excessive CO2 inhalation and the caecum and livers harvested. The tissues were 

immediately passed to the histopathology unit of SGH and embedded in paraffin. Finally, 

multiple sections, potentially covering most of the organs were stained with an H/E and 

microscopically analysed by me, my supervisor and Mr. Sreekumar for the presence of 

primary and metastatic CRC. 

2.18 Statistical analysis 

A student’s T-test was used to compare the two groups of results with equal variance that 

was obtained from CCL5 ELISA expression to calculate the p value and standard error. 
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Chapter 3: EMT Status in CRC  

3.1 Introduction  

EMT is a conserved and fundamental biological programme that contributes to 

development, tissue regeneration and cancer. EMT is described as a multistep program in 

which epithelial cells lose their close association and acquire phenotypic characteristics 

similar to mesenchymal cells [3]. During the EMT process, epithelial cells down-regulate 

proteins which are involved in tight junctions, adherent junctions, desmosomes and 

epithelial intermediate filaments such as cadherins, ZO1, integrins and cytokeratins. 

Destruction of these junctions leads to redistribution of other molecules at the cell surface 

and reorganisation of cell cytoskeleton proteins and up-regulation of ECM components 

[121, 280, 490]. For example, down regulation of E-cadherin, which is considered a 

hallmark of EMT in cancer metastasis [132, 159, 214, 491], causes the translocation of β-

catenin from the cytoplasm to the nucleus which can then activate several EMT-inducing 

transcription factors [169]. The main transcription factors involved in regulating EMT are 

ZEB1/2, SNAIL1/2, TWIST1/2 and LEF-1. They are all implicated in facilitating 

suppression of epithelial gene expression and activating mesenchymal genes [108, 132, 

209, 228, 247, 492, 493]. Mesenchymal cells are defined as single cells with a spindle 

shape having a front-back-end polarity and expressing mesenchymal protein such as 

vimentin and FSP-1. They are highly motile and invasive [149, 153]. Interestingly, not all 

cells undergo complete EMT. Instead, some cells undergo partial EMT with an 

intermediate or metastable phenotype. The intermediate phenotype is characterised by cells 

retaining some epithelial junctions and showing some of the mesenchymal features at the 

same time [111, 122-127].  

3.2 The aim  

In order to identify chemokines or cytokines that change because of EMT and to study the 

function of the selected molecules, correctly identifying the EMT status of a panel of CRC 

cell lines is necessary. Therefore, the aims of this chapter are: 

1- Review the biological characteristics of 12 CRC cell lines (AAC1/82, CT26, Caco-2, 

Colo205, DLD-1, HCT116, HT29, LoVo, RKO, SW48, SW480, and SW620) and the 
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DLD-SIP1CRC-EMT model, and compare the morphological appearances as observed 

with a light microscope.  

2- Identify the EMT status of the CRC panel and the CRC EMT model using 

mesenchymal and epithelial biomarkers, and a set of EMT-inducing transcription 

factors using Western blotting, IF and RT-PCR. 

3.2.1 Results  

3.2.2 EMT Status of CRC panel cell lines and EMT-CRC model 

3.2.2.1 Morphological appearance  

Pictures of the twelve cell lines and DLD-SIP1 CRC EMT were taken with a light 

microscope at 10X and 40X microscope objectives, and descriptions of the phenotype of 

each noted. 

3.2.2.2 Phenotype of the CRC panel cell lines 

The origin, morphology, oncogene expression, and supplier of the 12 CRC cell lines 

(AAC1/82, CT26, Caco-2, Colo205, DLD-1, HCT116, HT29, LoVo, RKO, SW48, 

SW480, and SW620) were reviewed from the literature and are summarised in Table 10. 
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Table 10: The biological characteristics and supplier of the CRC cell lines analysed. 
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Cell line Organism Source Morphology  Oncogene  Depositors Supplier 

AAC1/82 Homo sapiens 

 

From PC/colonic 

Adenoma cell line 

Epithelial/ 

mixed, adherent 

and suspension 

Not known [494] Gift-

University 

of Bristol 

CT26 Mus musculus Undifferentiated colon 

carcinoma (BALB/c 

mouse) 

Fibroblast/adhe

rent 

Not known [495]  ATCC® 

CCL2638™ 

Caco-2 Homo sapiens 

 

Colorectal 

adenocarcinoma 

(Dukes’ type NDᶷ) 

Epithelial 

/adherent 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

[496, 497] ATCC® 

HTB -37™ 

COLO205 Homo sapiens Colorectal 

adenocarcinoma 

(Dukes’ type D) 

Epithelial 

mixed, adherent 

and suspension 

 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

[497, 498] ATCC® 

CCL 222™ 

DLD-1 Homo sapiens 

 

Colorectal 

adenocarcinoma 

(Dukes’ type C). 

Epithelial/ 

adherent 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

[497, 499, 

500] 

ATCC® 

CCL 221™ 

HCT116 Homo sapiens 

 

Colorectal carcinoma Epithelial with 

very few 

scattered 

mesenchymal 

cells/adherent   

 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

TGFβ1 and 

TGFβ2 

Positive 

[501] ATCC® 

CCL -247™ 

HT29 Homo sapiens Colorectal 

adenocarcinoma 

(Dukes’ stage ND) 

Epithelial / 

adherent 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

[496, 497]1 ATCC® 

CCL -38™ 

LoVo Homo sapiens 

 

Colorectal 

adenocarcinoma 

Derived from a 

metastatic site (left 

supraclavicular region- 

Dukes’ type ND) 

Epithelial with 

many scattered 

mesenchymal 

cells/adherent 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

[502] ATCC® 

CCL229™ 

RKO Homo sapiens 

 

Poorly differentiated 

primary Colon 

carcinoma 

Mesenchymal 

phenotype/ 

adherent 

p53+ [503]  Packham 

Laboratory, 

University 

of 

Southampto

n-ATCC® 

CCL2577™ 
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Cell line Organism Source Morphology  Oncogene  Depositors Supplier 

SW48 Homo sapiens Colorectal 

adenocarcinoma 

(Dukes' type C, grade 

IV) 

Epithelial / 

adherent 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src 

[496, 497, 

504] 

ATCC® 

CCL 231™ 

SW480 Homo sapiens Colorectal 

adenocarcinoma 

(Dukes’ type B). 

Mesenchymal c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src 

[496, 497] 

[505] 

Not known 

SW620 Homo sapiens  Colorectal 

adenocarcinoma 

Derived from a 

metastatic site (lymph 

node). The line was 

derived from the same 

tissue as SW480 

(Dukes’ type ND) 

Epithelial with 

some  scattered 

mesenchymal 

cells /adherent 

c-myc+; ras+; 

myb+; fos+; 

sis+; p53+abl- ; 

ros-; src- 

[496] [497, 

505] 

ATCC® 

CCL 

227™ 

 

 

Figure 34: Morphology of AAC1/82 cells using a 10X objective.  

ACC1/82 cells grow as a mixture of attached and floating cells. The attached cells are very 

small, round in shape and group in small epithelial islands. These cells had a very slow 
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growth rate; when the cells were seeded at 20% confluency it takes more than a week to 

reach 80% confluency; see figure 34.   

 

Figure 35: Morphology of CT26 cells using a 10X objective. 

CT26 is a BALB/c mouse CRC cell line that was originated from a poorly differentiated 

cancer; see table 10. The cells are adherent, uniform, spindle and very elongated in shape 

resembling that of fibroblasts; see figure 35. 

 

Figure 36: Morphology of Caco2 cells using a 10X objective. 

Caco-2 is a human colorectal adenocarcinoma cell line; see table 10. The cells are 

adherent, and they grow as polarized tightly packed epithelial islands. The growth rate is 
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more than 24h/division and it forms a monolayer when it reaches 90% confluency; see 

figure 36. 

 

Figure 37: Morphology of Colo205 cells using a 10X objective. 

The Colo205 cell line was derived from ascites fluid obtained from a male patient with 

colon adenocarcinoma of Dukes D stage; see table 10. This cell line looks similar to 

AAC1; small round cells proliferating slowly as a mixture of loosely attached epithelial 

islands and free-floating cells. Similarly, the growth rate was very slow and it took a week 

to become fully confluent; see figure 37. 
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Figure 38: Morphology of DLD-1 cells using a 10X objective. 

DLD-1 was established from a primary colon cancer; see table 10. The cells grow in large 

tightly packed epithelial islands. The population doubling time was ~ 24h; see figure 38.  

 

Figure 39: Morphology of HCT116 cells using a 10X objective. 

HCT116 cell line was obtained from a primary colon carcinoma; see table 10. The cells 

are polygonal in shape and form tightly packed islands. In addition to the formed islands, 

few small fibroblast-like cells grew at the borders of the islands, which indicate the 

presence of two cell populations. The doubling rate was ~24 h; see figure 39. 
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Figure 40: Morphology of HT29 cells using a 10X objective. 

HT29 is a well differentiated primary colon cancer cell line; see table 10. The cells are 

polygonal in shape and form tightly packed islands with visible sharp edges. The epithelial 

islands are intermediate in size and this cell line barely forms a monolayer. The growth rate 

is more than 24h/division; see figure 40. 

 

Figure 41: Morphology of LoVo cells using a 10X objective. 

The LoVo cell line was derived from a supraclavicular metastatic site of a patient with 

colorectal adenocarcinoma; see table 10. Microscopically, the cell line displays two 

populations, one group of polygonal unpacked cells and the other one is with many single 

bipolar fibroblast-like cells. The population doubling time was ~ 24h; see figure 41.  
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Figure 42: Morphology of RKO cells using a 10X objective. 

The RKO cell line originates from a poorly differentiated primary colon cancer; see table 

10. The cells grow as uniform individual bipolar fibroblast-like cells. At 100% confluence, 

the cells covered the entire growth surface. The growth rate was ~24h/cell division; see 

figure 42.  

 

Figure 43: Morphology of SW48 cells using a 10X objective. 

The SW48 cell line was established from a Duke C primary colon cancer [287, 288]. This 

cell line is difficult to grow. The cells are adherent and round in shape and they form 

tightly unpacked epithelial islands with no visible boundaries. They do not form a 
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monolayer and the growth is very slow; it took more than a week to reach 80% confluency. 

The cells also appear to grow on top of each other; see figure 43. 

 

Figure 44: Comparing the morphology of SW480 and SW620 cells using a 10X objective.  

SW480 and SW620 cells were isolated from the same patient. SW480 was isolated from 

primary colon adenocarcinoma, whereas SW620 was isolated from a metastatic region in a 

lymph node. SW480 cells grow as bipolar elongated fibroblast-like cells. On the other 

hand, SW620 cells grow as a mixture of small individual sphere-shaped cells, which are 

clustered in unpacked epithelial islands, and small bipolar individual fibroblast-like cells. 

The growth rate for both cell lines was ~ 24h/division; see figure 44. 

3.2.2.3 Phenotype of the EMT-CRC model 

 

Figure 45: EMT status for DLD-SIP1 and A431-SIP1 models. 

A) The morphological appearance of the DLD-SIP1 CRC EMT inducible model (40X objective). 

The un-induced DLD-SIP1 cells (DLD-UI) were firmly attached to each other forming islands. 

After 3 days of induction of SIP1 gene (DLD-I) using 2 µg/ml doxycycline, the formerly polarised 

islands dissociate to leave individual cells resembling fibroblasts.  
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B) Detection of various EMT-related proteins before and after SIP1 induction in DLD-SIP1 CRC 

EMT model and the A431 squamous cell carcinoma EMT model. A431-UI (Un-induced A431-

SIP1 cells); A431-I (Induced A431-SIP1 cells).    

DLD-SIP1 cells were used as a CRC-EMT model in this project. Un-induced DLD cells 

grow in epithelial islands. When the SIP1 gene is induced using 2 µg/ml doxycycline, the 

formerly polarised epithelial islands dissociate and become individual elongated cells 

resembling the phenotype of mesenchymal cells and fibroblasts; see figure 45. 

3.2.3 Qualitative assessment of EMT markers 

3.2.3.1 Western blotting and RT-PCR results of the 12 CRC cell lines 

The EMT status of the 12 cell lines was identified using EMT biochemical markers (E-

cadherin, ZO-1, Keratin expression highlights epithelial status whereas vimentin, N-

cadherin and α-SMA are used as mesenchymal markers). In addition to these, the 

expression of five EMT-inducing transcription factors (SIP-1, ZEB1, TWIST1, SLUG and 

SNAIL1) was studied. Most of the markers were detected at protein and RNA levels using 

western blotting and RT-PCR techniques, respectively; see figure 46 and 47. 
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Figure 46: The protein expression of canonical EMT markers and EMT-inducing transcription 

factors in a panel of 12 CRC cell lines and the inducible CRC EMT model 

β-actin was used as an equal loading marker. 20-30 µg of total protein was loaded. The figure is a 

representative demonstration of at least 3 independent results. E (epithelial), M (mesenchymal), 

ME (metastable), ZO-1 (zonula occludens protein 1), α-SMA (smooth muscle actin). * HT29 and 

LoVo were miss-loaded when identifying E-cadherin; HT29 cells have more E-cadherin than LoVo cells. 
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Figure 47: RNA expression of selected EMT markers and EMT-inducing transcription factors in 

a panel of CRC cell lines and DLD-SIP-1 inducible CRC EMT model. 

The figure is a representative demonstration of at least 3 independent results. (Epithelial), M 

(Mesenchymal), ME (Metastable). 

3.2.3.1.1 Morphological markers  

The E-cadherin protein was found abundantly expressed in Caco2 cells and at moderate 

level in AAC1, Colo205, DLD-1 HT29, LoVo and SW48 cells. On the other hand, a low 

level of E-cadherin was observed in HCT116 and SW620 cells, whilst no E-cadherin was 

seen in CT26, RKO or SW480 cells. Similar results were confirmed by RT-PCR apart 

from HCT116 which was found to have more E-cadherin mRNA compared to its protein 

level.  

At the protein level, ZO-1 was abundantly expressed in SW480 and un-induced DLD-SIP1 

cells compared to SW620 and induced DLD-SIP1 cells, respectively. On the other hand, it 

was found at a moderate level in Caco2, DLD-1, HCT116, RKO and SW48 cells, and at a 

low level in HT29, LoVo, AAC1 and Colo205 cells, but barely detected in the CT26 cell 

line. Although ZO-1 is an epithelial marker, its detection in cells with no or a low level of 

E-cadherin may indicate that it is expressed in the cytoplasm and therefore non-functional 

protein. 

Intermediate epithelial filament proteins (cytokeratins) were detected abundantly and at 

similar amounts in AAC1, Caco2, Colo205, DLD-1, HT29 cells, although cytokeratins 

were seen less and at varying amounts in the other cell lines. Significantly, CT26 and RKO 

showed no expression of cytokeratins at all, whilst SW480 and HCT116 cells showed 
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similar amounts of cytokeratin. On the other hand, LoVo and SW620 exhibited more 

filaments compared to HCT116 and SW480 cells. 

N-cadherin was not found in any of the CRC cell lines except CT26. Vimentin expression 

was detected in CT26, LoVo, SW480, and SW620 cells at both the protein and RNA 

levels. Of note, SW480 and SW620 have an equal amount of vimentin at the protein level 

but different amounts of mRNA; SW480 has more vimentin compared to SW620.  

The mesenchymal marker α-SMA was found abundantly expressed in LoVo cells but 

barely detectable in most of the other cell lines. However, it was more heavily expressed in 

SW480 cells compared to SW620 cells.  

3.2.3.1.2 EMT regulatory markers 

SIP1 (ZEB2) was seen only in CT26 at both the protein and RNA levels. However, ZEB1 

was abundantly expressed in RKO cells and moderately expressed in the SW480 cell line, 

but not in any other CRC cell lines.  

 Apart from CT26, SNAIL1 was found in an equal amount in all CRC cell lines at both 

protein and mRNA levels. TWIST was detected only in CT26 at the protein and RNA 

levels, and only on the RNA level in SW480 cells. SLUG mRNA, but not protein, was 

found at a low level in Colo205 andHCT116 cells and in equal amount in SW480 and 

SW620 cells.  

The results of GAPDH and β-actin indicated that there was an equal loading of the cDNA 

and the proteins in all the 12 CRC cell lines for RT-PCR and Western blotting detection 

techniques, respectively; see figure 46 and 47. 

3.2.3.2 Immunofluorescence (IF) analysis of cell lines with an intermediate 

phenotype 

Certain cell lines were found to express both epithelial and mesenchymal proteins, 

therefore, were chose to further analyse these by IF; see figure 48. This is for investigating 

whether a stem cell-like sub population (mesenchymal) exists or certain cell lines acquired 

a plastic (exhibiting both epithelial and mesenchymal properties at the same time) state [2].  

The HCT116 cell line was seen to have two populations of cells comprised of epithelial 

(clustering) and mesenchymal (single cell) cells, and expressed E-cadherin and α-SMA 

proteins (see figure 39 and figure 46). LoVo cells also showed two populations of 
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epithelial and mesenchymal cells, with expression of E-cadherin, Vimentin and α-SMA 

(see figure 41 and figure 46). SW620 showed a homogenous morphology of small 

fibroblast-like cells, although it expressed E-cadherin and vimentin (see figure 44 and 

figure 46). Based on this, HCT116, LoVo and SW620 cells were considered as borderline 

cell lines. E-cadherin, vimentin and phalloidin were the markers chosen to further analyse 

these cells. DLD-1 cells were used as an internal positive control for E-cadherin and 

SW480 cells were chosen as an internal positive control for vimentin; see figure 48.   

The IF staining showed that these cells do express E-cadherin but at a lower level 

compared to DLD-1 cells. However, SW620 cells showed stronger E-cadherin staining 

compared to SW480 cells. Of note, SW480 cells have undetectable levels of E-Cadherin 

according to Western blotting. 

Similar to the observation by WB, both SW480 and SW620 showed vimentin expression, 

but the staining was stronger with SW620 cells compared to SW480 cells. None of the 

other cell lines showed vimentin staining.  

Phalloidin, which is a dye that stains actin filaments and helps to define the cell 

morphology, was observed at the cell-cell junctions of DLD-1 and HCT116 cells. LoVo 

cells showed both cell to cell and filamentous staining and stress-like fibers in the 

cytoplasm of single cells. On the other hand, SW480 and SW620 showed an obvious 

staining of stress-like fibers all over their cytoplasm and at the edge of their membranes. 

However, the fibers were more stretched in SW480 cells compared to SW620 cells. 
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Figure 48: Spatial E-cadherin, vimentin and F-actin protein expression were analysed using 

immunofluorescence and confocal microscopy in the intermediate HCT116, LoVo and 

SW620 cells. 

The cells exhibited expression of both epithelial and mesenchymal proteins or RNA by WB 

(western blot) and RT-PCR, respectively. E-cadherin and vimentin were detected using specific 

antibodies followed by green (Alexa 488)-conjugated secondary antibodies. F-actin was stained 

using phalloidin dye. DAPI counterstain was used to stain the nucleus. 
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3.2.3.3 Western blotting, IF and RT-PCR results for the DLD-SIP CRC-EMT 

model  

The epithelial and mesenchymal markers, that were used to assess EMT status in the 12 

CRC cell lines at the protein and RNA levels, were also used to check the EMT status of 

the DLD-SIP1 CRC-EMT model; see figure 46 and figure 47. In addition to that, E-

cadherin, ZO-1, β-Catenin, Connexin 43, actin cytoskeleton (phalloidin) and SIP1 proteins 

were checked by IF in order to confirm the EMT status of this model.   

WB results showed that un-induced DLD-SIP1 has more E-cadherin, more intermediate 

filaments or cytokeratins compared to the induced DLD-SIP1 cells. On the contrary, the 

ZO-1 tight junction protein was seen more in the induced DLD- SIP1 cells compared to 

un-induced ones. No mesenchymal markers were detected in this model apart from the 

obvious morphological changes, and increased α-SMA which was expressed in the induced 

cells; see figure 46 and 47 

Similarly, RT-PCR also showed that this model expressed no Vimentin, and the 

transcription of the CDH1 gene was down-regulated when the expression of the SIP1 

protein is induced in DLD-SIP1 cells.  

Likewise, IF staining showed a down-regulation of E-cadherin and cadherin associated 

protein (β-catenin) in the induced cells compared to the strong membranous staining in the 

un-induced cells. In contrast, ZO-1 protein, which was observed more in the induced DLD- 

SIP1 cells by WB, was seen clearly at cell-cell junctions, and the staining reduced 

significantly after the induction of SIP1; see figure 48 and also figure 49 which shows 

ZO-1 staining without the DAPI overlay. Instead, cytoplasmic ZO-1 was observed in SIP1-

induced cells. Connexin 43, a gap junction protein, was also expressed “as a dot shape” 

compared to the induced ones. Phalloidin, a high affinity filamentous actin (F-actin) dye, 

strongly stained the cytoskeleton and the margins between the epithelial cells in DLD-UI. 

EMT-related changes of the filaments were observed as stress fiber formation all over the 

cytoplasm and the cell membranes in induced cells; see figure 49.and 50.  

None of the EMT regulatory markers were detected in this model except endogenous 

SNAIL1 and exogenous SIP1. Similar to the CRC panel, SNAIL protein and RNA were 

seen in DLD-SIP1 cells without a change between DLD-UI and DLD-I cells. In fact, SIP1 

was the only differentiated EMT regulator marker for this model where it was found more 
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in the induced compared to un-induced cells at both protein and RNA Levels. IF also 

confirmed the SIP1 protein level. The nuclear SIP1 was seen clearly in the induced DLD-

SIP1 cells and it was absent or very faint in the un-induced DLD-SIP1 cells; see figure 50, 

which shows SIP1 staining without the DAPI overlay.  

In general, WB, IF and RT-PCR results all confirmed that the un-induced DLD-SIP1 cells 

expressed most of the examined epithelial markers and little or none of the mesenchymal 

ones. However, when the SIP1 gene was induced, the epithelial markers were switched off 

and the mesenchymal ones switched on. 

 

Figure 49: The spatial expression of E-cadherin, β-catenin, ZO-1, connexin 43, F-actin and SIP1 

proteins was analysed using confocal microscopy in DLD SIP-1 CRC EMT model. 

DLD-SIP1 cells were induced for 3 days with 2µg/ml doxycycline. Induced DLD-SIP1 cells 

scattered and showed stress fibres as well as reduced expression of E-cadherin, β-catenin, ZO-1 and 

connexin 43 as compared to the un-induced ones. All proteins apart from F-actin were detected 

using specific antibodies followed by green (Alexa 488)-conjugated secondary antibody. Phalloidin 

dye was used to stain F-actin. DAPI counterstain was used to detect the nucleus. DLD-UI (un-

induced DLD-SIP1 cells) DLD-I (induced DLD-SIP1 cells). 
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Figure 50: Protein expression of ZO-1 and SIP1 detected using confocal microscopy in the DLD 

SIP-1 CRC EMT model, without the DAPI overlay.  

In order to visualise the expression of ZO-1 and SIP-1 in DLD-SIP1 CRC EMT model, DAPI 

overlay was avoided. A sharp expression of ZO-1 at cell-cell junctions was observed in the DLD-

UI, but the expression reduced significantly in DLD-I cells. On the other hand, SIP1 is clearly 

over-expressed in the nucleus (green). DLD-UI (un-induced DLD-SIP1 cells) DLD-I (induced 

DLD-SIP1 cells). 

3.4 Discussion  

3.4.1  EMT status of the 12 CRC cell lines in relation to their 

morphological appearance 

The aim of this chapter was to analyse the EMT status in a panel of CRC cell lines and 

relate this to their morphological appearance and biological characteristics. To attain this 

goal, 12 CRC cell lines (AAC1, CT26, Caco2, Colo205, DLD-wt, HCT116, HT29, LoVo, 

RKO, SW48, SW480 and SW620) were chosen. All the cell lines are human cell lines 

except CT26 which is obtained from the BALB/c mouse. EMT status was identified by 

western blotting, IF and RT-PCR using various EMT markers such as E-cadherin, ZO-1, 

cytokeratins, F-actin as epithelial markers and vimentin, N-cadherin, α-SMA as 

mesenchymal markers. Moreover, SIP1, ZEB1, TWIST1, SLUG and SNAIL1as EMT 

transcription factors were included in the analysis. β-actin and GAPDH were used as equal 

loading markers for western blotting and RT-PCR techniques, respectively. To our 

knowledge, this is the first study that includes such a large collection of CRC cell lines and 

EMT markers to study EMT in CRC; see figure 46, 47, 48. 49 and 50.  
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Based on our findings from the western blotting, the RT-PCR and the light microscopy, it 

has been decided to categorise the CRC cell line panel into three distinct groups. The 

groups are: 

A- An epithelial phenotype category, which includes cell lines having epithelial cell, 

shapes and moderate to high levels of E-cadherin, with no expression of 

mesenchymal markers or EMT regulators.   

B- A mesenchymal phenotype category which includes cell lines expressing no E-

cadherin, but with mesenchymal morphological appearances.  

C- An intermediate phenotype category, which includes cell lines with low levels of E-

cadherin and one or more mesenchymal markers or EMT regulator markers. In 

addition, they have a mixed population of both epithelial and mesenchymal cells. 

Of note, SNAIL1 and ZO-1 results were not considered in the evaluation of EMT status of 

the CRC cell line panel. Although up-regulation of SNAIL1 in cancer has frequently been 

reported and associated with invasiveness, metastases, poor prognosis and induction of 

EMT [506], SNAIL1 was seen widely expressed in epithelial and mesenchymal CRC cell 

lines at both the protein and mRNA levels without any clear differentiation. SNAIL1 could 

be stabilised via inhibition of GSK3 [143] or by macrophage-secreted factors such as TNF-

α and IL-1β [507, 508]. However, stabilisation of SNAIL1 could not justify our finding 

because our culture medium did not intentionally contain any IL-1β and TNF-α. Recently, 

a study done by Hsu and colleagues suggested that acetylation of SNAIL via the CREB-

binding protein can mediate transactivation of several genes involved in promoting an 

immunosuppressive microenvironment, thus leading to metastasis. This means activation 

by acetylation, rather than expression, is critical for SNAIL function. This could be another 

reason for our findings that SNAIL is widely expressed in epithelial and mesenchymal 

CRC cells [509].  

ZO-1, which was intended as an epithelial marker of cells, was also detected in the 

mesenchymal cell lines C26, RKO, SW480 and induced DLD-SIP1 cells. Actually, this is 

not an unusual finding. ZO-1 has previously been reported in fibroblasts at adherens-like 

junctions, with N-cadherin, Cadherin 11, and junction Adhesion Molecule-C and localised 

to the nucleus of primary fibroblast cells and proliferating epithelial cells. These findings 

suggested that ZO-1 could have additional roles in cellular processes beside tight-junction 

formation [510-514]. However, for an epithelial morphology proper, ZO-1 has to be 

expressed on the surface and at cell junctions. Detection of ZO-1 by immunofluorescence 

is a better way to conclude the EMT status than simply analysing ZO-1 expression. From 
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this, I suggest that studying the role of cytoplasmic nuclear ZO-1 in EMT could be of 

interest. 

Looking into the details of the EMT status of each cell line, I found that the AAC1 cell 

line, which was derived from PC/AA human colonic adenoma cell line, showed keratins 

and a moderate amount of E-cadherin at both the protein and mRNA levels but did not 

express any of the mesenchymal markers or the EMT transcriptional factors. 

Morphologically, these cells grow as a mixture of adherent and floating cells where the 

adherent cells form very small epithelial islands. In the literature, it has been described as a 

glandular organisation of goblet-like cells, which produce mucin [494]. These 

characterisations could classify this cell line as epithelial. Up to our knowledge there is no 

previous study showing the EMT status of this cell line.  

CT26, the murine CRC cell line, is the most similar one to fibroblast cells, and it expresses 

most of the mesenchymal markers and most of the EMT transcription factors that were 

studied in this project; Vimentin, N-cadherin and α-SMA and SIP-1, TWIST and SLUG. 

Furthermore, it does not express any E-cadherin or cytokeratins. This cell line is described 

as being aggressive, highly metastatic and poorly differentiated [515, 516], and this could 

be due to the expression of multiple mesenchymal and EMT regulators. From the above 

description, CT26 can be grouped under the mesenchymal category. 

Caco2 cells showed an abundant level of cytokeratins and E-cadherin at both the protein 

and mRNA levels with no expression of any mesenchymal markers. In addition, none of 

the investigated EMT transcriptional markers were detected at the protein or RNA level 

except SLUG mRNA. Expression of the SLUG mRNA but not the SLUG protein could be 

because the translation of mRNA is inhibited by miRNAs such as mir-1 and mir-200 [517]. 

On top of the abundant level of E-cadherin and cytokeratins, other epithelial markers such 

as villin, occludin, claudin1, microvilli and, desmosomes have been reported as well. 

Morphologically, the cell line was described as a polarised epithelial cell monolayer that 

provides a good model to study the physical and the biochemical properties of epithelial 

barriers for the passage of small molecules [496, 497, 518, 519]. The reported formation of 

monolayer matches our observations by light microscopy. It is also known that these cells 

are non-invasive or non-metastatic [520, 521]. For all of the aforementioned results, Caco2 

can be placed with the epithelial category and it can be considered as a highly epithelial 

CRC cell line. 
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The Colo205 cell line had a similar morphological appearance to AAC1 cells with a 

mixture of both adherent and floating cells. The same morphology was described in the 

literature and some epithelial markers such as cytokeratins, microvilli, ZO-1, desmosomes 

were identified [497, 498]. In addition to these epithelial markers, we identified a moderate 

level of E-cadherin expression at both the protein and RNA level with an abundant 

expression of cytokeratins. Neither mesenchymal markers, nor EMT transcription factors 

markers were detected in this cell line except SNAIL. To our knowledge, only one study 

has investigated the EMT status in Colo205 cells, and it was done by quantitative RT-PCR. 

The study compared the EMT status of Colo205 sensitive (Colo205-S) and a Colo205-

resistant clone (Colo205-R) to a drug (PEP005 drug; alternative name is Ingenol 3-

angelate). The study found that Colo205-S ,which is similar to the Colo205 cell line used 

in this project, express more E-cadherin, claudin, mucin, and connexin-32 and undetectable 

levels of N-cadherin, Vimentin, fibronectin-1, ICAM-1 and MMP9, SNAIL, SLUG and 

TWIST compared to the Colo205-R clone [522]. Given this, Colo205 can be considered as 

an epithelial cell line and thus can be allocated with the epithelial group.  

DLD-1 cells (DLD-wild type) has a plentiful amount of E-cadherin at protein and mRNA. 

In addition, cytokeratin expression is similar to the level of that found in the Caca2 or 

Colo205 epithelial cell lines. None of the mesenchymal markers or EMT inducing 

transcription factors were detected apart from SIP-1 mRNA. Expression of SIP-1 mRNA 

in DLD-1 cells was also seen in a previous study [523]. The study found that the 

translation of SIP-1 mRNA could be blocked by high levels of the miRNA-200 family 

which in turn could preserve the epithelial identity of this cell line [524]. In addition to E-

cadherin expression and cytokeratins, microvilli, Zonula adherens, desmosomes, 

plakoglobin, and the membranous (γ-catenin) and β-catenin were also reported in this cell 

line [247, 497]. Morphologically, DLD1 cells present as tightly-packed islands which form 

a monolayer at a very high density. This can be linked to the high expression of E-cadherin 

and other epithelial markers. It is also reported that this cell line has a low level of 

carcinoemboryonic antigen (CEA); CEA is a marker for occult CRC which could classify 

the cell line as a non-metastatic cell line [497]. These data provide evidence that DLD-1 

cell line is epithelial and should therefore be placed in the epithelial category.   

HCT116 displays a low level of E-cadherin and few keratins compared to DLD-1 and 

Caco2 cells. Also no expression of N-cadherin or Vimentin was detected. However, it 

expresses a reasonable level of α-SMA protein and a low level of SLUG mRNA. The same 

observations were seen by other authors in addition to TWIST mRNA, although not at the 
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protein level [525]. SLUG protein could be impaired due to high expression of miR-1, 

miR-200 and miR124 [517, 526] or high expression of angiopoietin-like protein 1 

(ANGPTL1; angiogenesis regulator protein) [527]. In fact, expressing both epithelial and 

mesenchymal markers at the same time may explain the growth pattern of this cell line in 

culture where two populations of un-tightly packed epithelial islands and fibroblast-like 

cells are seen. The same morphology had been described by the scientist who deposited 

this cell line to the ATCC [501]. It is also reported that this cell line has a degree of 

metastatic potential in mouse experiments [520, 528]. The metastatic potential could be 

due to the presence of fibroblast-like cells. These findings can categorise this cell line as 

either intermediate or metastable cells with partial EMT, although, more investigation is 

needed.   

HT29 is a mucus-secreting human colonic cancer cell line which grows in culture as a 

tightly packed cluster of epithelial islands. Other authors reported similar growth 

descriptions [496, 529]. The epithelial morphology was confirmed by assaying some EMT 

markers. This cell line showed a moderate level of E-cadherin expression with a similar 

amount of cytokeratins in comparison to DLD-1 and Caco2 epithelial cells. No 

mesenchymal markers or any EMT regulators were detected. A controversial result was 

reported which found that HT29 cells have low levels of vimentin, ZEB1, SLUG and 

TWIST1 proteins [530, 531]. Nonetheless, I confirmed our results by two techniques and 

repeated them multiple times, and I believe that our results are more representable, whilst 

Celesti et al., also found similar findings as ours [525]. Moreover, desmosomes, 

cytokeratins, microvilli, zonula adherens and tight junctions were reported for HT29 cells 

[497, 532, 533]. Therefore, HT29 cells cannot be mesenchymal and can only be classified 

as epithelial.  

LoVo is a highly metastatic CRC cell line that was originated from a metastatic site (left 

supraclavicular region) [502, 520, 534]. In culture, it displays a growth pattern of two 

populations; epithelial islands with “fuzzy borders” and abundant amount of fibroblast-like 

cells. This pattern was also previously reported [502]. The WB and RT-PCR results also 

confirmed the morphological appearance. The cell line showed a moderate level of E-

cadherin whilst the expression of cytokeratins are different in their pattern and number 

than DLD-1, Caco2, Colo205 and HT29 epithelial cells. However, it also showed an 

abundant amount of Vimentin and α-SMA. The same results of Vimentin and E-cadherin 

had been found previously. However, the author reported that LoVo cells also express N-

cadherin and ZEB1 [535]. Unfortunately, this study is the only report presenting the EMT 
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status of this cell line. For that, I repeated the finding more than three times, and I found no 

expression of either N-cadherin or ZEB1. By considering these findings, LoVo cells can be 

classified as an intermediate cell with partial EMT although more thorough 

characterisation of this cell line is likely required.  

RKO cells express no E-cadherin or cytokeratins at all. This representative finding of E-

cadherin is supported by a study by Breen et al., which found that RKO completely lack 

the E-cadherin/α-Catenin complex, explaining why it is so aggressive, poorly differentiated 

and highly invasive compared to the one transfected with E-cadherin [536]. Surprisingly, 

among all the mesenchymal and EMT transcriptional factors, ZEB1 was the only one 

expressed at a high level in this cell line. Morphologically, the cells grow as a uniform 

individual cells and look like small fibroblasts. To our knowledge, this the first study that 

identifies and validates the EMT status of RKO with a credible number of EMT markers. 

Taking together, RKO is classified as a mesenchymal cell line.  

SW48 cell line has a very slow growth rate. To enhance the growth rate, the supplier 

(ATCC) recommended using a special medium containing Leibovitz L-15 medium with 

10% fetal calf serum, insulin and cortisol. However, due to the unavailability of this 

medium, I used complete DMEM medium with 20% serum, non-essential amino acids and 

sodium pyruvate. When this cell line reaches 50% confluency, it forms loose grapelike 

clusters of epithelial islands. The same morphology has been described previously [537]. 

At both the protein and mRNA level, these cells showed a moderate amount of E-cadherin 

but less cytokeratins compared to other epithelial cell lines in the panel. This cell line was 

found to have a mutation in the p120-catenin gene which in turn causes reduced expression 

of the p120 cadherin anchoring protein, which could explain the expression level of E-

cadherin and cytokeratins [538]. None of the mesenchymal markers or EMT regulators 

were seen except α-SMA. It is known that α-SMA is a sole marker for active fibroblasts 

[161]. Detecting the expression of this marker in epithelial cells is unusual, and there is no 

report in the literature showing α-SMA in non-fibroblast cells. For that, I went back and 

check if this cell line has any fibroblast cells in the culture. I found very few small 

fibroblast like cells that are randomly scattered around the epithelial islands. I was not sure 

if it was due to any technical problem during handing the cell line, or due to its origin. In 

fact, the depositor of this cell line mentioned that they observed some contaminated 

fibroblast grew readily and from fibroblast monolayer. They attempted to curb the 

fibroblast growth by adding 0.5 mg/ml collagenase to Leibovitz L-15 medium, and after 39 

days the supernatant containing the free epithelial cells, which were disassociated from 
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fibroblast monolayer, were taken and transferred to another flask. From this, the expression 

of α-SMA might be due to contaminating fibroblasts [537]. The cell line is reported to be 

non-metastatic with a very low CEA (8 ng per million cells) [504], and it showed no liver 

metastasis in immune-deficient Non-obese diabetic mice (NOD-SCID) [520]. To our 

knowledge, this is the first time that the EMT status of this cell line has been investigated. 

From all the aforementioned data, I concluded that SW48 is non-metastatic epithelial cell 

line.  

SW480 and SW620 colon cancer cell lines originated from the same patient, thus they 

have the same genetic background. SW480 was isolated from primary colon cancer and 

SW620 was isolated from a metastatic site in a lymph node [539]. In culture, we observed 

that SW480 has a different morphological appearance than SW620. SW480 cells grow as a 

mixture of small epithelial islands whereas SW620 cells grow as small individual spherical 

cells and elongated bipolar cells. An electron microscopy study of these two cell lines 

revealed that SW620 has fewer microvilli than SW480 which indicates that SW620 has 

undergone a dedifferentiation process [504]. Our data shows that SW620 cells express low 

levels of E-cadherin protein as well as mRNA, whereas SW480 cells do not show any 

expression of E-cadherin protein or RNA. In addition, SW480 has fewer and different 

number of cytokeratins, more vimentin and α-SMA in comparison to SW620. ZEB1 

protein /mRNA and TWIST mRNA were seen only in SW480 cells, whereas SLUG 

mRNA was seen in both cell lines at an equal amount. Expression of TWIST and SLUG 

mRNA, but not the proteins could be due the presence of post-transcriptional TWIST1 and 

SLUG suppresser microRNAs [526, 527, 540]. The results of the very low or no E-

cadherin expression, and the high expression of ZEB1 in SW480 cells were found 

previously [220, 247, 541]. However, contrary findings describing the EMT status of each 

cell line and metastatic potential have been reported. SW620 cells were seen to express 

mesenchymal markers including nuclear β-Catenin, Vimentin and fibronectin as well as 

EMT-inducing transcription factors such as ZEB1, SLUG and SNAIL1. On the other side, 

SW480 cells were shown to express epithelial markers such as E-cadherin, connexin43 and 

connexin 26 [516, 542-545]. Also, SW620 cells were showed to be more invasive by 

expressing more ROCK and less Cdc42 and Rac1 [546], and by over-expression of E-

cadherin suppresser mRNA/proteins such as TCF12 [542], and down-regulation of 

microRNAs such as miR-200, miR-221 and miR-224, compared to SW480 cells [547, 

548]. Moreover, in vivo experiments showed that SW620 cells, but not SW480, have a 

potential to metastasize to the liver and spleen [539, 548]. The controversial results of the 

two cell lines status lead me to search the literature for their depositors [496, 497, 504], 
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and we found that their differentiation of the cell lines are in agreement with our 

reproducible findings (n=4). In addition, many studies reveal that metastatic cells at distant 

metastatic tumours re-gain the expression of E-cadherin [131, 133-135, 549, 550], and this 

aligns with our E-cadherin findings.  Indeed, many studies showed that SW480 cells are 

more invasive, migratory and metastatic compared to SW620 cells [551]. In fact, specific 

characterisation of keratins could be a useful tool to distinguish them and their degree of 

differentiation as well as the origin of the primary or secondary tumour. For example, the 

relative expression of K20 and K7 can be used to differentiate between epithelial tumours 

in which the majority of CRC adenocarcinomas showed a K7-/K20+ profile [182-184]. 

However, loss of keratin expression at late tumour stages and a gain in others at secondary 

sites could be used as an important marker of EMT and MET. For example, the loss of 

K8/18 expression, which are normally co-expressed in simple epithelial cells and are 

maintained during tumorigenesis until the tumour becomes invasive, was found to activate 

EMT features of cell motility, invasion and chemo- resistance [185, 552, 553]. From all of 

these biological data, SW480 is a mesenchymal cell line whereas SW620 could be 

classified as intermediate as cells have undergone a re-differentiation process or MET 

although, more thorough characterisation is needed. In fact, SW480 and SW620 cells can 

be considered as a suitable and validated model to study colon cancer progression with 

respect to EMT and MET.  

3.2.4 Further investigation of intermediate cells by IF  

The intermediate EMT or partial EMT status has not been well evaluated and elucidated in 

the medical research field, and there are no biomarkers to specify cells belonging to this 

category. Indeed, it has been suggested that detecting cells with a metastable status could 

imply a spectrum of heterogeneity instead of only presenting the two extreme ends of the 

EMT process, and could increase the potential for a more targeted therapy [128, 130]. The 

intermediate phenotype could be due to acquiring a plastic state exhibiting both epithelial 

and mesenchymal features or due to the presence of a stem cell-like subpopulation or both. 

Recently, P-cadherin was predicted to be a promising marker to identify a stem cell-like 

subpopulation within an intermediate or metastable subset of EMT cells in breast cancer 

[130]. Additionally, another study carried out by Huang et al, which defined the EMT 

status of 43 ovarian cancer cell lines, differentiated the intermediate phenotype into 

intermediate epithelial, and intermediate mesenchymal by identifying the expression of E-

cadherin, cytokeratins, N-cadherin, vimentin and ZEB1 proteins [128]. Given this, we 

intended to further classify HCT116, LoVo, and SW620 intermediate cells by investigating 
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their expression for stem cell markers (P-cadherin) as well as by their expression of E-

cadherin, vimentin and F-actin using IF; see figure 48. We included our WB findings for 

E-cadherin, cytokeratin, vimentin, N-cadherin and ZEB1 to reach a final conclusion for 

their EMT status. Unfortunately, P-cadherin was not included due to unavailability of a 

good P-cadherin antibody in our lab. Two P-cadherin antibodies from different companies 

were used to detect P-cadherin expression in the CRC panel, but none of them worked. 

DLD-1 cells were used to represent the abundance expression E-cadherin, whereas SW480 

mesenchymal cells were used as an internal control for vimentin expression. Investigating 

F-actin would be a useful means to identify any morphological changes in cancer cells by 

observing the re-organisation of actin filaments with or without actin binding proteins at 

the cell membrane which cause invadopodia-, lamellipodia- and filopodia-dependent cell 

motility [194]. Indeed, actin cytoskeleton reorganisation is one of the major indications of 

invasion, migration, metastatic potential and thus EMT [554] [280] [555].  

DLD-1 epithelial cells, the internal control for E-cadherin expression, showed high 

expression of E-cadherin at cell-cell junctions, and no vimentin by IF; see figure 48. These 

cells also exhibited a well organised and homogenous F-actin staining without any 

indication of a heterogeneous population or any membranous projections characteristic of 

invadopodia. On the other hand, SW480 mesenchymal cells showed much less E-cadherin 

compared to DLD-cells, but more vimentin and invasive re-organisation of the actin 

cytoskeleton. In fact, cooperation of actin, microtubules and vimentin intermediate 

filaments have been shown to facilitate the elongation of invadopodia [556]. Interestingly, 

vimentin was observed to be concentrated at the edges of the nuclear envelope, and not at 

the cytoplasmic membrane. There is no clear explanation for this result. I think it is an 

isolated finding, and the staining should be repeated potentially with a different antibody. 

However, due to restriction of the project time, the staining could not be repeated; see 

figure 48.   

HCT116 cells showed no expression E-cadherin but not vimentin by IF although the level 

of E-cadherin level was less than DLD-1 cells. These findings are in agreement with our 

WB findings; see figure 46. The presence of the two populations: the epithelial islands and 

single fibroblast-like cells that we observed by light microscope see figure 39 and [501]), 

was not shown with F-actin staining. F-actin staining showed that microfilaments are 

organised at the cell-cell junctions with no clear signs of invadopodia; see figure 48. This 

cell line also expresses less cytokeratins compared to DLD-1 cells, no N-cadherin and 

some expression of α-SMA. Due to our findings, it can be noted that this cell line 
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expresses more epithelial markers and less mesenchymal ones with a phenotype near to an 

epithelial morphology which classifies this cell line as an intermediate epithelial cell line.    

LoVo cells, as observed by light microscopy, have two distinct populations of epithelial 

and mesenchymal like cells; see figure 41 and [502]. They also showed a heterogeneous 

morphology with F-actin labelling. Some of the cells adhere together and some appear as 

single cells with invadopodia. The presence of some epithelial islands could explain the 

moderate expression of E-cadherin by IF and WB compared to DLD-1 cells (see figure 46 

and figure 48). However, our observation of vimentin by both mRNA and WB was not in 

agreement with our IF result. There is no clear explanation for the lack of vimentin 

expression as detected by IF, and due to short time frame towards submission deadline, I 

was not able to validate this finding using another vimentin antibody. Despite vimentin IF 

finding, this cell line showed a moderate level of E-cadherin, vimentin and α-SMA by WB, 

and it was reported to express N-cadherin and ZEB1 [535]. In addition to this, it has 

frequently been characterised as a highly metastatic cell line [502, 520, 534], and this 

might be confirmed by the presence of mesenchymal-like cells. From all of these findings, 

it is clear that the LoVo cell line has more mesenchymal characteristics, and this could 

classify it as an intermediate mesenchymal cell line that is unable to undergo complete 

EMT.  

SW620 and SW480 was obtained from the same colon cancer patient in which the former 

was taken from a metastatic site and the second one from the primary site [539]. Similar to 

observations of tumour material from metastatic sites, SW620 cells re-gained a reasonable 

level of E-cadherin by WB and IF [131, 133-135, 549, 550]. This could be a sign of 

SW620 cells re-differentiating and undergoing an MET process. SW620 cells also 

exhibited a moderate amount and a homogenous immune staining of vimentin as observed 

by WB. F-actin indicated a homogenous population of small fibroblast-like cells with 

microfilaments organised at the front of cells providing an invadopodia-like shape. Indeed, 

a recent study investigated the morphological features of SW620 and SW480 with respect 

to their cytoskeleton using different kinds of advanced light microscopy. They concluded 

that SW480 represents more lamellipodia and filopodia with a thin and extended cell 

membrane of actin filaments compared to SW620 which displayed a smoother surface with 

a lower filopodia density and lamellipodia area, and fewer number of actin protrusions 

[557]. Indeed, SW620 cells were reported to have less metastatic and migration potential 

compared to SW480 [551]. N-cadherin was not detected in SW620 cells and the amount of 

keratins was greater than in SW480 mesenchymal cells but less than DLD-1 epithelial 
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cells. ZEB1 and α-SMA proteins were seen in SW480, but they are much less or non-

existent in SW620 cells. All of these findings could indicate that SW620 cells are 

intermediate cells with more epithelial morphology, perhaps representing a greater 

completion of the MET process. 

From this discussion, it can be concluded that the 12 CRC cell line panels can be 

categorised into three groups depending on their EMT status and morphological 

appearance: 

 Epithelial cell category, which includes: AAC1, Caco2, Colo205, DLD-1, 

HT29 and SW48. 

 Mesenchymal cell category, which includes: CT26, RKO and SW480 cell lines. 

 Intermediate cell category is sub-classified into 

 Intermediate epithelial cells: HCT116 and SW620.  

 Intermediate mesenchymal cells: LoVo. 

3.2.5 EMT status of the DLD-SIP1 CRC EMT model in relation to its 

morphological appearance 

DLD-1 cells used in this study were stably transfected with a doxycycline-inducible SIP-1 

plasmid. SIP1 expression was achieved with 2µg/ml doxycycline. Morphologically, after 3 

days of induction, DLD SIP-1 cells converted from clustered epithelial islands into single 

bipolar fibroblast-like cells. The remarkable plasticity of the DLD-SIP1 EMT CRC model 

as well as the A431-SIP1 squamous cancer EMT model were reported for the first time by 

Vandewalle and colleagues [216], who found that different mRNA and proteins that are 

related to tight junctions and desmosomes were down-regulated upon SIP1 induction in 

DLD-SIP1 cells. As the DLD-SIP1 EMT CRC model will be used during the entire 

project, checking the EMT status of the model before conducting any experiments was 

necessary. The EMT status of DLD-SIP1 model was analysed using WB, IF and mRNA 

profiling; see figures 45, 46, 47, 49 and 50. E-cadherin was radically reduced and SIP1 

was remarkably up-regulated upon SIP1 induction in all the methods used. In addition, IF 

staining for ZO-1, β-catenin and connexin 43, revealed that these proteins were expressed 

at lower levels and trans-located from their integrated sites at the cell-cell membranes to 

cytoplasm; see figure 49. Moreover, WB for cytokeratins and α-SMA demonstrated that 

DLD-I cells has less keratins and more α-SMA than DLD-UI cells. In addition, F-actin was 

well organised at the cell-cell junction but it got oriented toward the cell membrane which 

led to an increase in the number of protrusions resembling invadopodia after SIP1 
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induction in the DLD-SIP1 cells. Based on these results, it can be concluded that the DLD-

SIP1 CRC EMT model offered a suitable means of investigating our hypothesis established 

at the outset of this project.  
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Chapter 4: EMT Driven 

Cytokine/Chemokine Expression in CRC 

5.1 Introduction 

The presence of metastatic or invasive cancer cells has been proposed to predict poor 

patient outcome [90, 220, 230, 245]. Similarly, as mentioned in the main introduction, the 

presence of certain types of immune cells, infiltrating the primary cancer, are linked with 

patient survival and therefore metastasis [332, 354, 558, 559]. However, whether 1- 

metastatic cells can alter the tumour microenvironment by secreting soluble factors that 

define immune infiltrate or 2- certain immune cells infiltrate the primary tumour and 

induce EMT by secreting cytokines/chemokines and therefore induce metastasis, is not 

clearly understood. For the reason that metastatic cells can be detected very early during 

tumorigenesis, and even in some cases distant metastasis can occur without any sign of a 

primary tumour [102, 103], we reasoned that metastatic cells have a bigger influence on 

the immune filtrate. To address this question, we performed a screen to qualitatively 

investigate 67 chemokines and cytokines using the DLD-SIP1-inducible EMT model. We 

intended to validate our findings with multiple chemokine/cytokine detection techniques 

using the EMT status of CRC cell line panel as characterized in the previous chapter (4). 

4.1 The aims  

 Identify chemokines that are significantly up regulated during SIP1-induced EMT. 

 Establish criteria to limit the number of soluble factors for further investigation 

 Correlate the expression of the candidate soluble factors with the EMT status of 

CRC cell lines.  

 Choose the most relevant soluble factor for mechanistic/functional studies. 
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4.2 Results  

4.2.1 Human chemokine and cytokine arrays for DLD-SIP1 CRC-

EMT model 

Thirty-one chemokines and thirty-six cytokines spotted onto four nitrocellulose 

membranes were analysed using 300 µg cell lysates and 700 µl supernatants of the un-

induced and induced DLD-SIP1 cells. See Table 12 and Table 13 in the appendix section 

for the list of the analysed chemokines and cytokines. The nitrocellulose membranes with 

chemokine and cytokine capture antibodies were incubated overnight with a mixture of 

biotinylated detection antibodies and the cell lysates or supernatants. The obtained results 

are summarised in Table 9, figure 51 and figure 52. 

The results were calculated by measuring the mean pixel density of the selected 

chemokines/ cytokines and then obtaining the percentage change in the induced DLD cells 

compared to the un-induced ones. 

The total cell lysate (intracellular) and cell culture media supernatants (extracellular) were 

both used to assess the expression pattern of cytokines/chemokines. All the reference spot 

controls gave the same mean pixel density for both the samples, which means that the 

system was working efficiently.  

CCL5 was repeatedly seen in the intracellular and extracellular chemokine and cytokine 

arrays with a remarkable increase; fold change of the average mean pixel density compared 

to the un-induced cells was 2.7- and 5–times increase, respectively. Additionally, CXCL8 

(IL-8) was found decreased in both intracellular and extracellular chemokine and cytokine 

arrays with a fold change of the average mean pixel density of 11-14-times compared to 

the un-induced cells.  

Midkine (MDK) and CXCL5 chemokines were found to increase sharply 10-times and 

decreased by 25-times in the induced cells compared to the un-induced ones, respectively. 

However, the radical change in the amount of MDK or CXCL5 was only seen in one 

compartment; MDK was seen in the extracellular compartment whereas CXCL5 was 

observed in the intracellular compartment. Moreover, CXCL4, CXCL7 chemokines and 

IL-α cytokine also gave important findings; they were all found to be decreased in both 

cellular compartments of the induced-DLD cells compared to the un-induced ones. 
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Figure 51: Investigating the expression of 31 chemokines and 36 cytokines in the CRC-EMT model. 

DLD-SIP1 cells were treated with 2 µg/ml doxycycline for 3 days. 300 µg of cell lysate and 700 µl of cell culture supernatants of DLD-UI and DLD-I cells were mixed 

with a cocktail of biotinylated detection antibodies and incubated overnight with captured antibodies spotted onto nitrocellulose membranes. The reaction was visualised 

with ECL reagent and on X-ray films. The location of the controls and cytokines or chemokines was identified by aligning the membrane with transparency overlay 

template and following the pair reference numbers listed in the kit leaflet. Pixel densities on developed X-ray film were analysed using a transmission scanner and image 

analysis software. RS (reference spot). DLD-UI (un-induced).   
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Table 11: A summary of the obtained results from the human chemokine and cytokine arrays 

(R&D systems) 

 

 

 

Figure 52: Charts summarising the results obtained from R&D system human chemokine and 

cytokine arrays. 

4.2.2 Criteria to limit the number of soluble factors for further 

investigation 

Briefly, our aim was to narrow down our findings from the R&D systems array to 4 

soluble factors by setting up selective criteria. Only one out of 4 soluble factors will be 

selected on to address the hypothesis and to accomplish the main goals of my thesis; see 

section 1.5.2 of the first chapter. The criteria were gradually moved from Tier 1 to Tier 2. 
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Tier 1: 

 Chemokines and cytokines will be equally assessed but chemokines will be given 

priority because they are less studied compared to cytokines. This is necessary for 

the novelty aspect of the project.   

 They should be significantly increased or decreased, both in the cell and in the cell 

supernatant. 

 There should be a significant correlation in the literature in relation to cancer/ 

metastasis with minimal mechanistic investigation.  

Tier 2:  

 The change in expression should be validated by more than one applicable 

technique (ELISA, multiplex, etc.) and give similar results.  

 The expression change (increase/decrease) should be valid in the CRC panel of cell 

lines. The final candidate should have no conflicting results between mesenchymal 

and epithelial groups. 

As a result, the following chemokines were chosen; CCL5, IL-8, MDK and CXCL5 as 

they fulfilled the tier1 criteria. Tier 2 will be assessed and discussed throughout the next 

sections.  

4.2.3 Validation of CCL5, IL-8, MDK and CXCL5 

4.2.3.1 Validating MDK and CXCL5 at the mRNA and protein levels in DLD 

SIP-1 CRC-EMT Model and the CRC Panel  

MDK and CXCL5 were found by R&D arrays to be sharply increased and decreased, in 

the induced-DLD-SIP1 cells, respectively. RT-PCR and WB were the techniques used to 

validate their transcription and translation in the DLD-SIP1 CRC EMT model as well as in 

some randomly chosen CRC cell line with known EMT status.   

 MDK mRNA was found to be up-regulated in induced-DLD-SIP1 cells in comparison to 

un-induced-DLD-SIP1 cells. WB, showed a slight reduction of the intracellular MDK 

protein in the induced DLD-SIP1 cells and no detectable expression was found with the 

lysate of either DLD-SIP1 induced or un-induced cells; see figure 53. IF was used to 

further validate the intracellular MDK protein in this model. The staining confirmed that 
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MDK is a cytoplasmic protein expressed more in mesenchymal cells (DLD-I cells) than 

epithelial ones (DLD-I cells); see figure 54. 

The randomly chosen CRC cell lines: CT26, SW480 mesenchymal cell lines, and Colo205, 

HT29 epithelial cell lines, and SW620 intermediate epithelial cell lines, were tested for 

their intracellular MDK level; see figure 53. No significant difference was observed 

between the mesenchymal and the epithelial cell lines for their MDK protein. Similarly, 

the whole CRC panel (12 cell lines) were analysed for the transcriptional level of MDK. 

Unfortunately, there was no conclusive result from analysing the mRNA level between the 

mesenchymal/intermediate mesenchymal and the epithelial/intermediate epithelial cell 

lines. MDK mRNA was found high in Caco2, Colo205, SW620 epithelial/intermediate 

epithelial as well as HCT116, RKO mesenchymal/ intermediate epithelial cells. MDK 

mRNA was not detectable in CT26 due to primers specifically amplifying only human 

MDK. 

Interestingly, WB analysis agreed with the finding from R&D systems arrays for a sharp 

decrease in extracellular CXCL5 level in the DLD-SIP1 model. Clearly, the extracellular 

CXCL5 was down-regulated in the cell culture supernatant of DLD- SIP1 cells after SIP1 

induction compared to its level without induction. However, the intracellular level was not 

detected at all by WB using the same model. mRNA was used to validate the 

transcriptional level of CXCL5. The result showed that the intracellular transcription level 

of CXCL5 mRNA was down-regulated in SIP1 induction. Also, the transcriptional level of 

mRNA CXCL5 was also investigated in the 12 CRC cell lines. No detectable amount was 

observed in any of the 12 CRC cell lines except DLD-1; see figure 53. From this, we think 

it might an isolated event specific for DLD-SIP1 cells. 
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Figure 53: Expression of MDK and CXCL5 in the CRC panel and DLD SIP-1 inducible CRC 

EMT model 

A) RT-PCR from MDK and CXCL5 cells in the CRC panel and DLD SIP-1 inducible CRC EMT 

model.  

B) The intracellular and extracellular protein levels of MDK in a panel of CRC cells and in DLD 

SIP-1 stably induced CRC-EMT model by using WB.  

C) The intracellular and the extracellular protein level of CXCL5 in DLD SIP-1 CRC-EMT model 

by using WB. The figures are a representative demonstration of at least 3 independent results. 

MDK (Midkine), DLD-UI (un-induced DLD-SIP1 cells), DLD-I (induced DLD-SIP1 cells), M 

(mesenchymal), E (epithelial), ME (metastable). 

 

Figure 54: Intracellular MDK expression was analysed using immunofluorescence and confocal 

microscopy in DLD SIP-1 CRC EMT model. 

DLD-SIP1 cells were induced for 3 days with 2 µg/ml doxycycline. DLD-I cells showed high 

MDK expression compared to the un-induced ones. MDK was detected using MDK antibody 

followed by a green- (Alexa 488) conjugated secondary antibody. The figure is a representative 

demonstration of at least 2 independent results. DLD-UI (un-induced DLD-SIP1 cells) DLD-I 

(induced DLD-SIP1 cells). 
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4.2.3.2 Validation of CCL5 and IL-8 findings by 25-Multiplex detection 

immunoassay in SIP1 EMT models  

Our findings of CCL5 and IL-8 cytokines by R&D systems were validated further using a 

cytokine multiplex immunoassay that was provided by my third supervisor, Dr. Anthony 

Williams, who is specialist in clinical immunology and allergy. Supernatant from DLD-

SIP1 cells before and after induction were used. Similarly, CCL5 sharply increased in the 

supernatants of the induced DLD cells to 2290 pg/ml compared to the un-induced cells 

(790 pg/ml). IL-8, which was found sharply decreased in the R&D systems array, was also 

seen to decrease to 1730 pg/ml in the supernatant of the induced DLD cells as compared to 

the un-induced DLD cells (29070 pg/ml); see figure 55. These results validated the 

changes observed for CCL5 and IL-8 by the R&D systems arrays. 

 

Figure 55: 25-Multiplex detection immunoassay for DLD SIP-1 stable inducible CRC-EMT 

model. 

Equal number of cells were seeded and cultured for 3 days. The supernatants from DLD-UI and 

DLD-I cells were collected after 3 days. The test samples, control samples and standards were 

incubated with different beads attached to various capture antibodies overnight. The beads were 

analysed with a luminex detection system to measure the concentration of the soluble factors. 

DLD-UI (un-induced DLD-SIP1 cells) DLD-I (induced DLD-SIP1 cells). *more than 4000 pg/ml. 

To generalise our findings, we used another SIP1 inducible model of EMT (A431-SIP1 

cells) and performed the multiplex experiment. A431 cells are of epithelial carcinoma 

origin and they show all biochemical and morphological signs of EMT [216]. Cell culture 

supernatant from induced and un-induced A431-SIP1 cells was used. As observed before, 

CCL5 increased 4 folds in A431-I cells (460 pg/ml vs 1940 pg/ml). However, IL-8 was up-
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regulated 2-times (8060 pg/ml) in A431-I as compared to A431-UI cells (3500 pg/ml); see 

figure 56. 

 

Figure 56: Multiplex detection immunoassay for A431 SIP-1 stable inducible squamous cell 

carcinoma EMT model. 

Equal number of cells were seeded and cultured for 3 days. The supernatants from A431-UI and 

A431-I cells were collected after 3 days. The test samples, control samples and standards were 

incubated with different beads attached to various chemokine or cytokine capture antibodies 

overnight. The beads were analysed with a luminex detection system to measure the concentration 

of the soluble factors. A431-UI (un-induced DLD-SIP1 cells), A431-I (induced DLD-SIP1 cells).  

* More than 6000 pg/ml. 

In conclusion, the increase level of CCL5 in the induced DLD-SIP1 cells is in agreement 

with the R&D arrays finding. The sharp decrease of IL-8 in DLD-SIP1 cells after induction 

is also in align with our R&D arrays result. However, the opposite result was obtained 

from A31-SIP1 cells. Indeed, up-regulation of IL-8 has been repeatedly reported to 

promote metastasis in CRC [560-563], and that contrary finding for DLD-SIP1 CRC EMT 

model could be an isolated finding for CRC. For this reason, at this stage, IL-8 will not be 

investigated any further and CCL5 be the focus of further investigation. 
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4.2.3.3 Further validation of CCL5 induction in SIP1 inducible models and in 

CRC cell lines. 

4.2.3.3.1 CCL5 expression in DLD-SIP1 CRC EMT model   

CCL5 was found repeatedly up-regulated upon SIP1 induction in the R&D arrays as well 

as multiplex immunoassay.  Other validated techniques including WB, mRNA analysis and 

IF techniques were used to validate the intracellular amount of CCL5, whilst ELISA was 

used to confirm the extracellular expression.  

 CCL5 mRNA was also found up-regulated upon SIP1 induction in the DLD-SIP1 cells 

compared to the induced ones; see figure 57. WB showed that the intracellular protein is 

equally expressed in both induced and non-induced DLD-SIP1 cells; see figure 57. This 

might indicate that the WB technique is not an appropriate way to detect the intracellular 

CCL5 protein.  IF was therefore used. 

 

Figure 57:  Expression of CCL5 in a panel of CRC cell lines and the DLD SIP-1 inducible CRC 

EMT model 

A) RT-PCR of CCL5 in a panel of CRC cell lines and the DLD SIP-1 inducible CRC EMT model. 

B) Protein level of CCL5 chemokines in a panel of CRC cell lines and DLD SIP-1 stably induced 

CRC-EMT model. The figure is a representative demonstration of at least 3 independent results. ** 

CT26 and Caco2 were miss-loaded when identifying CCL5; CT26 cells have more CCL5 than Caco2cells. 
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IF staining also showed up-regulation of CCL5 in DLD-SIP1 cells upon induction. The IF 

staining also showed that CCL5 protein accumulates in the cytoplasm, and not the nucleus; 

see figure 58.  

 

Figure 58: Spatial intracellular CCL5 expression was analysed using immunofluorescence and 

confocal microscopy in DLD SIP-1 CRC EMT model. 

DLD-SIP1 cells were induced for 3 days with 2 µg/ml doxycycline. DLD-I cells showed high 

CCL5 expression compared to the un-induced ones. CCL5 was detected using a CCL5 antibody 

followed by green- (Alexa 488) conjugated secondary antibody. DAPI counterstain was used to 

detect the nuclei. The figure is a representative demonstration of at least 2 independent results. 

DLD-UI (un-induced DLD-SIP1 cells) DLD-I (induced DLD-SIP1 cells). 

ELISA results indicated that the abundant secretion of CCL5 was 2.6-times greater in the 

induced DLD compared to the un-induced cells with a p value of 0.001. The A431-SIP1 

model was also used to investigate the level of secreted CCL5 before and after SIP1 

induction. Similarly, CCL5 was ~ 8-times greater in A431-induced cells compared to A431 

un-induced cells with p value of 0.004. Of note, as SIP1 induction changes cell cycle 

properties of DLD-SIP1 and A431-SIP1 cells, cells were therefore counted at the time of 

supernatant collection and the level of CCL5 was normalised pg/one million cells; see 

figure 59 .  
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Figure 59: Human CCL5 was detected by sandwich ELISA in the supernatant of DLD SIP-1 and 

A431-SIP1 cells.  

DLD-I and A431-I cells were induced for 3 days using 2 µg/ml doxycycline, and the supernatants 

were collected to analyse the abundance of secreted CCL5 by ELISA. The wells of a 96 plate were 

coated overnight at room temperature with 1.0 µg/ml mouse anti-human CCL5 capture antibody. A 

three-fold serial dilution of the highest standard (2000 pg/ml), and diluted cell line supernatants 

were used. A detection antibody at a 20 ng/ml working concentration was followed by diluted 

streptavidin-conjugated-HRP (1:1000) and Substrate Solution (1:1 H2O2: Tetramethylbenzidine). 

The optical density was determined using a microplate reader at 450 nm with the wavelength 

correction at 570 nm. The readings were taken every 5 min intervals for 40 min. The results were 

normalised by the cell number to measure the average secretion of CCL5 per million cells. The 

figure is a representative result of 3 independent experiments. DLD-UI (DLD-un-induced), DLD-I 

(DLD induced). 

4.2.3.3.2 CCL5 expression in a selected cohort of CRC cell 

Lines 

To generalise our finding for CCL5, Caco2, Colo205, DLD-1, SW48 epithelial cell lines, 

SW620 intermediate epithelial cells and CT26, RKO, SW480 mesenchymal cell lines were 

chosen. The EMT status of these cell lines was investigated in chapter 3. Both RT-PCR 

and WB investigated the intracellular level of CCL5 in the chosen panel, whereas ELISA 

was used to examine the extracellular expression.  

 Interestingly, CCL5 mRNA was observed to be up-regulated more in the mesenchymal 

cell lines (CT26, RKO, and SW480) as compared to the epithelial ones; see figure 57. 

Similar to the DLD-SIP1 EMT CRC model, CCL5 was found widely distributed in all 12 

CRC cell lines, which could, again suggest that WB is not the appropriate technique to 

investigate CCL5; see figure 57.  

ELISA showed that CCL5 concentration in the supernatants of the epithelial cell lines 

ranged between 28-186 pg/ml, whereas it varied from 440-990 pg/ml in the mesenchymal 

ones. As a result, the average concentration of secreted CCL5 is statistically significant 

between the epithelial group (107.6 ± 30 pg/ml) and the mesenchymal group (639.7 ± 175 

pg/ml) with a p value of 0.0075; see figure 60. 



Chapter 4 

149 

 

Figure 60: Human CCL5 was detected by sandwich ELISA in the supernatants of five chosen 

epithelial or intermediate epithelial CRC cell lines and three mesenchymal CRC cell 

lines.  

The figure shows a statistically significant difference in CCL5 expression between epithelial and 

mesenchymal CRC cells. The results were normalised by the cell number to detect the average 

CCL5 secretion per 1 million cells. The figure is a representative result of three experiments. 

4.2.4 The final candidate  

CCL5 was reproducibly shown to change in SIP1-inducible EMT models as well as 

present in mesenchymal CRC cells. IL-8 down-regulation upon induction of SIP1 did not 

agree with A431-SIP1 inducible model, and also a conflict finding of IL-8 up -regulation 

in CRC has also been frequently reported. CXLC5 was only expressed in DLD-1 cells but 

no other CRC cell line, and MDK exhibited no significant difference between the epithelial 

and the mesenchymal EMT groups. Consequently, CCL5 met the selective criteria that 

were established at the start of this chapter and for that, it is chosen for further study.  

4.3 Discussion 

Patients with invasive cancer or the presence of distant metastasis have an 

immunosuppressed phenotype and thus a poor prognosis [220, 230, 332, 354]. In addition, 

metastasis and a poor prognosis have been associated with altered secretion of chemokines 

which in turn can reduce any anti-tumour response [184, 386, 564]. However, the role of 

EMT in altering the secretion of chemokines and thus enhancing metastasis and evading 

immune destruction has been not widely studied in cancer, particularly in CRC. Thus, I 

hypothesized that EMT and the anti-tumour response may be linked via altered secretion of 

soluble factors by metastatic cells in favour of an immune-compromised tumour 

microenvironment.  
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To test our hypothesis, the intracellular and extracellular expression of 67 human 

chemokines and cytokines were investigated using a defined CRC-EMT model; see figure 

53. To our knowledge, this is the first study characterising the expression of a large 

number of cytokines and chemokines using DLD-SIP1 CRC-EMT model.  

Technically, the R&D systems arrays worked as expected. The reference control spots 

showed the same pixel densities in the un-induced and induced DLD-SIP1 samples. 

Importantly, similar findings were obtained for chemokines which were present in both 

cytokine and chemokine arrays. For example, CCL5 is spotted in the chemokine and 

cytokine arrays and it was up-regulated in both. Similar results were also observed for 

CXCL7, CXCL4 chemokines and IL-1α cytokine in the two cellular compartments. The 

major findings are the significant increases in CCL5 and the sharp decrease in IL-8 in both 

arrays and in the two cellular compartments. Other interesting findings from the arrays 

were the remarkable increase of extracellular MDK and the remarkable decrease of the 

intracellular CXCL5. All these findings indicate that the arrays have a high sensitivity and 

accuracy. 

To select a soluble factor for future studies, I established a 2 tier selection criteria. Briefly, 

I aimed to narrow down to 4 soluble factors using tier 1 criteria, analyse it further using tier 

2 criteria and select only 1 soluble factor as the main focus of my thesis.  

Tier 1: 

 Chemokines and cytokines will be equally assessed but chemokines will be given 

priority because there are less studied as compared to cytokines. This is necessary 

for the novelty aspect of the project.   

 They should be significantly increased or decreased, both in the cell and in the cell 

supernatant. 

 There should be a significant correlation in the literature in relation to cancer/ 

metastasis with minimal mechanistic investigation.  

Tier 2:  

 The change in expression should be validated by more than one applicable 

technique (ELISA, multiplex, etc.) and give similar results.  

The expression change (increase/decrease) should be valid in the CRC panel of cell 

lines. The final candidate should have no conflicting results between mesenchymal 

and epithelial groups. 
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As a result, the following chemokines were chosen; CCL5, IL-8, MDK and CXCL5 as 

they fulfilled the tier1 criteria. From assessing tier 2 criteria a candidate was selected to test 

the project hypothesis.    

Up-regulation of IL-8 was repeatedly reported to promote metastasis in CRC [560-563]. In 

addition, up regulation of IL-8 was implicated in modulating the tumour microenvironment 

via the EMT programme [442, 444]. However, expression of IL-8 in DLD-SIP1 CRC- 

EMT model showed the opposite; I observed a strong down-regulation of IL-8 during 

SIP1-induced CRC EMT. Using a squamous cell cancer model of SIP1 induced EMT 

(A431), I investigated changes in cytokine/chemokine expression using a multiplex beads 

immunoassay. In this screening, it was found that IL-8 was up regulated upon SIP1 

induction; see figure 56. For these reasons, I concluded that the secretion of IL-8 cannot be 

directly regulated by SIP1, and thus I excluded it from the study. 

Although increased levels of MDK have been widely reported in the literature, it has been 

scarcely studied in CRC and EMT fields [403, 565, 566]. The sharp increase in expression 

determined by the R and D system arrays was only at the extracellular compartment. The 

intracellular MDK was investigated further by mRNA and IF, and a significant increase 

was observed in the induced DLD-SIP1 cells compare to un-induced cells; see figure 54. 

The mRNA and the intracellular protein level of the CRC panel gave inconclusive results, 

and no significant finding between the mesenchymal and the epithelial groups was 

observed; see figure 53. For that, I did not focus on MDK.  

CXCL5 was not significantly different between the epithelial and the mesenchymal 

groups; there was no detectable amount of the protein or mRNA levels in the CRC panel 

apart from DLD-1 cell line and DLD-SIP1 CRC EMT model; see figure 53. Thus, the 

decrease of CXCL5 in induced DLD-SIP1 cells is an isolated, not general phenomenon. In 

addition to this, although our findings of decreased CXCL5 were supported by other 

authors, a controversial observation related to CXCL5 expression in cancer was reported as 

well [567, 568]. More specifically, CXCL5 was reported to be highly expressed in CRC 

[569, 570]. Furthermore, human CXCL5 has a very high structural homology to human 

CXCL6 [571], which would make it difficult to differentiate the biological action between 

them or reach the level of in vivo experiments. Having considering all the aforementioned 

reasons, I left CXCL5 out of our study. 

CCL5 results successfully met our selective criteria. In both arrays, the extracellular and 

the intracellular proteins were sharply increased in the induced DLD-SIP1 cells compared 
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to the un-induced cells. Human CCL5 ELISA, beads immunoassay and RT-PCR 

confirmed our arrays findings for DLD-SIP1 CRC-EMT and A431-SIP1 squamous cancer 

EMT models; see figure 57. IF results also asserting a significant increase of CCL5 in the 

induced DLD-SIP1 cells, and it showed, that CCL5 is localised to the cytoplasm; see 

figure 58.  

To investigate further, the intracellular and the extracellular expression of CCL5 was 

checked in our CRC panel using WB, RT-PCR, and human CCL5 ELISA, respectively; 

see figure 57. RT-PCR showed that the CCL5 gene is transcribed more in the metastatic 

cells compared to the epithelial once; see figure 57.Accordingly, the ELISA result showed 

that translation and secretion of CCL5 is much more in the mesenchymal cells (CT26, 

RKO and SW480) compared to the epithelial ones (p value =0.0075); see figure 60. 

Indeed, CCL5 has been implicated as a poor prognostic factor in predicting disease-free 

survival [462, 572-578]. However, there is a discrepancy about the source of CCL5. Few 

reports indicated that CCL5 is secreted more by MSCs and the direct contact of these cells 

to cancer cells enhanced their migration and invasion and thus metastasis [307, 308, 579, 

580]. Furthermore, activated CTLs, DCs and other immune cells infiltrating into the 

tumour stroma were also reported to be a source of CCL5 [581, 582]. Others reported that 

CCL5 is directly produced by the tumour cells themselves and this can enhance their 

metastasis [433, 462, 572, 578]. In our opinion, both tumour cells and the stroma could 

coordinate the level of both paracrine and autocrine signalling of CCL5 to enhance tumour 

immunosuppression, invasion and metastasis. 

Our findings differentiate specifically which tumour cells secrete more CCL5. CCL5 is 

secreted more by the mesenchymal (metastatic) tumour cells, which were found in chapter 

3 to express ZEB1 or ZEB2. In fact, other scientists have supported our findings of CCL5 

up-regulation in the mesenchymal cells indirectly. It was found that CCL5 is expressed 

more at the invasive front of CRC primary tumours, and that cancer cells at the invasive 

front are more metastatic, display signs of EMT and can predict poor patient survival [523, 

524]. Another piece of evidence is that, a stem like subpopulation within ovarian cancer 

expresses (CD133+) and  a stem-like subpopulation within breast cancer expresses 

(CD44+, CD24-) were found to have to have high CCL5 expression [583-585]. It has been 

previously determined that one of the important signs of cells undergoing EMT is that they 

acquire stemness features including resistance to apoptosis, self-renewing and the ability to 

differentiate [284]. Furthermore, Kao et al., detected that MDA-MB-231, Hs578T and 

SUM-159 breast cell lines, which showed fibronectin, vimentin, and MMP2 mesenchymal 



Chapter 4 

153 

markers, were found to have a high level of CCL5 [586]. Taken together, the novelty of 

our CCL5 findings is that, we determined which tumour CRC cells secrete more CCL5 in 

the context of EMT.  

As a conclusion of the chapter, CCL5 was the only chemokine which met our selective 

criteria.  It is therefore the candidate to be chosen for further investigation to address our 

initial hypothesis. 

In the next two chapters, CCL5 will be studied in more detail following two main 

objectives: 

 The mechanistic role of ZEB1/2 EMT in activating CCL5 in CRC (Chapter 5). 

 The molecular basis of immune infiltration as a result of CCL5 up-regulation in the 

context of EMT in CRC (Chapter 6). 

 





Chapter 5 

155 

Chapter 5: The Mechanistic Role of 

ZEB1/2 EMT in Activating CCL5 in CRC 

5.1 Introduction 

CCL5 is the candidate that was chosen from the previous chapter, with a set of selective 

criteria in order to test the hypothesis of the project. Indeed, an observation from the 

previous chapter is that CCL5 is more highly expressed after induction of the SIP1 gene in 

DLD-SIP-1 and A431-SIP1 cells, and in the mesenchymal CRC cell lines expressing SIP1 

or ZEB1. In fact, in the third chapter, I found that ZEB1/2 were the EMT regulatory 

markers that help to differentiate EMT status in the CRC panel. As mentioned, ZEB1/2 

have been strongly implicated in CRC metastasis and are associated with poor patient 

survival [217, 523].Therefore, I have proposed that CCL5 might be up-regulated upon 

induction of ZEB1/2 in carcinoma cells making EMT and metastasis possible by escaping 

immune destruction. In fact, TWIST and SNAIL have been implicated in up regulating IL-

8 and CCL2 in CRC and breast cancer [357, 442, 457, 587], but little has been studied in 

the context of EMT-mediated chemokine production in CRC. Whilst there are two recent 

reports linking CCL5 up-regulation to EMT [580, 588], none show direct evidence that 

ZEB1/2 up-regulate CCL5 expression. We think our project is novel in respect to 

understanding the role of ZEB1/2 in driving CCL5 expression, and in highlight the benefit 

of CCL5-targeted cancer therapy. 

Before conducting the chapter objectives, it is worth introducing CCL5 briefly with respect 

to cancer and the mechanism of its regulation.   

5.1.1 C-C chemokine ligand 5 (CCL5) in cancer 

C-C chemokine ligand 5 (CCL5) is a member of the ‘CC’ subfamily of chemokines. It is 

also known as RANTES (Regulated upon Activation, Normal T cell Expressed and 

presumably Secreted), as it was originally identified as a product of activated T cells [589]. 

Human CCL5 protein is 91aa (8-10 KDa) and exhibits approximately 85% homology with 

mouse Ccl5 [590]. The activity of CCL5 is mediated via binding to CCR1, CCR3 and 

CCR5. Among these receptors, CCR5 is considered the main receptor for CCL5 and the 

major co-receptor for HIV [388, 431].  
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CCL5 plays an active role in recruiting various kinds of immune cells such as T cells, 

macrophages and eosinophils into sites of inflammation [591]. It also contributes to 

maturation and proliferation of normal T cells, dendritic cells and natural killer cells [592-

594]. Recent research indicates that CCL5 has an important role in the progression and 

metastasis of many solid tumours such as melanoma, breast cancer, gastric cancer, colon 

cancer, ovarian cancer and prostate cancer [572, 574, 576, 595-597]. 

5.1.1.1 Expression of CCL5 in human specimens 

CCL5 up-regulation in human tissue, plasma, serum is associated with anti-tumour 

responses and cancer progression. CCL5 can promote T cell infiltration into the 

surrounding stroma which assists in tumour rejection [598-605]. On the other hand, over-

expression of CCL5 is positively associated with malignant transformation in breast cancer 

at primary tumour sites, regional lymph nodes and metastatic sites compared to normal 

epithelial cells, ductal epithelial cells and benign tumours [578]. More specifically, a tissue 

microarray analysis of  2,254 human breast cancer tissues reveals that CCL5 and its 

receptor CCR5 are highly expressed in the HER2 positive genetic subtype of breast cancer 

compared to non-cancerous breast samples [433]. Similarly, Erreni et.al., observed that 

CCL5 is expressed predominantly at the invasive front of primary colorectal cancers[576]. 

Cambien et.al. Found that metastatic liver and pulmonary resection pieces from CRC 

exhibited the highest levels of CCL5 compared to the primary tumour and healthy tissues 

[462]. In addition, plasma/serum CCL5 levels were higher in patients with cancers 

compared to healthy individuals and in relapsed patients with metastases compared with 

patients in remission [573, 606-610]. These findings are in agreement with the dual 

function of chemokines in cancer in promoting both tumour rejection and cancer 

progression in the late stages of disease [386].  

5.1.1.2 Regulation of CCL5 expression 

The underlying mechanism by which CCL5 contributes to tumour biology is not clear. Up-

regulation of CCL5 can both promote anti-tumour response and immune-suppression. T 

cell and NK cell infiltration into the TME is also implicated in helping tumour rejection 

[598-605]. Similarly, a recent CRC study indicated that MSI patients have more active 

adaptive immune responses (comprising CD3+, CD8+, CD45RO+ and T-bet+ T 

lymphocytes) compared to Microsatellite stable (MSS) patients. The presence of these 

immune cells was associated with high expression of CCL5, CXCL10, and CXCL9 and 
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recruitment of Th1 and memory CD45RO+ T cells to the TME which could be a good 

prognostic indication for MSI CRC subtype [599]. 

In contrary, various reports observed that CCL5 is able to induce immune tolerance in the 

tumour microenvironment by recruiting CCR5+ Tregs, Th2 cells and inducing CD8+ T 

cells to commit apoptosis [611-613]. In addition, CCL5 has been implicated in promoting 

triple-negative mammary tumour progression by maintaining the immunosuppressive 

capacity of human CD11b (+)/Gr-1(+) MSDCs [614]. Furthermore, the secretion of CCL5 

by cancer cells themselves or recruitment of TAMs, can stimulate angiogenesis and 

metastasis by secreting angiogenesis factors such as MMPs, IL-8 and VEGF [588, 615-

617]. Moreover, up-regulation of CCL5 is implicated in enhancing tumour cell migration 

via high nuclear β-catenin localisation in breast cancer [618] and through increased 

phosphorylation of MEK/ERK and PI3K/AKT, which in turn up-regulate 𝛼V𝛽3 integrin 

expression and activate NF-κB [575, 619]. Authors also identified that CCL5 signalling 

can promote tumour cell migration and invasion by MMP-9 and MMP2 over-expression 

through activation of PI3K/Akt, MEK/ERK, JAK2-STAT3 signalling pathways and the 

downstream molecule NF-𝜅B [308, 577, 583, 620, 621]. Moreover, Murooka et al., 

pointed out that CCL5 signalling can enhance tumour cell proliferation by inducing the 

mTOR pathway [592]. However, Karnoub et al., found that CCL5 does not promote 

proliferation and survival of breast cancer cell lines, instead it significantly enhances 

invasion in lung metastasis [307]. Recently, Long et al., proposed the previously reported 

CSLCs as a source of CCL5 that can activate the non-CSLCs via binding to non-CSLCs 

CCR1/3/5. This in turn activates NF-κB signalling and hence migration and invasion of 

ovarian cancer cells [585]. From all these studies, it can be suggested that targeting CCL5 

signalling may be a potential opportunity for therapy in various type of cancers. However, 

further elucidation of the role of CCL5 signalling in immunosuppression and cancer 

progression is still needed. 

5.1.1.3 Regulation of CCL5 in the context of EMT 

Although many studies indicate the importance of CCL5 in cancer, there have been few 

researchers studying CCL5 in the context of EMT. In fact there are only 7 studies 

describing the role of EMT in the positive regulation of CCL5/RANTES in cancer and vice 

versa. Of these, only one focused on CRC, whilst others included one head and neck 

cancer, two prostate cancers, one ovarian cancer, one breast cancer and one 

chondrosarcoma; see figure 61. 
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In prostate cancer, Barnett et al., pinpointed that over-expression of SNAIL via reactive 

oxygen species (ROS) induces EMT and as a result activates CCL5 over-expression [622]. 

In addition, Luo and colleagues reported that MSCs mediated up-regulation of CCL5 in 

prostate cancer, increasing stem cell populations, leading to the up-regulation of several 

molecules including ZEB1, CD133 and MMP9 [580]. The ovarian cancer study showed 

that the paracrine action of CCL5 (over-expressed by CD133+ CSLC ovarian cancer cells) 

on the neighbouring non-CSLCs CCR1/3/5 activates NF-κB signalling pathway thereby 

activating EMT, and thus invasion and metastasis of non-CSLCs [585]. The breast cancer 

study suggested that the coordinated expression of CCL2 & CCL5 and TNFα & IL-1β in 

breast cancer enhances EMT, disease progression and metastasis. However, TNF-α and IL-

1β in particular led to EMT [623]. The CRC study found that the secretion of abundant 

CCL5 by tumour-associated dendritic cells (TADCs) upon SNAIL over-expression, 

contributes by enhancing migration, invasion, and inducing EMT via non-coding RNA 

‘Metastasis-Associated Lung Adenocarcinoma Transcript 1’ (MALAT-1) [582]. The  head 

and neck  study by Hsu et al., showed that acetylation of SNAIL by CREB binding protein 

(CBP) at lysine 146 and lysine 187 activated several genes including TNF-α, CCL2 and 

CCL5 through which TAMs were recruited and could modulate the TME [509]. The 

chondrosarcoma study showed that up-regulation CCL5 leads to down-regulation of miR-

200b, which is negatively correlated with ZEB expression, the main contributor in 

inducing EMT, resulting in up-regulation of VEGF-dependent angiogenesis through 

PI3K/AKT signalling [588]. Indeed, investigating and understanding the role of the EMT 

programme in regulating CCL5 or the role of CCL5 in inducing EMT would be novel and 

beneficial for targeted CRC therapy.  

5.1.1.4 CCL5 in cancer therapy  

Different compounds have been utilised to block the activity of the CCL5-CCR5 axis in 

cancer. The small molecule Maraviroc, an FDA-approved drug for the treatment of CCR5-

trophic HIV infection, has shown a promising effect in reducing formation of pulmonary 

metastasis by basal breast tumour cells in vivo [433], and in preventing hepatocellular 

carcinoma development in a mouse model [461]. TAK-779, a small molecular weight 

quaternary ammonium derivative, is another CCR5 antagonist which has been found to 

diminish Treg infiltration and reduce tumour cell proliferation in a pancreatic carcinoma 

model in vivo [612]. 
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Figure 61: A systematic review of EMT and CCL5 in cancer. 

 

However, in colorectal cancer Cambien et al., found that this molecule could only inhibit 

liver metastasis if PDGFRβ is blocked before TAK-779 treatment [462]. Recently, a novel 

pyridine quaternary alkaloid isolated from Aniba sp. (Anibamine) has been reported to 

bind and inhibit CCR5. Anibamine was observed to suppress adhesion, invasion and 

proliferation of highly metastatic M12 prostate cancer cells and OVCAR-3 ovarian cancer 

cells without causing any significant cytotoxicity [624, 625]. In addition to these 

molecules, inhibition of CCL5 by a neutralisation antibody in breast cancer showed a 

reduction of metastasis, MSC, TAM and MDSC infiltration [307, 614, 616]. Overall, 

targeting CCL5/CCR5 may have a great therapeutic potential in cancer therapy.  
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5.2  The aim  

The mechanism of ZEB1/2, as EMT inducing transcription factors, in activating CCL5 

transcription in CRC will be examined. In order to investigate this:  

 In silico analysis of the CCL5 promoter will be performed for ZEB1/2 binding 

motifs ( E-boxes)  

 The CCL5 promoter will be cloned into a reporter plasmid (pGL3 basic). 

 Luciferase assays will be undertaken in a selection of naturally epithelial or 

mesenchymal CRC cell lines and in the SIP1 induced EMT models to investigate if 

SIP1 (ZEB2) or ZEB1 can up-regulate CCL5. 

 Chromatin Immunoprecipitation (ChIP) assays will be performed to show whether 

up regulation of CCL5 is direct upon SIP1 binding or not.  

5.3 Results 

5.3.1 Analysing and cloning the CCL5 promoter  

5.3.1.1 Analysing CCL5 promoter for ZEB1/2 E-boxes   

In order to study the mechanistic influence of ZEB1/2 proteins in activating CCL5 

transcription, ZEB1/2 binding motifs (E-boxes binding sites) were studied using the 

TFBIND program. Two strong ZEB1/2 binding sites (with 90% confidence) were 
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identified. The first one is CACCTC, and the second one is CACGTG which is located in 

first exon; see figure 62 and figure 65.  

 

Figure 62: The sequence of the cloned region of the CCL5 promoter (including a part of the first 

exon).  

The sequence shows potential ZEB1/2 motif sites (E-box1 and E-box2), and the PCR primers that 

were used to amplify the promoter from human genomic DNA. Restriction enzyme sites (Mlu I and 

Xho I) were added to the designed primers in order to clone the intended DNA fragment into the 

pGL3 vector. 

5.3.1.2 Cloning of the CCL5 promoter 

As we found two potential sites for ZEB binding we intended to clone a 988 bp fragment 

of the CCL5 promoter and a part of the first exon. Before proceeding with cloning, the 

candidate genomic DNA fragment was analysed for restriction enzyme binding sites using 

the web cutter programme. In order to ligate the promoter into pGL3 plasmid, the forward 

primer was designed to have a Mlu I restriction site, whereas the reverse primer was 

designed to have an Xho I restriction site. In addition, the reverse primers were chosen to 
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be within the proposed start codon (ATG) site. However, the start codon was mutated in 

order to eliminate translational start of CCL5 which would create a bias when the 

luciferase assay is performed; see figure 62 and figure 65. 

By following the steps for the CCL5 promoter in figure 63, the CCL5 promoter was first 

amplified with KOD polymerase, extracted from the gel, cut with Mlu I and Xho I along 

with pGL3 plasmid. The cut vector and insert were loaded on a 1% gel along with the 

uncut pGL3 plasmid to check the efficiency of digestion; the cut pGL3 is higher in size 

compared to the un-cut supercoiled pGL3. Afterwards, the cut DNA fragments (vector 

insert) were ligated using Takara ligation system (Clontech). The new constructed pGL3 

CCL5 promoter plasmid was transformed immediately into α-select silver competent cells. 

The transformed bacteria were spread onto LB agar plates with 100 µg/ml Ampicillin and 

grown overnight. Subsequently, six colonies were chosen to investigate the success of 

CCL5 promoter cloning using colony PCR. Out of the six clones, only one was found at 

the right size (~988 bp). The colony was then propagated overnight in LB medium 

containing 100 µg/ml Ampicillin, and mini-preped the next day. Before sending the mini-

preped plasmid to sequencing, the presence of insert was validated by performing a 

restriction digestion using Mlu I and Xho I. The excised fragment was found at the right 

size of CCL5 promoter amplicon (~988 bp). The nucleic acid sequencing was done by 

using the pGL3 reverse primer, and the resulted sequence was checked for any mutations 

using the BLAST programme. No mutations were found (see appendix figure 84, 85 and 

86). Finally, the bacteria containing the constructed plasmid was cultured further in 125ml 

LB medium with 100 µg/ml Ampicillin to obtain a larger quantity of the pGL3 CCL5 

promoter construct. The resulting maxi-prep was checked one more time by digesting with 

Mlu I and Xho I, and again the insert was detected at ~988 bp. 
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Figure 63: Illustration of the steps used to clone the CCL5 promoter into pGL3.  

Briefly, the CCL5 promoter including a part of the first exon was amplified from human genomic 

DNA using KOD polymerase, and then extracted using an extraction kit. The extracted CCL5 

promoter was cut with Mlu I and Xho I and ligated into the pGL3 plasmid and transformed into 

JM109 competent bacteria. After overnight incubation, 6 colonies were picked and analysed for the 

presence of the insert by performing colony PCR. Only one colony out of six was positive (C5). 

C5, was cultured overnight in LB medium containing 100µg µg/ml Ampicillin, and then purified 

by miniprep. The authenticity of the colony was validated for the presence of the promoter by using 

the same restriction enzymes that were added to the designed CCL5 promoter PCR primers (Mlu I 

and Xho I). The insert was successfully separated from pGL3 vector, and CCL5 promoter was 

observed at the same amplicon size (988 bp). C5 was also sequenced (Source Bioscience Life 

technology) which showed an identical sequence of the intended cloned region for the CCL5 

promoter. 

5.3.2 Luciferase assay for the CCL5 Promoter  

A luciferase assay was used to investigate the effect of ZEB1/2 as drivers of the pGL3 

CCL5 promoter reporter. To do that, SIP1 was induced in DLD-SIP1 and A431-SIP1 

models for 3 days and used as a positive source for SIP1 as driver. On the other hand, 

SW480 and RKO cells, which were found to have moderate to high levels of ZEB1 protein 

(see figure 64), were used as a positive source for the ZEB1 reporter. The SW620 cell line, 

which was found in chapter 3 to have negligible amounts of ZEB1protein, was included in 

the study in order to compare results to SW480 cells. In this project, SW620 and SW480 

cells were considered as a CRC EMT model as they both originated from primary and 

secondary tumours of the same CRC patient, and SW480 cells appeared more 

mesenchymal than SW620. On the other hand, DLD-1 cells were used as negative source 

for both SIP1 and ZEB1, and its output signals were used to calculate the percentage of 

increase in the signals of the chosen cell lines. 
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Figure 64 is a representative figure for three standardised luciferase experiments (each in 

triplicate). SW480 and RKO with a high level of ZEB1 driver, and DLD-I and A431-1 

with a high level of SIP1 driver showed a remarkable effect on activating the CCL5 

promoter with ~ 5, 10, 5 and 9-fold increase compare to DLD-1 cells, respectively. 

Whereas, SW620, DLD-UI and A431-UI cells had an insignificant effect on the promoter 

with 115 % ±9, 121 % ±14 and 104 % ± 21 activity compare to 100 % ± 5 for DLD-1 cells, 

correspondingly. 

  

Figure 64: Relative luciferase activity of CCL5 promoter in a panel of CRC cell lines. 

DLD-SIP1 and A431-SIP1 cells were induced for 3 days using doxycycline prior to use. pGL3 or 

pGL3 CCL5 promoter and Renilla luciferase plasmid were transfected into DLD-1, SW620, 

SW480, and RKO as well as in DLD-SIP1 and A431-SIP1 cells using the Lipofectamine protocol. 

The luciferase activity obtained from firefly (FF) and Renilla (RN) was calculated as a ratio FF: 

RN. The relative luciferase activity of the CCL5 promoter (presented in the figure as a percentage) 

in DLD-1 epithelial cells that showed no SIP1 or ZEB2 expression in our EMT CRC panel, was 

used to compare the relative luciferase activity of the CCL5 promoter in all the other examined 

CRC cells. The luciferase activity was observed more in the mesenchymal cells expressing SIP1 or 

ZEB1 proteins (SW480, RKO and DLD-I and A431-I cells) compared to the epithelial (DLD-UI, 

A431-UI cells) and the intermediate epithelial (SW620). DLD-UI (un-induced DLD-SIP1 cells), 

DLD-I (induced DLD-SIP1 cells), A431-UI (un-induced A431-SIP1 cells), A431-I (induced A431-

SIP1 cells). The figures are a representative demonstration of at least 3 independent results.  

5.3.2.1 Luciferase Assay for the CCL5 Promoter with Mutated ZEB1/2 E-Boxes 

In order to see if ZEB1/2 are binding to E-boxes on the CCL5 promoter and activating 

CCL5 transcription, Site-Directed Mutagenesis (SDM) was performed for the CCL5 

promoter ZEB1/2 E-box 1 (gctCACCTCctt mutated to gctAAAATCctt) and CCL5 
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promoter ZEB1/2 E-box 2 (cagCACGTGgac mutated to cagAAAAAGgac) or for both; see 

figure 65. 

Figure 66, 67 and 68 illustrate the effects of the E-box1 mutation (E1m), the E-box 2 

mutation (E2m) or E-box1 and 2 mutations (E1m + E2m) on the binding affinity of SIP1 

protein in A431-SIP1 and DLD-SIP1 EMT-CRC model, and the binding affinity of ZEB1 

protein in SW480 and SW620 cells.  

  

Figure 65: An illustration of CCL5 promoter with SIP1/ZEB2 motif sites with or without 

mutation.  

The illustration shows the length of the promoter including the first exon and the SIP1/ZEB1 

binding sites within the region. The SIP1/ZEB2 motif sites were mutated individually at E-box1 

(E1m) or E-box1 (E2m) or at the two binding sites (E1m+E2m) using the site directed mutagenesis 

protocol.  

Consistently, up-regulation of CCL5 promoter was seen in DLD-I cells (~ 5 folds increase 

compared to DLD-UI cells), A431-I cells (~ 5 folds increase compared to A431-UI cells) 

and SW480 cells (~ 3 folds higher compared to SW620 cells). Noticeably, a meaningful 

down-regulation of the promoter was seen with E1m, E2m and E1m + E2m in all the 

examined cells.  However, the strongest effect was with E2m, as the combination of E1m 

and E2m was slightly stronger compared to E2m alone; see figure 66, 67, 68. 

The reduction of luciferase activity associated with SDM in DLD-UI and A431-UI cells 

was not significant. It was about 20-40 % down-regulation compared to ~ 300-400 % 

reduction in DLD-I and A431-I. On the other hand, both SW480 and SW620 cells showed 
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a similar amount of decrease in CCL5 promoter activity when the E-Boxes were mutated 

(by ~ 40-80 %) compared to the wildtype promoter; see figure 66 and 67, 68. 

 

Figure 66: The relative luciferase activity of the CCL5 promoter with or without SIP1/ZEB1motif 

sites mutations in DLD-SIP1 CRC EMT model.  

DLD-SIP1 cells were induced for 3 days using doxycycline prior to use. pGL3 or pGL3 CCL5 

promoter or pGL3 CCL5 promoter with SIP1/ZEB1 E-box1 mutation (E1m) or pGL3 CCL5 

promoter with SIP1/ZEB1 E-box2 mutation (E2m) or pGL3 CCL5 promoter with SIP1/ZEB1 E-

box1 and E-box2 mutations (E1m+E2m) were transfected into DLD-UI and DLD-I cells. 5ng of 

Renilla luciferase plasmid was also transfected along with the other plasmids using Lipofectamine 

protocol. The luciferase activity obtained from firefly (FF) and Renilla (RN) was calculated as a 

ratio FF: RN. The relative luciferase activity of the wild-type CCL5 promoter in DLD-UI and 

DLD-I cells (presented as a percentage in the figure) were used to compare the relative luciferase 

activity in DLD-UI and DLD-I cells with the mutated CCL5 promoters (E1m, E2m or E1m+E2m). 

DLD-UI cells showed no difference in the relative luciferase activity of CCL5 promoter with or 

without the mutations. On the other hand, induced DLD-SIP1cells transfected with E1m, E2m or 

E1m+E2m CCL5 promoters showed a radical reduction of the relative luciferase activity compared 

to DLD-I cells with the wild-type CCL5 promoter. The results conclude that SIP1 is involved in 

activating the CCL5 promoter. DLD-UI (un-induced DLD-SIP1 cells), DLD-I (induced DLD-SIP1 

cells). The figures are a representative demonstration of at least 3 independent results.  
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Figure 67: The relative luciferase activity of the CCL5 promoter with or without SIP1/ZEB1motif 

sites mutations in A431-SIP1 squamous cell carcinoma EMT model.  

A431-SIP1 cells were induced for 3 days using doxycycline prior to use. pGL3 or pGL3 CCL5 

wild-type promoter or pGL3 CCL5 promoter with SIP1/ZEB1 E-box1 mutation (E1m) or pGL3 

CCL5 promoter with SIP1/ZEB1 E-box2 mutation (E2m) or pGL3 CCL5 promoter with both 

SIP1/ZEB1 E-box1 and E-box2 mutations (E1m+E2m) were transfected into A431-UI and A431-I 

cells. 5ng Renilla luciferase plasmid was transfected along with the other transfected plasmids 

using the Lipofectamine protocol. The luciferase activity obtained from firefly (FF) and Renilla 

(RN) was calculated as a ratio FF: RN. The relative luciferase activity of the CCL5 wild-type 

promoter in A431-UI or A431-I was used to compare the relative luciferase activity in A431-UI or 

A431-I cells with the mutated CCL5 promoters (E1m, E2m or E1m+E2m). A431-UI cells showed 

no difference in the relative luciferase activity with or without mutations in the CCL5 promoter. On 

the other hand, A431-I cells transfected with E1m, E2m or E1m+E2m CCL5 promoter showed a 

remarkable reduction in the relative luciferase activity compared to A431-I cells with wild type 

CCL5 promoter. The results conclude that SIP1 may therefore be involved in activating the CCL5 

promoter.  A431-UI (un-induced A431-SIP1 cells), A431-I (induced A431-SIP1 cells). The figures 

are a representative demonstration of at least 3 independent results.  
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Figure 68: The Relative luciferase activity of the CCL5 promoter with or without 

SIP1/ZEB1motif sites mutations in SW620 and SW480 cells.  

pGL3 or pGL3 CCL5 promoter (wild-type promoter) or pGL3 CCL5 promoter with SIP1/ZEB1 E-

box1 mutation (E1m) or pGL3 CCL5 promoter with SIP1/ZEB1 E-box2 mutation (E2m) or pGL3 

CCL5 promoter with SIP1/ZEB1 E-box1 and E-box2 mutations (E1m+E2m) were transfected into 

SW620 and SW480 cells. 5ng of Renilla luciferase plasmid was also transfected into the cells along 

with the other plasmids using the Lipofectamine protocol. The luciferase activity obtained from 

firefly (FF) and Renilla (RN) was calculated as a ratio FF: RN.  

The relative luciferase activity of the wild-type CCL5 promoter (presented as a percentage in the 

figure) in SW620 cells was used to compare the relative luciferase activity in the SW620 cells with 

the mutated CCL5 promoters (E1m, E2m or E1m+E2m). SW620 cells (expressing low-no ZEB1) 

showed a reduction in the relative luciferase activity compared to SW620 cells with the wild-type 

CCL5 promoter.  

The relative luciferase activity of the wild-type CCL5 promoter (presented as a percentage in the 

figure) in SW480 cells was used to compare the relative luciferase activity in the SW480 cells with 

the mutated CCL5 promoters (E1m, E2m or E1m+E2m). SW480 cells (expressing high levels of 

ZEB1) showed a significant reduction in the relative luciferase activity compared to SW480 cells 

with the wild-type CCL5 promoter 

The results conclude that ZEB1 may be involved in activating the CCL5 promoter. The figures are 

a representative demonstration of at least 3 independent results.  
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Figure 69: Shearing size of DNA from DLD-SIP1 cells using a different number of pulses. 

The recommended chromatin size (200-1500 bp) was assessed in DLD-SIP1 cells prior to use in 

ChIP using a different set of pulses, ranging from (1x to 10x) at 1.0 energy output. Different 

amounts (5 and 10 µl) of each sheared condition was loaded onto a 1% agarose gels. The size of 

the sheared chromatin declined gradually with more pulses. The best chromatin shearing condition 

for DLD-SIP1 cells is between 3 and 5 pulses (the DNA size is ≤ 1500 bp). ChIP (chromatin 

immunoprecipitation assay)    

In order to further validate the shearing efficiency, different genomic DNA amplicons at ~ 

800 bp, ~ 1200 bp and ~ 1480 bp were checked; see figure 70.  Our findings suggest that ~ 

800 bp the amplicon can be detected even after 10 pulses of sonication. On the other hand, 

the 1200 bp DNA amplification is undetectable at 8 pulses, and the 1480 bp amplicon 

disappears after 5 pulses. From there, it can be concluded that the best sonication condition 

for DLD-SIP1 cells, with fragments of chromatin between 200-1500 bp, is at five pulses of 

20 second each, with a 30 second rest on ice between each pulse at 1.0 setting as power 

output. 

After validating the best chromatin shearing condition for DLD-SIP-1 cells, the cells were 

induced for 3 days with doxycycline. Both induced and un- induced DLD-SIP cells were 

fixed to preserve the binding of chromatin and associated proteins with DNA. Cells were 

then harvested, lysed and nuclei then collected and the chromatin sheared with five pulses. 

Before proceeding with the immunoprecipitation (IP) step, DLD-UI and DLD-I 

fragmented inputs were checked further for their sizes; see figure 71. The inputs 

fractionated were all at the recommended range of ~200-1500 bp. Also, loading of 50 ng of 

DLD-UI and DLD-I input DNA showed that the sheared DNA was suitable to amplify 147 

bp, 800 bp and 1200bp.The amplicon at 1400 bp was weakly amplified. The amplicon at 

2400 bp was undetectable. From these results it can be concluded that the range of the 
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sheared chromatin of DLD-UI and DLD-I were acceptable (≥ 200 bp and ≤ 1500 bp), and 

the chromatin was ready to proceed to IP stage. 

 

Figure 70: Further validation of chosen shearing condition (5 pulses) for DLD-SIP1 cells using 

PCR. 

Various pair of primers with well-known DNA amplicon sizes (~850 bp, 1200 bp and 1480 bp) 

along with the chromatins (templates) that were obtained from different pulses and Taq polymerase 

were mixed to perform PCR. The PCR products were loaded on a 1% agarose gel. The 800 bp 

amplicons was observed with > 5 pulses. The 1200bp amplicons disappeared sharply after 5 pulses, 

whereas the 1480 bp amplicons disappeared after 3 pulses. As the recommended size to proceed 

with ChIP is no more than 1500 bp, 5 pulses was chosen as an optimised shearing condition for 

DLD-SIP1 cells. ChIP (chromatin immunoprecipitation assay); M (DNA ladder).  
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Figure 71: Validation of DLD-UI and DLD-I inputs before proceeding with immunoprecipitation 

(IP).  

DLD-SIP1 cells were treated with 2 µg/ml doxycycline for 3 days prior to use for ChIP. DLD-UI 

and DLD-I inputs were checked for their shearing sizes by loading a different amount (5 and 10 µl) 

from each input on a 1% agarose gel. The chromatin shearing was observed to range within the 

recommended chromatin size for ChIP (200-1500 bp) in both DLD-UI and DLD-I. The sizes of the 

inputs were validated further by PCR using various pair of primers with well-known DNA 

amplicon sizes (~ 147 bp, 850 bp, 1200 bp, 1480 bp and 2400 bp). The PCR products were loaded 

in 1% agarose gel. The PCR results indicated that the size of the inputs were within the 

recommended range (>200 bp and < 1500 bp) and the sheared chromatins were ready to use for IP. 

DLD-UI (un-induced DLD-SIP1 cells); DLD-I (induced DLD-SIP1 cells); ChIP (chromatin 

immunoprecipitation assay); M (DLD ladder).  

As SIP1 is myc-tagged, a ChIP validated Myc antibody was used to check the presence of 

exogenous SIP1 on the CCL5 promoter. In addition, negative control (matching IgG) and 

positive control (RNA polymerase II) antibodies were included. In order to analyse the 

final product, PCR was performed with primers for GAPDH (provided with the kit), CDH1 

and human plakophilin 2 (PKP2) gene promoters, as reported previously [216]. Primers for 

CCL5 promoter ZEB1/2 E-BOX1 and CCL5 promoter ZEB1/2 E-Box 2 were designed by 

us; see Table 8.   

The PCR results in figure 72 showed that there was equal loading of DLD-UI and DLD-I 

DNA inputs for each investigated promoter. In addition, the negative IgG control and the 

RNA polymerase II-positive control antibody successfully worked with all the investigated 

promoters. The negative control showed no or a very weak signal with all the promoters. In 

addition, the positive control showed a positive binding in both DLD-UI and DLD-I but at 

different levels. The dissimilarity amount of positivity between DLD-UI and DLD-I 

depends on activation of transcription of GAPDH, CDH1, PKP2 or CCL5 genes. In 

general, RNA polymerase II showed equal binding with GAPDH promoter in DLD-UI and 

DLD-I as GAPDH expression does not change during EMT, while SIP1 binding was less 

to CDH1 and PKP2 gene promoters in DLD-I cells compared to DLD-UI. In contrast, 
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RNA polymerase II binds more to the CCL5 promoter ZEB1/2 E-box 2 in DLD-I in 

comparison to DLD-UI. Our results showed that SIP1 binds to E-cadherin, PKP and CCL5 

promoters, but not to the GAPDH promoter, in DLD-I compared to DLD-UI cells.  Due to 

technical difficulties we could not detect the CCL5 promoter ZEB1/2 E-box 1 amplicon.    

 

Figure 72: Validation of DLD-UI and DLD-I inputs before proceeding with immunoprecipitation 

(IP).  

DLD-SIP1 cells were treated with 2 µg/ml doxycycline for 3 days prior to use for ChIP. DLD-UI 

and DLD-I inputs were checked for their shearing sizes by loading a different amount (5 and 10 µl) 

from each input on a 1% agarose gel. The chromatin shearing was observed to range within the 

recommended chromatin size for ChIP (200-1500 bp) in both DLD-UI and DLD-I. The sizes of the 

inputs were validated further by PCR using various pair of primers with well-known DNA 

amplicon sizes (~ 147 bp, 850 bp, 1200 bp, 1480 bp and 2400 bp). The PCR products were loaded 

on a 1% agarose gel. The PCR results indicated that the size of the inputs were within the 

recommended range (>200 bp and < 1500 bp) and the sheared chromatins were ready to use for IP. 

DLD-UI (un-induced DLD-SIP1 cells); DLD-I (induced DLD-SIP1 cells); ChIP (chromatin 

immunoprecipitation assay); M (DLD ladder).  

5.4 Discussion  

At the transcriptional level, the CCL5 promoter was reported to have binding sites for 

SIP1, activator protein 1 (AP1), NF-κB and C/EBP transcription factors, which up-regulate 

its expression [626-629]. However, none of these transcription factors have been studied in 

the context of cancer for CCL5 promoter, apart from NF-kB [630]. 

Despite the importance of CCL5 and EMT-inducing transcription factors (SNAIL, TWIST, 

and ZEB) in predicting poor cancer survival, the interaction between them has rarely been 

studied; see section 5.1.1.3 and figure 61. In fact, identification of EMT-inducing 
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transcription factors binding to the CCL5 promoter and therefore dissecting pathways 

controlling its expression is critical for targeted therapies. 

In chapter 3, we observed that ZEB1/2 are the main EMT inducers in stratifying our CRC 

panel in terms of EMT status. In chapter 4, we concluded that CCL5 is over-expressed in 

SIP1-induced EMT models as well as naturally metastatic (mesenchymal) CRC cells. From 

there, we proposed that ZEB1/2 EMT inducers, directly or indirectly, up-regulate the 

expression of CCL5. Before conducting any further experiment, we searched the literature 

and found no direct evidence for our proposal. From searching, it was found that up-

regulation of CCL5 positively regulates expression of ZEB1 [580], and negatively 

regulates miR-200b [588]; mir-200 has frequently been reported to have a negative 

feedback with ZEB1/2 expression [250]. In addition, it was also reported that up-regulation 

of CCL5 causes β-catenin localization to the nucleus[618], and activation of NF-kB 

expression[575]; β-catenin and NF-kB molecules were also correlated with ZEB1 or ZEB2 

expression [175, 631]. However, none of the searched reports showed a relationship 

between ZEB1/2 and CCL5 expression at the transcriptional level. For this reason, is the 

focus of this chapter was to analyse the CCL5 promoter for the presence of E-boxes and 

then clone these into the pGL3 plasmid. Luciferase and ChIP techniques were used to 

identify the target.  

ZEB1 and ZEB 2 (SIP1) proteins are conserved with a high sequence homology. Both 

contain two separate clusters of zinc fingers, one at the N-terminus and one at the C-

terminus. Both of the two-handed zinc fingers bind independently with a high affinity to a 

targeted gene promoter in order to obtain optimal suppression or activation. One of the 

well conserved binding site sequence for ZEB1/2 is CAC(C)T(C) [132]. We found the 

same binding site in the CCL5 promoter using the TFBIND program with 90% confidence. 

The first one is CACCTC and the second one is CACGTG; see figure 62 and 65. In fact, 

ZEB1/2 were reported to interact physically with Xenopus Xbra2, and human α4-integrin, 

CDH1, cyclin D1, Plakophilin 2 (PKP), connexin26, ZO3, and p53 family member gene 

promoters to regulate their gene transcription [132, 214, 216, 482, 632, 633].These genes 

are involved in cell differentiation, physiological development as well as in facilitating 

metastases and thus EMT.  

The CCL5 promoter was successfully cloned into the pGL3 basic vector; see figure 63. 

The pGL3 plasmid was used as it is one of the most commonly used plasmids for such 

assays. pGL3 has a firefly luciferase gene that is driven by the intended promoter. 
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Consequently, it produces a signal proportional to the activity of the inserted promoter 

upon its interaction with the driver protein/s.  

The pGL3 CCL5 promoter was transfected into DLD-1 cells (negative for SIP1 or ZEB1), 

into DLD-SIP1 and A431-SIP1 models (a positive source for SIP1as driver), and into 

SW480, and RKO (a positive source for ZEB1 protein as driver). Although SW620 is not a 

representative source of either SIP1 or ZEB1, we decided to include it in our selective 

panel for our luciferase assay in order to compare it with SW480 cells. In fact, we 

considered SW480 and SW620 as a good model to study the influence of EMT and MET. 

The output signals were used to calculate the fold of increase in the signals of the chosen 

cell lines compared to DLD-1. SW480, RKO, induced DLD-SIP1 and induced A431-SIP1 

gave a 5-10-fold increase compared to DLD-1.Whereas, SW620, un-induced DLD-SIP1 

and un-induced A431-SIP1 cells gave a signal near to the negative internal control of 

DLD-1 cells. From the results, we confirmed that both SIP1 and ZEB1 could contribute to 

the activation of the CCL5 promoter; see figure 64. However, whether or not SIP1 and 

ZEB1 bind directly to the promoter was not clear. To investigate that, the identified E-

boxes were mutated individually or together using the SDM procedure. We did base 

substitution or miss matched mutation by replacing more than 2 bases with Adenine; E1m 

(gctCACCTCctt mutated to gctAAAATCctt), Em2 (cagCACGTGgac mutated to 

cagAAAAAGgac); see figure 65. In fact, the designed mutations were performed and 

validated previously, which gave maximum inactivation of the analysed promoter [482]. 

Apart from RKO, the same cell lines were transfected again with either the pGL3 CCL5 

promoter or the pGL3 CCL5 promoter with E1m or E2m or E1m+E2m. All the cell lines 

harbouring SIP1or ZEB1 proteins (induced DLD-SIP1, induced A431-SIP1, and SW480 

cells), and transfected with the mutated promoter showed a reduction of the promoter 

activity compared to the signal produced by the corresponding cells with the wild type 

promoter; see figure 66, 67 and 68. On the other hand, un-induced DLD-SIP1 and A431-

SIP1 cells showed no statistically significant change in promoter activity with or without 

the mutated CCL5 promoter. Of note, SW620 showed some reduction of the promoter 

activity upon its transfection with the mutated promoter compared to cells with the wild 

type promoter. Although, we observed no ZEB1 for SW20 by WB, this does not eliminate 

the fact it could have a negligible amount of ZEB1 protein. In fact, in chapter 3, SW620 

was described as a metastable cell line showing both mesenchymal and epithelial markers. 

We also noted that the cell lines with the protein drivers showed more inhibition of the 

luciferase signal with E2m (CACAGTG) compared to E1m (CACCTG), which could 

suggest that the E2m binding site is a stronger binding site for the zinc finger cluster of 
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ZEB1/2. In addition, it was seen that the promoter activity increased slightly when 

mutations in both E-boxes were present. Nonetheless, none of these observations can fail 

to highlight the importance of the E1m site for ZEB1/2-binding. Indeed, the presence of 

the two binding sites is important for the two-handed zinc fingers in ZEB1/2 in order to 

show maximum activation or repression of the targeted gene [132]. However, it could 

suggest that the presence of other binding sites exist for ZEB1/2 at the distal site of the 

promoter or even in the coding or other non-coding regions of the gene, as it was 

previously reported for some genes and for some other transcription factors [634]. From all 

of these finding, it can be proposed that SIP1 and ZEB1 have a direct effect on CCL5 in 

metastatic cells. 

To confirm further that SIP1 is physically localised to CCL5 promoter we performed ChIP. 

DLD-SIP1 inducible model was used as a model for this experiment. The same model was 

previously used to study the mechanism of action for SIP1 on the cyclin D1 promoter, E-

cadherin promoter and other promoters related to cell–cell junctions [216, 632]. Induction 

of SIP1 was observed to bind directly to E-cadherin, PKP, ZO-3, and the Connexin26 

promoter repressing gene transcription [216]. Form that, we intended to use same E-

cadherin and PKP promoter primers as a positive control for positive SIP1 binding sites 

along with our designed primers for the CCL5 promoter ZEB1/2 E-box1 and ZEB1/2 E-

box2.The chromatin size for DLD-SIP1 cells was successfully optimized at the 

recommended size (between 200-1500 bp); more than 1500 bp would be non-efficient for 

pulling down the intended antibodies and less than 200bp might cause over degradation 

related to decreased PCR yield; see figure 69, 70 and 71. The Myc tag antibody was the 

one used to detect exogenous SIP1 at the promoters. Anti-IgG negative control antibody 

and anti-RNA polymerase II positive control antibody were used along with myc-tag 

antibody in order to avoid misinterpretation of the results due to non-specific binding of 

myc-tagged antibody. Thus, the combined results helped the interpretation of the CCL5 

promoter findings because RNA polymerase II is present on actively transcribed 

promoters, including GAPH and E-cadherin (in epithelial cells). The GAPDH promoter 

was used along with E-cadherin, PKP and the CCL5 promoter to analyse the binding 

affinity of the negative IgG and the positive RNA-polymerase and myc-tag antibodies. The 

GAPDH promoter was previously studied for RNA polymerase II-binding [635]. In the 

immunoprecipitation step of ChIP, a bridge IgM antibody was used along with RNA-

polymerase II and myc-tag antibodies in order to enrich their binding affinity to protein G 

beads, and thus improve the yield of the immune-precipitated chromatin. The value of the 

bridging antibody in ChIP has previously been studied [636]. 
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Semi-Qualitative PCR was used to validate the ChIP results; see figure 72. The inputs, 

which represent the amount of chromatin in each sample before immunoprecipitation, 

showed an equal yield for all the amplified promoter regions in both un-induced and 

induced DLD-SIP1 chromatin. The negative control (mouse IgG) showed no or a minor 

signal in both the un-induced and induced DLD-SIP1 cells. The supplier also reported the 

presence of a slight background, which means a weak band is not due to contamination. 

RNA-polymerase II showed an equal amount of binding for GAPDH promoter. As the 

amount of transcription and translation for GAPDH should be equal in the used cells, the 

results can be used as another good indication that the chromatin amount between the two 

samples is equal. The E-cadherin and PKP promoters were shown to be repressed by a 

myc-tagged SIP1 antibody, causing reduced levels of gene transcription with RNA-

polymerase II in the induced cells compare to the induced ones. The repression of E-

cadherin and PKP promoters by SIP1 were validated by the increased signal in the induced 

chromatin, in agreement with the previous reports which also indicated that our assay 

worked accurately [216]. The CCL5 promoter showed up-regulation of transcription with 

RNA-polymerase II and a clear localisation of SIP1 to the E-box2. The transcriptional 

activation for the CCL5 promoter for CCL5 is in agreement with our luciferase results for 

DLD-SIP1 cells. Unfortunately, the E-box1 result could not be obtained due to non-

specific binding of the designed primers. In fact, many PCR conditions with different 

annealing and extension temperatures and times were tried, but no condition gave a sharp 

band at the specific amplicon size. Designing other primers and analysing this region in 

more detail will be necessary. The primers have already been designed, ordered and 

received from the manufacturer; however, due to time limitations toward the thesis 

submission deadline, the primers have not been tried yet.  

From the ChIP and luciferase findings, it can be confidently concluded that SIP1 directly 

binds to the CCL5 promoter activating gene transcription. This is an original and novel 

finding. 
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Chapter 6: The Molecular Basis of Immune 

Infiltration as a Result of a Metastasis Program in 

CRC 

6.1 Introduction  

The presence of CCL5 in the serum of cancer patients or the expression of CCL5 as 

detected by IHC have been proposed as a negative prognostic marker [433, 462, 578, 610]. 

A key study also identified CCL5 as a chemokine secreted by mesenchymal stem cells that 

are recruited to primary breast cancers. The exposure of breast cancer cells to CCL5 

facilitated metastasis [307], but no mechanism e.g. whether CCL5 can induce EMT or the 

immune-deficient microenvironment allowed cancer cells to escape immunity and 

metastasize, has been identified. These results suggest that CCL5 is necessary for 

metastasis. Our findings suggest that, in addition to mesenchymal stem cells, CCL5 can 

also be abundantly secreted by cancer cells undergoing EMT. In order to investigate 

whether CCL5 can induce EMT and therefore metastasis or EMT-induced CCL5 

expression can alter immune infiltration in CRC to favour an immuno-deficient 

microenvironment; we first intended to investigate whether CCL5 contributes to EMT and 

therefore metastasis by generating a CCL5 over-expressing CRC cell line, checking its 

EMT properties, and performing in vivo experiments.   

6.2 The aims 

 Create a CCL5 over-expressing CRC cell line and characterise its properties in 

relation to EMT and CCL5 expression. 

 Investigate whether the CCL5 secreted by this cell line is functional using 

chemotaxis assays. 

 Performing in vivo experiments to define if the presence of CCL5 can induce 

metastasis using immuno-deficient mice. 

 Investigate if activation of EMT by SIP1 is correlated with CCL5 and certain types 

of immune filtrate using a tissue microarray of human CRC patients. 

 Create a syngeneic CRC CCL5 knock -down cell line.   
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 Investigate if CCL5 knock-down alters the immune microenvironment using 

syngeneic animal models. 

 Perform functional assay (e.g. chemotaxis or T-cell differentiation/activation) using 

CCL5 as an immune regulator.  

6.3 Results 

6.3.1 Generating CCL5 over-expressing DLD-1 cells  

6.3.1.1 Cloning of the CCL5 coding region  

In order to generate a stable transfected cell line over-expressing CCL5, and thus to 

perform functional studies, I intended to clone human CCL5 for eukaryotic expression; see 

figure 73. The CCL5 open reading frame was amplified from induced DLD-SIP1 cDNA 

using KOD polymerase; a cell line that showed a high level of CCL5. The amplified band 

was extracted, purified, and ligated directly into pcDNA3.1 TOPO plasmid, and then 

transformed into α-select silver competent cells. The transformed bacteria were spread 

onto LB agar plates with 100 µg/ml Ampicillin and grown overnight. Five colonies were 

chosen to investigate the success of CCL5 cloning using colony PCR. Four of the five 

colonies were positive for CCL5 ligation. The positive colonies were propagated overnight 

in LB medium with 100 µg/ml Ampicillin and mini-preped next day. As TOPO cloning 

facilitates blunt end ligation, the direction of CCL5 within the plasmid was checked by 

PCR using a CCL5 specific forward (from the insert) primer and V5-tag specific reverse 

(from vector) primer before sending it to sequencing. Among the five purified CCL5 

pcDNA3.1 plasmids, only two were found to have the right orientation (colony 1 and 4). 

One positive colony with the correctly-orientated insert and containing no mutations was 

cultured in 125ml LB medium with 100 µg/ml Ampicillin, maxi-preped in order to have 

large quantities of pcDNA3.1 CCL5; see figure 73.  
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Figure 73: A) Steps of CCL5 cloning. 

The CCL5 open reading frame was amplified using KOD polymerase and extracted using gel 

extraction kit. The extracted CCL5 was cloned into pcDNA3.1-TOPO plasmid using 

topoisomerase-based ligation and transformed into JM109 competent bacteria. After overnight 

incubation, 5 colonies were picked up and the insert gene was analysed for its presence by colony 

PCR. Four colonies out of five were identified positive (C1, C2, C3, C4). C1, C2, C3 and C4 were 

cultured overnight in LB medium containing 100µg µg/ml ampicillin, and then purified by mini-

prep. The direction of CCL5 was validated by PCR using the V5 reverse primer (from the vector) 

and CCL5 specific forward primer. (From the insert) Only C1 and C4 had the correct CCL5 

orientation. To validate C1 and C4 further, they were sequenced (Source Bioscience Life 

technology). 

B) An equal number of DLD-1 cells/well (wild type) were transfected using pEGFP with 

pcDNA3.1 or pcDNA3.1 CCL5 using Lipofectamine LTX™. The efficiency was checked by 

observing pEGFP expression using a fluorescent microscope. M (DNA ladder), A (DNA band), c 

(colony), GFP (green fluorescent protein). 

In order to validate the cloning, DLD-1 cells, that secrete a low level of CCL5 (30 pg/ml± 

7), were transfected with pcDNA3.1 CCL5 + pEGFP plasmids. The results showed that 

CCL5 transfection was successful, and transfected cells had a six-fold increase in CCL5 

expression compared to the cells transfected with pcDNA3.1 + pEGFP plasmids; see 

figure 74. 
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Figure 74: The abundance of secreted CCL5 in DLD-1 transfected cells with pcDNA3.1 or 

pcDNA3.1-CCL5 was detected using a human CCL5 sandwich ELISA.  

The DLD-1 pcDNA3.1 CCL5 cells showed more than a six-fold increase in CCL5 expression 

compared to the negative control DLD-1 pcDNA3.1 cells. The figure is a representative result of 

n=3; all gave similar results. 

6.3.1.2 Stable Transfection of pcDNA3.1 CCL5 into DLD-1 Cells 

Among all the epithelial CRC cell lines with low CCL5 level, DLD-1 was chosen to create 

stable CCL5 expression (29 ± 7 pg/ml). The successfully cloned pcDNA3.1 CCL5 plasmid 

(see section 6.3.1.1) and neomycin (G418) antibiotic were used to achieve this goal. 

Neomycin was chosen because the pcDNA3.1 construct contains a neomycin resistance 

gene. Before transfecting pcDNA3.1-CCL5 plasmid to DLD1 cells, a kill curve was 

performed to optimize the amount of neomycin necessary for the selection of positive 

DLD-1 cells harbouring the CCL5 plasmid. To achieve this, DLD-1 cells (40 % confluent) 

were seeded in duplicate and treated with a gradually increasing concentration of 

neomycin, from 0 to 1000 µg/ml. The antibiotic toxicity was determined visually every 2-3 

days over a period of one week. The optimal dose was defined as maximum cell death over 

one week with the lowest dose. From there, the minimal visual toxicity after 7 days was 

observed at ≤ 200 µg/ml, whereas at 300 and 400 µg/ml the cells were at the maximum 

death point after 7days. In contrast, visual toxicity of cells at concentrations ≥ 500 µg/ml 

was evident in the first 2-3 days. Given this, the optimal Neomycin dose was selected at 

300 µg/ml.  

After determining the optimal Neomycin dose, DLD-1 cells were seeded and at ~60% 

confluency were transfected with pcDNA3.1 CCL5 or control plasmid using 
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Lipofectamine; for more details of the Lipofectamine procedure please see section 2.9.1. 

Two days after transfection, 300 µg Neomycin was added. Every 3 days, the cells were 

examined and the media was replaced with complete DMEM with 300 µg/ml Neomycin. 

The cells which had undergone Neomycin selection were left to grow for two more weeks. 

The resulted mixed clones were further diluted at a density of 80 cell/10 ml and seeded in 

100 µl to each well of a 96 well plates to obtain single cell clones. The clones were 

expanded gradually until they reach 90% confluency in 6 well plates. At this point, the 

supernatants from clones were collected, and the cells were trypsined, counted and CCL5 

ELISA was performed. Consequently, cells were propagated in a 75 cm2 flask with one 

half frozen and the other half collected to examine E-cadherin expression and the 

intracellular expression of CCL5.  

A total of 22 clones from CCL5 and 25 clones from control vectors were obtained after 

Neomycin selection and examined. Extracellular CCL5 levels were detected by ELISA; 

please refer to section 2.7.2 for the detailed procedure. Supernatants from DLD-1 cells 

without transfection, from control plasmid clones and DLD-1 cells with a transient 

transfection with pcDNA3.1 or pcDNA3.1 CCL5 were included in the study as positive 

and negative controls for CCL5 expression in order to validate the ELISA results for the 22 

clones. Repeatedly and as seen previously, DLD-1 pcDNA3.1-CCL5 cells had a 7-fold 

increase of CCL5 compare to DLD-1 and DLD-1 pcDNA3.1 cells; see figure 75. From 

these controls, the cut-off value for the positive CCL5 level was set at ≥ 200 pg/ml. As a 

result, the ELISA result classified the clones into 3 groups: 

A- Negative clones for CCL5 expression when the level is ≤ 200 pg/ml, which 

includes clone 1, 2, 6, 7, 8, 9, 17, 19 and 21. (see figure 75) 

B- Low-moderate CCL5-expressing clones when the level is ≥ 200 and ≤1000 pg/ml, 

including clones 3, 5, 10, 14, 16, 18 and 20 in this group. (see figure 75) 

C- Positive clones with high CCL5 expression when the level is ≥ 1000 pg/ml, which 

included clones 4, 11, 12, 13, 15 and 22 in this group. (see figure 75)  

The clones obtained using the control plasmid expressed low levels of CCL5 similar to 

group A. As we obtained low-negative clones from CCL5-plasmid selection we continued 

and used these clones instead of control plasmid clones.  
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Figure 75: ELISA screening for the secreted level of CCL5 in twenty-two DLD-CCL5 clones. 

Twenty-two clones were generated from DLD-1 cells stably transfected with pcDNA3.1 CCL5. 

DLD-1 cells and DLD-1 cells with the transient pcDNA 3.1 or pcDNA3.1 CCL5 were included as 

internal positive and negative controls for the performed human CCL5 sandwich ELISA. The cut-

off value was set at 200 pg/ml according to the control results. Subsequently, three groups were 

established. Negative CCL5 clones (≤ 200pg/ml), low-moderate CCL5 clones (200-1000 pg/ml), 

and high CCL5 clones (≥ 1000 pg/ml). The results were normalised by the cell number to measure 

the average secretion of CCL5 per million cells. The figure is a representative result of n=2. * The 

result for clone 22 is (8740 pg/ml).  

6.3.1.3 Choosing a DLD-1 stable Clone 

From the 22 listed clones, one negative clone (clone 17; 30 pg/ml ± 9), one positive clone 

with low-moderate CCL5 expression (clone 16; 410 pg/ml ± 5), two positive clones with 

high CCL5 expression (clone 4; 2240 ± 10) and a clone with very high CCL5 expression 

(clone 22; 8740 pg/ml ± 23) were chosen. Their morphological appearance was examined, 

and the abundance of E-cadherin and CCL5 were investigated by WB in order to choose 

the best clones to proceed with the animal study; see figure 76. From the WB it can be 

seen that all clones have various levels of E-cadherin. Clone 4 has the highest expression 

of E-cadherin while clone 22 has the lowest expression. Clone 16 and 17 have similar 

levels of E-cadherin. Based on the morphological analysis by light microscopy, it appeared 

that clone 4 and clone 17 were the ones resembling the parental DLD-1 cells. On the other 

hand, clone 22 looked epithelial but invasive as the cells on the periphery of islands had 

filopodia-like structures. Clone 16 epithelial islands were intact but the size of the cells 

were larger than the parental DLD-1 cells; see figure 76. For the reasons that 1- the most 

mesenchymal CRC cell line in our panel (CT26 cells) produced around 990 pg/ml CCL5, 

and 2- different clones have different E-cadherin levels we selected clones 17 (CCL5 
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negative) and 4 (CCL5 high) for further studies. These clones express similar abundance of 

E-cadherin and the positive clone (Clones 4) produces physiological levels of CCL5, 

comparable to CT26; see figure 75 and 76.   

 

Figure 76: Validation of morphology and E-cadherin levels in the chosen DLD-CCL5 clones. 

The morphological changes were investigated as compared to the parental DLD-1 cells. Clone 22-

showed an invasive but epithelial morphology, clone 16 showed intact morphology but the size of 

the cells were larger than the parental DLD-1 cells. Clone 4 and clone 17 showed a morphology 

similar to the parental DLD-1 cells. E-cadherin was expressed in all the clones but much less in 

clone 22 compared to the parental DLD-1 cells and the other clones.  

6.3.2 Validation of CCL5 produced by DLD-1-stably transfected cells  

6.3.2.1 Flow cytometry analysis for CCR5 (CCL5 Ligand Receptor)  

It is well known that chemokines serve as attractants for cell types possessing their 

corresponding receptor. In that regard, CCL5 chemo-attracts cells harbouring CCR5, 

CCR3 or CCR1 [388, 431]. In order to investigate if CCL5 secreted from positive clones 

are functional or not we performed a screening of our CRC cell line panel for surface 

CCR5 expression.  

 Isotype IgG negative control and CCR5 APC antibodies were used to analyse CCR5 

expression by flow-cytometry in DLD-1, HCT116, DLD-UI, DLD-I, SW480 and SW620 

cells. Around 10,000 events using Forward Scatter (FSC) versus Side Scatter (SSC) were 

collected to mark live cells and CCR5 expression was detected using the APC channel. 

The results were displayed on a logarithmic scale in a FSC vs. FL4 (APC channel) 

histograms. The positive and negative results were defined by the shift compared to the 

isotype negative control. The assay was repeated twice (n= 2) in order to validate the 

results.   
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The results are summarized in figure 77. In essence, the isotype IgG negative control gave 

similar results in all cell lines with a mean range from 45.94 to 64.07 Mean Fluorescence 

intensity (MFI). CCR5 histograms all shifted considerably to the right in comparison to 

isotype IgG negative control histograms, which mean that all the cell lines expressed 

CCR5. However, the expression was at a range of levels. Induced DLD-SIP1 metastatic 

cells expressed more CCR5 (MFI of 225.88 with 83.71 CV) compared to un-induced 

DLD-SIP1 epithelial cells (MFI of 186.31 with 87.82 CV). In addition, SW480 

mesenchymal cells had more CCR5 expression (MFI of 217.73 with 99.23 CV) compared 

to the intermediate epithelial SW620 cells (MFI of 128 with 74.76 CV). DLD-1 epithelial 

cells expressed CCR5 receptor at (MFI of 146 with 76.06 CV), whereas HCT116 

intermediate mesenchymal had CCR5 receptor at (MFI of 160 with 68.86 CV). By closely 

analysing these results, it can be seen that the mesenchymal (DLD-I and SW480 cells) and 

intermediate mesenchymal cells (HCT116 cells) express more CCR5  compared to 

epithelial (DLD-UI and DLD-1 cells) and intermediate epithelial cells (SW620 cells) with 

153 ± 29.7 vs 201 ± 35.9, respectively (p=0.14) 
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Figure 77: CCR5 expression in a panel of CRC cell lines and in the DLD-SIP1 CRC EMT model.  

DLD-I cells were induced for 3 days using 2 µg/ml doxycycline. 2 million cells from each cell line 

were treated with either isotype IgG negative control or APC-conjugated CCR5 antibody, and 

analysed by flow-cytometry. CCR5 expression was detected using the FL4 channel. The results 

were displayed on a logarithmic scale in a FSC vs. FL4 (APC channel) histograms. The positive 

and negative results were defined by the shift compared to the isotype negative control. The assay 

was repeated twice (n= 2), with similar results. All the CRC cells express CCR5, but SW480 and 

DLD-I cells express highest among all.  

6.3.2.2 Transwell Invasion Assay  

Before conducting any further experiments with the DLD-1 CCL5 clones, the functional 

activity of the secreted CCL5 was measured as a function of chemoattraction towards cells 

harbouring its receptor (CCR5). 



Chapter 6 

186 

The SW480 cell line which was found to have the highest level of CCR5 (see figure77) , 

was therefore chosen to assess its migration toward serum-free DMEM, DMEM with 10% 

serum, and the supernatant from clone 17 (CCL5 expression (30 pg/ml ± 9) or supernatant 

from clone 22 (8740 pg/ml ± 23) representing low and high CCL5 expression, 

respectively. Also, the migration of SW480 cells was assessed with DMEM containing 

5000 pg/ml recombinant CCL5 or clone 22 supernatant containing 0.12 µg /ml CCL5 

neutralising antibody in order to inactivate CCL5 in the unbound form. The migrated 

SW480 cells were stained with DAPI and examined by a dark field fluorescent microscope 

attached to a camera. The ImageJ program and a nucleus-counting macro [634] was used 

to count the number of cells in each picture. Of note, the assay were repeated five times 

(n=5) in order to get a conclusive result.  

Final representative figures were illustrated in figures 78 and 79. From these figures, it 

can be seen that SW480 cells migrated less toward DMEM (150 cells ±20) with or without 

10 % serum (190 cells ± 27). On the other hand, the cells migrated strongly towards the 

supernatant from clone 22 (1510 cells ± 92) compared to supernatant from clone 17 (403 

cells ± 59). The migration of the cells that were incubated with DMEM containing 

recombinant CCL5, was enhanced by ~ 360% (702 cells ±100) compared to DMEM with 

10% serum (190 cells ± 27)., and it is approximately 50 % of the number of migrated cells 

toward the clone 22 supernatant (1500 cells ± 92). In contrast, when cells were incubated 

with clone 22 supernatant containing CCL5 neutralising antibody, an 80% reduction in the 

number of migrated cells was observed (312 cells ± 45) compared to the migrated cells 

toward the clone 22 supernatant (1500 cells ± 92). Interestingly, this reduction in the cell 

number is close to the number of cells obtained from clone 17 (403 cells ± 59). 
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Figure 78: SW480 cells chosen to validate the functional activity of CCL5 obtained from the 

stably transfected DLD cells.  

The migrated cells were stained by DAPI, and examined by a fluorescent microscope using UV 

light. The number of migrated cells from each condition were counted using image J.  

 

Figure 79: A bar chart illustrating the number of migrated SW480 cells in each individual 

condition.  

SW480 cells migrated more toward clone 22 (high CCL5) and recombinant CCL5 

conditions compared to clone 17 (negative CCL5), DMEM, serum-free DMEM or clone 22 

containing the CCL5 neutralising antibody.  

6.3.3 In vivo studies 

In the previous section, we validated that the DLD-CCL5 clones express various levels of 

CCL5 and the secreted CCL5 produced a functional effect as a chemoattractant. To 

investigate if CCL5 solely contributes to metastasis, as proposed by Weinberg and 

colleagues [307], we intended to inject DLD-CCL5 clones into mice. To exclude the 
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contribution of immune infiltrate we used a SCID mice that lacks functional B and T-cells. 

One week before conducting the animal studies, clone 4 with high CCL5 expression and 

clone 17 with very low CCL5 expression were defrosted. The E-cadherin protein 

expression and the morphological appearance were examined two days before injection 

into the mice. 

 This time, supernatants from DLD-1, DLD-UI and DLD-I cells were used as internal 

controls to validate CCL5 ELISA results on that day of the assay. In agreement with the 

previous results, CCL5 was found 3 times more in DLD-I compared to DLD-UI and DLD-

1 cells; see figure 59. Clone 4, which was seen to have high expression CCL5 (2240 

±123), gave approximately the same figure (1943 pg/ml ±102). Clone 17 which was 

observed to have low CCL5 (30 pg/ml ± 9), registered 123 pg/ml ± 20; see figure 80.  

Similarly, E-cadherin expression level and the morphological phenotype of both clones 

were relatively similar to the morphology and amount of E-cadherin in the parent DLD-1 

cells; see figure 80. 

 

Figure 80: Validation of clone 4 (high CCL5) and clone 17 (negative CCL5) before proceeding 

with the animal experiment.  

A) The cell morphology of clone 4 and clone 17 and parental DLD-1 cells. Both clones showed 

similar morphology compared to parental DLD-1 cells.  

B) The secreted abundance of CCL5 in clone 4 and clone 17 as well as in parental DLD-1 and 

DLD-SIP1cells (internal positive and negative CCL5 controls) using human CCL5 ELISA. The 

figure showed that the level of CCL5 in clone 4 is much more than in clone 17 or parental DLD-1 

cells.  

C) The expression level of E-cadherin in clone 4, clone 17 and parental DLD-1 cells by WB. Both 

clones have E-cadherin levels similar to parental DLD-1 cells. 
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6.3.3.1 Orthotropic CRC model with controlled CCL5 expression 

DLD cells are epithelial by definition and in terms of cellular characteristics, they are 

therefore not metastatic. However, like other epithelial carcinoma cells they may undergo 

EMT if they are exposed to the correct extracellular signals. This cell line was shown to 

produce sizeable tumours when injected subcutaneously but no distant metastasis was 

observed [497]. This can be due to the lack of correct environmental signals produced in 

the colon microenvironment. To study if local CCL5 would facilitate metastasis we 

planned to perform in vivo studies. To allow settling of DLD-CCL5 clones at the correct 

physiological environment we planned to inject cells into the caecum. Non-metastatic 

(epithelial) CRC cell lines were shown to metastasise when injected into the caecum [637]. 

This would allow DLD cells to potentially develop metastasis if higher CCL5 exposure 

would activate metastasis, similar to that described in breast cancer by Weinberg and 

colleagues [307]. In that article the source of CCL5 was mesenchymal stem cells (MSCs) 

whereas we have shown that metastatic cancer cells can also produce CCL5.  

We have chosen NOD/SCID mice for this experiment. As NOD/SCID mice have no B or T 

cells, this model will also allow us to dissect whether CCL5 has any direct role in 

activating metastasis pathways or immune infiltration in TME modulated by CCL5 

expression by facilitating metastasis.  

Therefore, we injected 2 x 106 cells (of DLD-CCL5 clone 4 or clone 17) orthotropically, 

into the ceacum of SCID mice (5 animals in each group). The tumours were left to develop 

for 12 weeks and animals were euthanised before any cancer-related side effects were 

observed. Ceacums (primary CRC) and livers (potential site of metastases) were harvested 

and the carcasses were investigated carefully for the presence of visible metastases 

elsewhere in other distant organs. The tumours in ceacum were palpable but no metastasis 

was visibly observed on the livers. Histopathological examination, comprised of multiple 

sections, of ceacums from low- or high-CCL5 expressing tumours showed no difference in 

size of primary tumours (see figure 81). Multiple depth sectioning and histopathological 

examination of livers also showed no detectable metastasis; see figure 82. These results 

suggest that CCL5 expression in the CRC TME is not sufficient to induce metastasis.   



Chapter 6 

190 

 

Figure 81: Examining the presence of cancer formed by DLD cells expressing CCL5 or not in the 

Ceacum. 

2 x 106 cells from DLD-CCL5 clone 17 or DLD-CCL5 clone 4 were injected into SCID mice. The 

tumours were left to develop for 12 weeks. There was no difference in size of the formed primary 

tumours, and the IHC H&E staining showed no sign of invasion in either clones.  

 

Figure 82: Haematoxylin and eosin (H&E) staining for the livers (potential site of metastases) 

from the orthothpically injected SCID mice with clone 4 or clone 17. 

Pathological examination of the livers showed no detectable metastasis.  

6.3.4 SIP1 expression linked with immune infiltrate 

Our results from the previous section suggest that CCL5 produced within the TME is not 

sufficient to induce metastasis of an epithelial CRC cell line. Additionally we also 

observed that the highest CCL5 expressing clone (DLD-clone 22) is still epithelial and 

expresses E-cadherin. We therefore hypothesized that CCL5 in the local TME creates an 

immune-privileged environment to allow metastatic carcinoma cells to evade immunity 

and metastasise successfully. This hypothesis creates a direct link with the expression of an 

EMT-inducing transcription factor (SIP1) and the presence of a different set of immune 
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cells in metastatic and non-metastatic tumours. This is because CCL5 is a major 

chemokine regulating chemo-attraction of many kinds of lymphocytes including, but not 

limited to cytotoxic T-cells and regulatory T cells [611, 638]. To investigate if there is any 

association of SIP1with different T cell subpopulations in primary CRC we performed an 

immunohistochemistry-based screening for CD3 (pan T cell marker), CD4 (T helper cell), 

CD8 (cytotoxic T-cell) and FoxP3 (T reg cells) expressing T cell subpopulations in a 

cohort of patients with known SIP1 status. Another PhD student (Mr. Rahul Sreekumar) of 

my supervisor has previously shown that SIP1 expression predicts poor prognosis, reduced 

cancer-specific survival and disease-free survival in a cohort of consecutive CRC patients, 

all of which were operated on in the Southampton General Hospital (SGH) between July 

2007 and October 2008 (n=75). All patients have at least 5 year follow up. We therefore 

chose this cohort as our sample (referred to as CRC cohort ABC). 

6.3.4.1 Tumour micro array (TMA) generation: 

Following recommendations of a pathologist (Dr. Karwan Moutasim) we intended to 

create a TMA from the blocks of the CRC cohort ABC. This has allowed us to reduce the 

costs of IHC as well as analysing each sample from multiple points (3X3 mm cores from 

non-necrotic tumour and 3X3 mm cores from the invasive front). To create the TMA, I 

obtained patient numbers for CRC cohort ABC, obtained an unprocessed tumour block and 

had them all cut and H & E (haematoxylin and eosin)- stained. Dr. Moutasim has marked 

the aforementioned regions from each block using H & E stained sections and SGH 

histopathology unit has created TMAs, placing material from 25 patients (6 cores from 

each patient=150 cores) in a block. Each block has been named as A, B or C, hence the 

name CRC cohort ABC, representing all 75 patients. 

After that, sections of CRC cohort ABC has been cut and stained for CD3, CD4, CD8 and 

FoxP3 antibodies. All antibodies are routinely used in the diagnostic pathology lab of SGH 

so are therefore optimised for diagnostic purposes.  

Our initial results showed that the staining has worked to a high standard and we had a 

variety of staining ranging from strongly positive to negative. However, due to the time 

limitations of pathologists, we could not score all the sections although we are intending to 

include this data in our future publications; see figure 83. 
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Figure 83: A representation of 3 different patterns of staining for each antibody used in this 

study.  

Tissue blocks from a CRC cohort (75 patients) were collected. Depending on SIP1 status, the 

blocks were grouped into A, B or C. Each individual block was marked, by our departmental 

pathologist (Dr. Karwan Moutasim), for 3 potential invasion sites and 3 tumour cores using H&E 

staining. The histopathology lab created TMAs according to the designed plan. Each TMA slide 

from each group was stained with various surface markers for T cells, including CD3 (T cells pan 

marker), CD4 (T helper cells surface marker), CD8 (T cytotoxic surface marker) and FoxP3 (T reg 

marker). However, due to time limitation toward thesis submission we could not score the TMAs. 

Our initial results showed that the staining has worked at a high standard and we had a variety of 

staining ranging from strongly positive to negative. CCL5 is planned to be stained as well in our 

cohort in order to link the expression to T-cell infiltration.  
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6.4 Discussion 

Karnoub et al., found that CCL5 is up regulated via direct contact to mesenchymal stem 

cells (MCSs), and the over-expression of CCL5 in breast cancer cell lines does not 

promote proliferation and survival, instead it significantly enhances invasion and lung 

metastasis [307]. The author’s findings suggest that CCL5 is necessary for metastasis. 

However, in immune-competent conditions and the human context, whether CCL5 induces 

EMT or generates an immune-deficient microenvironment allowing cancer cells to escape 

immunity and metastasise, is not clear. In fact, our findings from chapter 4 indicated that, 

in addition to mesenchymal stem cells, CCL5 is abundantly expressed by cancer cells 

undergoing EMT. Moreover, we found that ZEB1/2 can directly up-regulate CCL5 in 

cancer cells. Whether the amount of CCL5 secreted by MSCs or metastatic cancer cells 

differ is not addressed. However, it is quite likely that large tumours contain more 

metastatic cells than MSCs therefore the major source of CCL5 in the tumour should be 

ZEB1/2 expressing CRC cells. On the other hand, juxtacrine signalling between cancer 

cells and MSCs accompanied with abundant CCL5 in TME may be responsible for 

enhanced metastasis as observed by Weinberg and colleagues [307]. 

Moreover, many authors propose that CCL5 over-expression can predict poor survival and 

accumulates strongly at the invasive and metastatic front [433, 462, 578]. Also, CCL5 

over-expression need was reported to modulate TME in favour of tumour growth, survival, 

migration, invasion and metastasis via recruiting  CCR5+ Tregs, Th2, MSDCs, TAMs and 

inducing CD8+ T cells to die via apoptosis [611, 612] [614]. Despite the importance of all 

the aforementioned studies, few reports published have highlighted the role of CCL5 in 

EMT or vice versa [622] [588] [585]; see figure 61. More importantly, a link between 

EMT, CCL5 and cancer favouring the TME has barely been studied especially in the 

context of CRC with direct links to ZEB1/2. Recently, a novel study performed by Hsu et 

al., showed that acetylation of SNAIL by CBP at lysine 146 and lysine 187 activated 

several genes including TNF-α, CCL2 and CCL5 by which TAMs recruited, and thus 

modulate TME which resulted in enhancing metastasis [509]. Again no mechanism, e.g. 

whether secreted factors induce EMT or metastatic cells evade immune response by 

modulating TME, has been proposed.   

Beside our in vitro findings for the mechanistic role of ZEB1/2 in activating CCL5 

expression (chapter5), the in vivo functional studies were planned to investigate whether 
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CCL5 can induce EMT and therefore metastasis by itself or that the presence of 

immunosuppressive TME is a must for metastasis in CRC.  

Firstly, to investigate whether CCL5 contributes to EMT and therefore metastasis, a CCL5 

over-expressing CRC cell line was generated by cloning CCL5 into pcDNA3.1 and 

transfecting it into DLD-1 cells. DLD-1 cells were chosen as it harbours a negligible 

amount of CCL5 (30 pg/ml± 7) and is a non-metastatic cell line [497]. All of these 

selective criteria are important in order to avoid any future complication with the 

interpretation. Neomycin was the drug used to determine the optimal kill curve for DLD-1 

cells as well as to generate the clones. This drug was chosen because the pcDNA3.1 

construct contains the Neomycin resistance gene, and it is frequently used in our group to 

generate cell lines over-expressing transgenes. The optimal dose concentration for DLD-1 

was found to be 300 µg/ml in which we observed maximum cell death with the lowest 

concentration over a one-week period. Twenty two clones were collected and analysed, 

along with wild type DLD-1 cells, for their CCL5 level by ELISA as well as for their E-

cadherin by WB. From the ELISA results, the cut-off value was established at 200 pg/ml 

due to the level of CCL5 in the wild type DLD-1 cells. From there, we classified the 22 

clones into 3 groups: negative CCL5-expressing clones (<200pg/ml), low to moderate 

CCL5-expressing clones (≥ 200 and ≤1000 pg/ml) and high CCL5-expressing clones (≥ 

1000 pg/ml). From this classification, clones 4, 16, 17 and 22 was selected; one negative 

clone (clone 17; 30 pg/ml ± 9), one with moderate CCL5 expression (clone 16; 410 pg/ml 

± 5), two positive clones with high CCL5 expression (clone 4; 2240 ± 10) and one clone 

with very high CCL5 expression (clone 22; 8740 pg/ml ± 23) were chosen for further 

study; see figure 75. 

The selected clones were examined for their morphological appearance and E-cadherin 

expression in order to choose the most appropriate clones to proceed with the animal study; 

see figure 76. From there, clone 22 was excluded from the study because, despite being 

epithelial, it showed quite an “invasive” appearance, which was reflected in its lower E-

cadherin levels. Although clone 22 can be good to use in animal studies, it may cause 

misinterpretation of the metastasis ability associated with CCL5. Clone 16 expressed a 

mediocre amount of CCL5 and displayed intact epithelial islands with relatively abundant 

E-cadherin but the cells were larger than the parental DLD-1 cells, and for that, we did not 

choose it. Clone 4 and clone 17 showed a morphological appearance and E-cadherin level 

similar to parental DLD-1 cells despite clone 4 having very high levels of CCL5. For that, 
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Clones 4 and 17 were chosen to assess whether CCL5 alone can induce EMT and therefore 

metastasis. 

Before injecting clones 17 and 4 into the NOD/SCID mice, functional CCL5 production 

from these cells was evaluated by migration assay toward the CCL5 receptor (CCR5); see 

figures 77. Although it is well established that CCL5 can also bind to CCR3 and CCR1 as 

well, CCR5 is considered the main receptor for CCL5. After analysing a selected panel of 

CRC cell lines (DLD-1, HCT116, SW620, SW480, DLD-UI and DLD-I) for CCR5 by 

flow-cytometry, SW480 cells were chosen. SW480 and DLD-SIP1 cells were shown to 

have the highest level of CCR5 among the cell lines tested. SW480 but not DLD-SIP1 cells 

were chosen for the migration assay because it is easy to grow and there is no need to use 

doxycycline that was used to induce DLD-SIP1 cells for 3 days. In addition, these cells are 

mesenchymal, and therefore they are very motile.  Interestingly, I noticed that the cells 

described in chapter 3 as mesenchymal or intermediate mesenchymal express more CCR5 

compared to epithelial and intermediate epithelial cells with 153 ± 29.7 vs 201 ± 35.9, 

respectively (p=0.14). Assessing CCR5 expression in a larger CRC cell line panel or 

patient cohort and linking this to EMT status would be fruitful. In fact, high expression of 

CCR5 in cancer has been reported to serve as a poor prognostic marker [424, 639]. 

The migration of SW480 cells to various culture conditions were conducted including free-

serum, DMEM with 10 % serum, supernatant of clone 16 (negative CCL5 expression), 

supernatant of clone 22 (positive for CCL5 expression), DMEM with recombinant CCL5 

or clone 22 supernatant with a CCL5-neutralising antibody. DMEM with or without serum 

were included to exclude any migration background caused by the serum or the medium. 

In order to validate that the migration toward CCL5 is specific to recombinant CCL5, a 

neutralising antibody against CCL5 was included. The results indicate that CCL5 in the 

stable transfected cell line is functional and valid for any further experiments, as we 

observed more migration toward clone 22 and recombinant CCL5 culture conditions 

compared to the other conditions and it is inhibited by a CCL5 neutralising antibody; see 

figure 78, 79.   

NOD/SCID mice were chosen as the mouse strain in order to exclude the interference of 

immune infiltrate to the primary tumour. Before injecting the positive and the negative 

clones into the SCID mice, the clones were assessed, again, for their CCL5 expression as 

well as for their visual morphology and E-cadherin abundance; see figure 80. The reasons 

behind re-assessing the clones were to ensure that the clones had not lost their CCL5 and 

E-cadherin expression levels. In addition, we wanted to make sure that they did not acquire 
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any morphological changes over the period of their cell culture. This assessment would 

increase the accuracy of our main aim and the final interpretation of the results. 

Repeatedly, the results showed no change in the morphology or the level of CCL5 and E-

cadherin, therefore validating their use for the animal experiments. The IHC results 

indicated that there was no evidence of distant metastasis. As preliminary data, this might 

pinpoint that the presence of CCL5 alone in the TME is not sufficient to induce metastasis; 

see figure 81. The presence of other soluble factors IL-1β, TNF-α and CCL2 could be 

essential to coordinate with CCL5 to trigger EMT, and thus metastasis [623]. However, in 

our group we observed that orthotropically injecting induced DLD-SIP1 but not un-

induced DLD-SIP1 cells to mice causes distant metastasis to the peritoneal cavity and 

liver. In this project, we observed that cells also over-express CCL5 after SIP1-induction. 

This data could direct us to say that the presence of SIP1 by cancer cells is sufficient for 

metastasis in an immune-deficient TME. In my opinion, it is beneficial to knock down 

CCL5 in the induced DLD-SIP1 cells and inject them to nude mice as well as knock down 

CCL5 in the mesenchymal mouse CT26 cells and inject it into immune-competent mice to 

study the immune infiltration changes in the TME associated with the presence of SIP1. 

In order to assess that CCL5 up-regulation changes the immune cell infiltration of the 

tumour microenvironment in a favour of metastasis in CRC, TMA was done for 75 CRC 

samples with known SIP1 status. The SIP1 status was done by our group, the findings 

indicated that patients expressing SIP1 have a poor prognosis, and SIP1 is a good marker 

to predict metastasis (Sreekumar et al, in preparation). Three tumour cores and 3 invasive 

fronts from each block were punched and placed in paraffin as a TMA slide. The slides 

were stained individually with specific markers for T lymphocyte markers, previously 

reported in cancer including CD3+, CD4+, CD8+, and Treg [352, 354, 611].The staining 

and the scanning of the slide were achieved. However due to time restrictions towards the 

submission deadline for this thesis, we could not analyse the findings and investigate with 

the association of SIP1 and the T cell infiltrate. Of note, we will be performing CCL5 

staining to attain a direct link between SIP1 and CCL5. 
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Chapter 7: Conclusion and Future 

Directions 

7.1 Study objective and aims 

The objective of this study was to identify the soluble factor which changed its expression 

most significantly during SIP1-induced EMT, and link it with a reduced anti-tumour 

response.  

To achieve this objective, the following aims were defined:  

 Characterise the EMT status of a panel of CRC cell lines and a CRC-EMT model. 

 General screening of large numbers of human cytokines and chemokines and 

associate them with EMT status.  

 Investigate the mechanism how this chemokine is over-expressed during EMT. 

 Study the mechanistic role of the chosen soluble factor in CRC EMT. 

 Study the functional role of the chosen soluble factor in relation to immune 

infiltration in CRC EMT. 

7.2 Summary of the project findings 

The results of this project were summarised in 4 chapters: 

Chapter 3: EMT status in CRC. 

Chapter 4: EMT-driven cytokine/chemokine expression in CRC. 

Chapter 5: The mechanistic role of ZEB1/2 EMT in activating the chosen soluble factor in 

CRC. 

Chapter 6: The molecular basis of immune infiltration as a result of a metastasis 

programme in CRC. 

In chapter 3, EMT status was assessed in 12 cell lines and a stable inducible model of 

CRC-EMT, DLD-SIP1. I believe this is first time such a large-scale study has been 

conducted. Our microscopy, western blotting, RT-PCR and IF data concluded in 

classifying the 12 cell lines into three separate classes: 
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A- An epithelial cell category, which includes AAC1, Caco2, Colo205, DLD-1, HT29 

and SW48 cell lines. 

B- A mesenchymal cell category, which includes CT26, RKO, and SW480 cell lines. 

C- An intermediate cell category, which includes HCT116, LoVo, SW620 cell lines. 

In my transfer viva, the examiner advised me to further characterise the metastable or the 

intermediate cells, which exhibit both mesenchymal and epithelial features. In the 

literature, this phenotype has been described and suggested to add a spectrum of 

heterogeneity instead of only presenting the two extreme ends of the EMT process, and 

could increase the potential advantage of a more targeted therapy[128]. Cell plasticity was 

investigated by IF staining for E-cadherin, vimentin, F-actin and P-cadherin. Although, P-

cadherin was suggested as a good biomarker to differentiate these cells [130], I could not 

obtain good results with it either due to problems with the antibody or because P-Cadherin 

is not a marker of the metastable phenotype in CRC unlike it was shown for breast cancer. 

Nonetheless, from the various methods we used to characterise EMT status, we are 

confident to conclude that the metastable cell lines should be sub-classified as:  

 SW620 is an intermediate/metastable epithelial cell line (more positive for 

epithelial features) 

 HCT116 and LoVo are intermediate/metastable mesenchymal cell lines (more 

positive for mesenchymal features)  

We also concluded that the DLD-SIP1 stable inducible model is a very good model to 

investigate the role of what drives EMT. SW480 and SW620 could be considered as a 

second EMT model because they represent epithelial and mesenchymal properties as they 

were obtained from the same patient. SNAIL was seen in all CRC cell lines and it would 

be beneficial to study the mechanism and the function of it in CRC; this is possibly related 

to transformation rather than EMT. ZEB1/2 are the major regulators of EMT in CRC as 

they were only found in the mesenchymal cell lines. The CT26 mouse cell line is the most 

mesenchymal among our CRC cell line panel, and that could be due to the simultaneous 

expression of multiple EMT transcriptional inducible factors such as SIP1, TWIST and 

SLUG. 

In chapter 4, a large number of chemokines and cytokines (n= 67) were screened using 

DLD-SIP1 cells; see figure 51 and 52. Selective criteria were defined to identify the most 

reliably-induced chemokine, and from that CCL5 was chosen. CCL5 was found to be 

sharply increased in induced DLD-SIP1cells. This result was confirmed repeatedly by RT-
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PCR, ELISA assay and multiplex immunoassay and also using another SIP1 induced EMT 

model (A431-SIP1 cells); see figures 55, 56, 58 and 59. The CRC panel was then 

investigated for CCL5 mRNA and protein expression by RT-PCR and ELISA, 

respectively; see figures 57 and 60. These results concluded that mesenchymal cells 

produce more CCL5 compared to epithelial ones. The novelty of our finding is that CCL5 

is secreted more by the metastatic mesenchymal cancer cells, in addition to MSCs or 

tumour stroma [307, 579]. The relative contribution of each source and their relevance are 

yet to be determined.  

From both chapter 3 and 4 we suggest that ZEB1/2 could be the drivers of CCL5 

expression in CRC. In chapter 5, we studied the potential binding sites of ZEB1/2 at the 

CCL5 promoter by transfecting the pGL3-CCL5 promoter into CRC cells harbouring either 

ZEB1 or ZEB2 (SIP1) proteins. Luciferase and ChIP were performed to carry out this goal. 

These results concluded that ZEB1/2 could be contributors in up-regulating CCL5 directly, 

and this is an original finding.  

In chapter 6, we planned to study whether CCL5 can induce metastasis or EMT-induced 

CCL5 expression can alter immune infiltration in CRC to favour an immune-deficient 

microenvironment. 

 Firstly, to investigate whether CCL5 contributes to EMT and therefore metastasis, we 

generated DLD-1 cells over-expressing CCL5 and injected these cells orthotropically into 

SCID mice in order to exclude the interference of immune-infiltration. Histopathological 

examination suggested the increased abundance of CCL5 did not enhance metastasis in 

mice lacking T and B cells.  This means CCL5 alone is not capable of inducing metastasis 

in CRC.  

A TMA of 75 sections from CRCs with known SIP1 status were stained for markers to 

detect all T cells (CD3+ pan marker), T helper cells (CD3+ CD4+), cytotoxic T cells 

(CD3+, CD8+) or T-reg cells (CD3+, Foxp3+). The array and the staining were done but 

due to restrictions in time, pathological analysis of the finding was not conducted. 
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7.3 Future directions: 

 We are confident that the EMT status for all the CRC cell lines used has been 

characterised. However, we could not validate the recently recommended marker in 

breast cancer to differentiate the intermediate EMT phenotype (P-cadherin). It 

could be beneficial to repeat these experiments with another P-cadherin antibody 

and using validated metastable breast cancer cell lines as positive controls to 

determine the importance of this recommended marker for intermediate cells in 

CRC.  

 We found that ZEB1/2 directly up-regulate CCL5 expression using luciferase 

reporter and ChIP assays. However, due to problems with primers, the ZEB1/2 E-

box1 in the CCL5 promoter could not be assessed in the ChIP assay. It would be 

useful to design other set of primers covering this region and repeat the PCR using 

the chromatin we obtained. In addition, by analysing the whole CCL5 promoter and 

the coding and non-coding regions of the gene, we determined the presence of other 

strong E-boxes. It would be beneficial to investigate them for their importance as 

other sites for ZEB1/2 using the SIP1-bound chromatin obtained.    

 In chapter 6 we managed to investigate whether CCL5 can cause metastasis without 

the interference of immune-cells using SCID mice. However, due to time 

restrictions toward the submission deadline we could not investigate if CCL5 

expression can alter immune infiltration; particularly T cells in CRC, thus 

promoting tumour growth and metastasis. To further investigate this and to 

complete the project, the following should be carried out: 

 

 The chemo-attractant function of CCL5 on different immune cells should be 

examined. PBMCs from normal individuals can be collected and used for 

Transwell invasion and migration assays along with supernatants from stable DLD-

CCL5 cells. The control for this experiment to ensure that the migrated immune 

cells are attracted because of CCL5 will be supernatant from cells treated with a 

CCL5-neutralising antibody. We will analyse the migration of immune cells by 

flow cytometry using various surface markers of immune cells such as CD3 (pan T 

cell marker), CD4 (T helper cell marker), CD8 (T cytotoxic marker) and CD19 (B 

cell marker). This will clarify which lymphocytes will be specifically attracted to 

tumours with CCL5-expressing metastatic cells.  
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 A TMA of 75 sections CRC samples with known SIP1 status were stained with 

cytotoxic T cells (CD3+, CD8+), T helper cells (CD3+, CD4+) or T-reg cells 

(CD3+, Foxp3+). Pathological analysis of the TMAs slides should be carried out. 

We should also include CCL5 staining to validate the over-expression of CCL5 in 

CRC and the association of SIP1 and CCL5 expression. 

 We will need to generate a stable CCL5-knock down in the murine CT26 cells 

using shRNA and then inject these cells into immune-competent mice. Then, we 

can examine the immune infiltration by IHC using various markers for fibroblasts, 

MSCs and immune cells. A key readout of this experiment is assessing the 

metastatic potential of CT26 cells with or without CCL5. This experiment is a 

follow up of the orthotopic DLD model and will tell us whether CCL5 is directly 

regulating the survival of metastatic cells by altering the TME. The T-cells 

infiltrating CT26 tumours should also be investigated qualitatively and 

quantitatively. 
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Appendices 

Table 12: The list of chemokines in the R&D chemokine array.  
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Table 13 The list of cytokines in the R&D systems cytokines array. 
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Figure 84: DNA sequence of the mutated CCL5 promoter ZEB2BOX2 (top line) aligned with 

wild-type CCL5 promoter sequence (bottom line) using the BLAST program 
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Figure 85: DNA sequence of the mutated CCL5 promoter ZEB2 BOX2 (top line) aligned with 

wild-type CCL5 promoter sequence (bottom line) using the BLAST program  
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Figure 86: DNA sequence of the mutated CCL5 promoter ZEB2BOX1 and ZEB2BOX2 (top 

line) aligned with wild-type CCL5 promoter sequence (bottom line) using the BLAST 

program.   
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